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SUMMARY

The Centre for Aviation at the ZHAW School of Engineering has been developing a flight
simulation model of the Piper PA-28-161 Warrior III for research purposes, based on data from
two flight test campaigns conducted by students. Previous work focused on estimating
aerodynamic parameters and improving the control force model but faced limitations in the flap

model, downwash effects, and ground effect representation.

This thesis addresses these issues by introducing a new single-slotted flap model using ESDU
methods, a new downwash model accounting for wing wake effects on the tailplane, and an
improved ground effect model for lift and pitching moment near the ground. These updates

enhance the simulation’s accuracy, particularly at low speeds with deployed flaps.

Despite limited flight test data for some configurations, the updated model demonstrates better
predictions of lift and pitching moment compared to the previous version. These improvements
provide a more realistic simulation of the PA-28’s performance and create a foundation for

future refinements.

Key words:

Piper PA-28-161 Warrior 11, flight simulation, aerodynamic model, downwash, ground effect,

flaps,, longitudinal aerodynamics, lift, drag and pitching moment

coefficients
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SAZETAK

Centar za zrakoplovstvo ZHAW Skole strojarstva razvija model simulacije leta Piper PA-28-
161 Warrior-a III u istrazivacke svrhe, temeljen na podacima prikupljenim tijekom dviju
studentskih letnih kampanja. Prethodni radovi bavili su se procjenom aerodinamickih
parametara 1 poboljSanjem modela upravljackih sila, no ostala su ograni¢enja u modelima

zakrilaca, efekta povijanja struje i efekta tla.

Ovaj rad fokusira se na ta ograni¢enja uvodenjem novog modela za zakrilca s jednim prorezom
koriste¢i ESDU metode, novog modela povijanja struje koji ukljucuje izraCune gradijenta
povijanja struje, kuta povijanja struje i gubitka dinamickog tlaka te poboljSanog modela efekta
tla za bolje prikazivanje promjena uzgona i momenta propinjanja tijekom polijetanja i slijetanja.
Unato¢ ograni¢enim podacima za spustene zakrilce i efekt tla, azurirani model pokazuje bolju
tocnost u simulaciji uzduznog aerodinamickog ponaSanja, posebno pri malim brzinama.
PoboljSanja omogucuju realisti¢niju simulaciju performansi PA-28 i pruzaju temelj za daljnja

istrazivanja.

Kljuéne rijeci: Piper PA-28-161 Warrior III, simulacija leta, aerodinamic¢ki model, efekt
povijanja struje, efekt tla, model zakrilaca, uzduzna aerodinamika, koeficijenti uzgona i

momenta propinjanja
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PROSIRENI SAZETAK

UVOD U PROBLEMATIKU I CILJ RADA

Razvoj modela simulacije leta predstavlja vazan doprinos istraZzivanjima u podrucju
zrakoplovstva 1 obrazovanju buducih pilota. Model leta za zrakoplov Piper PA-28-161 Warrior
111, koji je dio istrazivackog rada Centra za zrakoplovstvo ZHAW, temelji se na podacima iz
leta prikupljenim tijekom dviju studentskih kampanja. Prethodni radovi omogu¢ili su stvaranje
osnovnog aerodinamic¢kog modela zrakoplova, ali istaknuli su i1 znac¢ajna ogranicenja, osobito
u modelu zakrilaca, nedostatku modela povijanja struje (eng. downwash) i modelu efekta tla.
Ta su ogranicenja rezultirala manjkom preciznosti pri simulaciji letova s niskim brzinama i
velikim napadnim kutovima, posebno u konfiguracijama sa zakrilcima.

Cilj ovog rada je unaprijediti postoje¢i model uzduzne aerodinamike zrakoplova PA-28 kroz
integraciju novih modela zakrilaca, povijanja struje i efekta tla, koriste¢i klasi¢nu literaturu te
metode iz ESDU i NACA dokumenata. Ocekuje se da ¢e unaprijedeni model omoguditi

realisti¢niju simulaciju leta, osobito u fazama polijetanja i slijetanja.

Slika I Simulator leta Centra za zrakoplovstvo ZHAW
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DOSADASNJA ISTRAZIVANJA I OGRANICENJA POSTOJECEG
MODELA

Postojeci linearni modeli uzduzne i bo¢ne aerodinamike zrakoplova Piper PA-28 razvijeni su u
okviru Pedrazzinijeva rada s ciljem preciznijeg opisivanja statickog i dinamickog ponaSanja
zrakoplova. Pedrazzini je koristio podatke prikupljene tijekom dviju kampanja letnih testova.
Tijekom prve kampanje prikupljeni su podaci o napadnom kutu i dinamickom tlaku, dok je
druga kampanja zahtijevala obradu video snimki zbog nedostatka mjernih uredaja poput air
data boom-a. Njegov rad omogucio je prosirenje modela kako bi ukljucio pojavu sloma uzgona,
model zakrilaca i efekta tla, ¢ime je omogucena detaljnija analiza aerodinami¢kog ponasanja
zrakoplova u razli¢itim uvjetima leta. Medutim, iako su rezultati donijeli znacajne doprinose,
nekoliko kljuénih ograni€enja ostalo je nerijeSeno, posebno u pogledu modeliranja zakrilaca.
Jedno od glavnih ogranicenja postoje¢eg uzduznog modela je manjak tocnosti u modeliranju
zakrilaca. Pedrazzinijev model koristio je pojednostavljenu aproksimaciju obi¢nih zakrilaca,
koja nije uzela u obzir karakteristike zakrilaca s jednim prorezom kakve ima zrakoplov PA-28.
Nedostatak podataka prikupljenih za razliite postavke zakrilaca dodatno je ogranicio
preciznost modela. Tijekom prve kampanje testova leta, ve¢ina manevara izvedena je s potpuno
uvucenim zakrilcima, dok su konfiguracije sa zakrilcima otklonjenim na 0°, 25° 1 40° koristene
samo pri slijetanju. Druga kampanja ukljucivala je manevre s izvu¢enim zakrilcima, ali zbog
nedostatka mjerenja klju¢nih parametara poput napadnog kuta, ti podaci nisu bili uporabivi.
Model povijanja struje, koji utjece na interakciju izmedu krila i horizontalnog stabilizatora, nije
bio integriran u prethodni model. To je rezultiralo manjkom preciznosti u procjeni uzgona
horizontalnog stabilatora i momenta propinjanja, osobito pri velikim napadnim kutovima.
Efekt tla, klju¢an za faze polijetanja i slijetanja, takoder je bio ograni¢eno modeliran. Pedrazzini
je koristio jednostavnu aproksimaciju prema Jategaonkaru, koja predvida promjene u uzgonu i
momentu propinjanja u blizini tla. Medutim, parametri potrebni za proracun ovog modela bili
su slobodno procjenjeni radi ogranic¢enih podataka prikupljenih tijekom testova polijetanja i

slijetanja, koji nisu omogu¢ili daljnje prilagodbe modela.

UNAPREDPENJE MODELA UZDUZNE AERODINAMIKE

Unapredenje modela uzduzne aerodinamike zrakoplova PA-28 zapocelo je detaljnom analizom
postoje¢eg modela, ukljucujuéi separaciju varijabli. Ovaj pristup omogucio je preciznije
razdvajanje utjecaja krila i1 trupa od utjecaja horizontalnog stabilizatora na ukupnu

aerodinamiku zrakoplova. Separacija varijabli pruzila je temelje za razumijevanje pojedinac¢nih
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doprinosa kombinacije krilo-trup i repa te njihov utjecaj na aerodinamicke sile i momente

zrakoplova, $to je klju¢no za daljnje modeliranje i optimizaciju.

Modeliranje zakrilaca
Razvijen je novi model zakrilaca, prilagoden za zakrilca s jednim prorezom. KoriStene su
metode iz ESDU dokumenata, ukljucuju¢i ESDU 96003 62[12], koji omogucéuje preciznu
procjenu promjene koeficijenta uzgona zbog zakrilaca. Uzgon je modeliran u dvije faze:
linearni dio uzgona do napadnog kuta pri kojem zapocinje razdvajanje strujanja i nelinearni dio
koji se proteze do koeficijenta maksmalnog uzgona. Takoder, povecanje otpora uzrokovano
zakrilcima modelirano je pomoc¢u metode opisane u ESDU 08013 [20], s naglaskom na
odvajanje doprinosa otpora profila 1 induciranog otpora. Promjene momenta propinjanja
uzrokovane zakrilcima, ukljucujuci pomicanje aerodinamickog centra, izraCunate su koristeci
ESDU 03017 [26]. Validacija rezultata provedena je pomocu softvera XFLRS, koji je pruzio

okvir za usporedbu s teorijskim izra¢unima iz ESDU dokumenata.

CL clean

0 ——— GLdh0
CL df25
CL dfa0
CL clean XFLRS
CL df10 XFLRS
CL df25 XFLRS
CL df40 XFLRS

AoA [deg]

Slika Il Usporedba koeficijenta uzgona krila - ESDU metoda i XFLR5

Model povijanja struje
Povijanje struje predstavlja klju¢nu komponentu aerodinamickog modeliranja, posebno u
analizi interakcije izmedu krila 1 horizontalnog stabilizatora. Ovaj fenomen proizlazi iz uzgona

generiranog na krilu, koji stvara sustav vrtloga u struji iza krila, uzrokuju¢i da se struja zraka u
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tragu iza krila spusta prema dolje. Ovo strujanje definirano je kutom povijanja €, koji mijenja

efektivni napadni kut horizontalnog stabilizatora.

Lift Changein flow direction indicates
change in momentum

Downwash angle, €

Mass of air “thrown down” means that a force
(Lift) is generated in the opposite direction.

Slika III Povijanje struje [30]

Gudmundssonova metoda pruza jednostavan i direktan pristup za pocetnu procjenu gradijenta
povijanja struje. Metoda pretpostavlja idealizirane uvjete za krilo i1 pruza korisne aproksimacije
za pocetno modeliranje povijanja. Gradijent povijanja struje, koji opisuje promjenu kuta
povijanja s promjenom napadnog kuta, izracunava se kao [30]:

de 2 d 2C,,

da - n—Aa(CLo + Ca) = A @

Za preciznije procjene kuta povijanja struje €, koriSten je NACA Report No. 648 64 [35], koji
ukljucuje graficke prikaze i empirijske podatke o povijanju struje za razlicite konfiguracije krila
i zakrilaca. Ovaj dokument omogucuje:
1. Procjenu kuta povijanja za krila s razli¢itim postavkama zakrilaca, ukljucujuéi otklone
od 0°, 25°1 40°.
2. Analizu gubitka dinamiCkog tlaka na horizontalnom stabilizatoru uzrokovanog

vrtloZznim tragom iza krila.

Faculty of Mechanical Engineering and Naval Architecture XV



Magdalena Vukovic Master’s thesis

Izvjestaj koristi detaljne dijagrame 1 grafove za odredivanje kuta povijanja struje, uzimajuci u
obzir doprinos zakrilaca. Gubitak dinamickog tlaka racuna se ovisno o polozaju stabilizatora
unutar vrtloznog traga. Ovaj gubitak izravno utjeCe na uzgon i moment koji generira
stabilizator, Cine¢i ga kljuénim parametrom u modeliranju aerodinamickog ponasanja

zrakoplova.

Dynamic pressure ratio in wake

df=0r

08 di=10"
df=25"
di=40"

iyDynamic Pressure Ralio
,

Slika 1V Gubitak dinamickog tlaka u tragu

Model efekta tla

Efekt tla znaCajno mijenja aerodinamicke karakteristike zrakoplova tijekom faza polijetanja i
slijetanja. Blizina tla povecava uzgon i utjece na aerodinami¢ke momente. U ovom radu model
efekta tla temelji se na teorijskim osnovama i prilagodbi postoje¢ih jednadzbi za opisivanje
aerodinamickih koeficijenata u blizini tla [36].

Uzgon se povecava zbog stvaranja efekta “zra¢nog jastuka” izmedu krila i tla. Koeficijent
uzgona u blizini tla izrazen je kao suma uzgona u slobodnom zraku i povecanja uzgona zbog
efekta tla. Ovo povecanje ovisi o geometriji krila, visini krila iznad tla te drugim geometrijskim
parametrima.

Efekt tla takoder smanjuje kut povijanja struje na horizontalnom stabilizatoru, $to dovodi do
promjena u momentu propinjanja. Smanjenje kuta povijanja struje izrazeno je kroz dodatak Ae,
koji ovisi o visini horizontalnog stabilizatora iznad tla i interakciji izmedu krila 1 stabilizatora.
Moment je modeliran uzimajuéi u obzir udaljenost poluge izmedu aerodinamickog centra krila
1 repne povrsine te iznos promjene sile uzgona koja djeluje na horizontalni stabilizator.
Promjena induciranog otpora jedan je od klju¢nih utjecaja efekta tla. Koeficijent otpora u blizini
tla racuna se kao suma koeficijenta otpora u slobodnom zraku i promjene induciranog otpora.
Ovaj model zasniva se na promjeni koeficijenta uzgona zbog blizine tla. Prorac¢uni za otpor su

iskljuceni iz konacnog modela radi strukture osnovnog modela.
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IMPLEMENTACIJA MODELA

Postoje¢i MATLAB 1 Simulink modeli za simulaciju zrakoplova PA-28 prilagodeni su
integracijom novih aerodinamickih modela. Skripta iniac.m, koja definira klju¢ne parametre
zrakoplova, azurirana je kako bi ukljucila nove koeficijente uzgona, otpora i momenta
propinjanja za zakrilca, izracunate prema ESDU metodama. Parametri su ru¢no prilagodeni radi
uskladivanja s ostatkom simulacije.

U Simulink modelu model aero.slx, implementirani su blokovi za povijanje struje, ukljucujuci
napadni kut stabilizatora i dinamicki tlak, kako bi se preciznije modelirali utjecaji glavnog krila
na horizontalni stabilizator. Parametri za gradijent povijanja struje, dodatak kutu povijanja
struje radi zakrilaca i parametri za gubitak dinamickog tlaka, izracunati u prethodnim
poglavljima rada, takoder su definirani u skripti iniac.m.

Novi model efekta tla integriran je zamjenom starih blokova s MATLAB funkcijskim
blokovima. Ovi blokovi izraCunavaju promjene u uzgonu i momentu propinjanja zbog blizine

tla, koristeci aerodinamicke podatke iz leta u slobodnoj struji zraka.

REZULTATI

Usporedba novog i starog modela PA-28 pokazala je znacajan utjecaj uvedenih promjena na
aerodinamicke performanse zrakoplova. PoboljSanje modela zakrilaca jasno je vidljivo u
dijagramu uzgona, gdje su razlike najocitije pri ve¢im napadnim kutevima. Novi model ukazuje
na znacajno povecanje koeficijenta uzgona kod otklona zakrilaca od 10°125°, dok je poveéanje
kod 40° manje izraZzeno, u skladu s teorijskim ocekivanjima. U simulacijama momenta
propinjanja utjecaj povijanja struje postao je vidljiv, osobito kod vecih otklona zakrilaca, gdje
interakcija izmedu glavnog krila i repa znacajno mijenja ponasanje zrakoplova. Novi model
takoder tocnije biljezi naglo smanjenje momenta kod sloma uzgona, §to stariji model nije
adekvatno prikazivao. Kod otpora, novi model preciznije simulira dodatni otpor uzrokovan
zakrilcima, osobito pri 25° otklona, gdje je razlika najizrazenija pri manjim napadnim kutovima

zbog otpora oblika profila sa zakrilcima.
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Slika V Usporedba koeficijenta uzgona zrakoplova - novi i stari model
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Slika VI Usporedba koeficijenta momenta propinjanja zrakoplova - novi i stari model
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Slika VII Usporedba koeficijenta otpora zrakoplova - novi i stari model

Utjecaj povijanja struje i korekcije momenta propinjanja zbog zakrilaca najbolje se vidi u
rezultatima trim testa izvedenog na simulatoru. Novi model u usporedbi sa starim, pokazuje
lagano povecanje kuta propinjanja za istu konfiguraciju zakrilaca i napadni kut (7ablica I), $to

je rezultat smanjenog uzgona repne povrsine zbog povijanja struje.

Tablica I Usporedba rezultata trim testa za stari i novi model

6¢[°] 01°] a[°]
So S~ So Sn
0 6.5 7.1 6.6 6.7
10 5.6 6.6 5.0 52
25 41 47 40 4.1
40 32 35 33 33

Promjene u modelu efekta tla najjasnije su vidljive u scenarijima slijetanja. Za iste parametre

brzine leta i okretaja motora, novi model pokazuje vecu uskladenost s podacima iz testova leta.
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Slika VIII Promjena koeficijenta uzgona i momenta propinjanja u efektu tla - stari model,
konfiguracija s uvucenim zakrilcima
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Slika IX Promjena koeficijenta uzgona i momenta propinjanja u efektu tla - novi model, konfiguracija
s uvucenim zakrilcima

Kod konfiguracije bez zakrilaca, razlike izmedu starog i novog modela pokazuju znacajan
porast uzgona i smanjenje momenta propinjanja zbog smanjenog povijanja struje na repu. Kod
konfiguracija sa zakrilcima, novi model prati isti trend.

Vazno je naglasiti da prjelazna dinamika nije razmatrana u ovom radu.

ZAKLJUCAK

Ovim radom simulacijski model PA-28 je unaprijedena su tri klju¢na podrucja: model zakrilaca,
model povijanja struje i model efekta tla. Novi model zakrilaca, razvijen prema ESDU
metodama, preciznije predvida koeficijente uzgona, otpora i momenta propinjanja za postavke
zakrilaca od 10°, 25° i 40°. Integracija modela povijanja struje poboljSala je simulaciju
interakcija izmedu krila 1 repa, ukljucuju¢i promjene uzgona i momenta uzrokovane kutom
povijanja i gubitkom dinamickog tlaka. AZzurirani model efekta tla pruzio je realisticniju
procjenu aerodinamickih promjena tijekom polijetanja 1 slijetanja, unato¢ ograni¢enim
podacima iz letnih testova.

Ipak, odredene limitacije ostaju. Nedostatak podataka o ponaSanju zrakoplova pri gubitku

uzgona ograni€io je preciznost modela u tim uvjetima. U¢inak povijanja struje na stabilnost
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tijekom dinamickih manevara nije istrazen, dok su rezultati efekta tla mogli biti precizniji s

dodatnim letnim testovima. Male pogreske u otklonu elevatora i momenta propinjanja ukazuju
na potrebu za finijim podeSavanjem parametara simulacije. Buduca istrazivanja trebala bi se

fokusirati na ova podrucja kako bi se model dodatno poboljSao i omogucio precizniju

simulaciju.
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1. INTRODUCTION

Flight simulation is a powerful tool primarily used for research, development, and pilot training.
Within the Centre for Aviation (Zentrum fiir Aviatik, ZAV) at the ZHAW School of
Engineering, students and researchers collaborate to develop aircraft simulation models for
research and interactive pilot-in-the-loop simulations. One of the models being developed is the
flight simulation model for the Piper PA-28-161 Warrior III.

Piper PA-28-161 Warrior III is a single engine piston aircraft, widely used for pilot training

since its introduction in 1994. [1].

1.1. Background of the PA-28 project

Work on the PA-28 simulator model began with two flight test campaigns. Both campaigns
were conducted by students and performed using the same aircraft. During these campaigns,
flight data was collected using an air data boom and video recording of the flight instruments
[2].

During the first flight test campaign, conducted by Ferrari and Spillmann in 2019,
aerodynamic parameters such as angle of attack and dynamic air pressure were collected.
Following the first campaign, as part of projects for the Master theses, the parameters for
aerodynamic coefficients were estimated and the flight path was reconstruction was done [3][4].
The focus of the second campaign, conducted by Pedrazzini and Piintener in 2021, was the
instrumentation of pilot control forces and video recordings of the flight instruments. Pedrazzini
continued working on the PA-28 model in his master’s thesis, focusing on improving both the
aerodynamic and control force models using the output-error method for parameter

estimation[2].

1.2. Current PA-28-161 Warrior III model

The original PA-28 flight simulator model was built in MATLAB Simulink and is intended for
educational and research purposes. It is based on a six-degrees-of-freedom (6DOF) model in
which the forces acting on the aircraft are a function of the current aircraft state and control
inputs.

Spillmann developed a script for calculating the aircrafts centre of gravity and moment of

inertia, based on user input for weight and balance[5].
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Initially, the aerodynamic coefficients in the stability axes were estimated using regression to
fit the model to the data collected during the first flight test campaign[3][4].
Limitations of this model most relevant to this thesis were simplified flap and control surfaces
model and unrealistic performance at low speeds, requiring higher-than-realistic approach
speeds leading to lower lift and increased drag, especially at high angles of attack or with
extended flaps [2].

Pedrazzini worked on improving the aerodynamic model as well as the control force model.
The new model used the output-error method to refine aerodynamic and stability coefficients,
achieving a closer match to flight test data. This method compared model outputs to actual
flight test data, adjusting parameters iteratively to reduce differences between the simulated
values and real flight data. The optimized model could replicate the frequency and amplitude
of the aircraft’s natural oscillatory modes, bringing the model closer to the real aircraft’s
response [2].

The control force model was updated to reflect more realistic feedback from control inputs,
validated against test data from the PA-28. Control input response improved, though minor
differences remained in trimming, likely due to small errors in the flight data [2].

The lift and pitching contributions of the stabilator and the trim tab were optimized as well.
As the flight test data had few records of extended flap configurations, flap performance was
estimated using literature values and manual adjustments to match flight data, but did not
account for PA-28s single slotted flap and instead used a simpler model for plain flaps [2].
One significant limitation of the new model was the lack of an integrated downwash effect.
Downwash, which is the downward airflow induced by the wing, typically impacts the
horizontal stabilizer and influences the tail’s lift and pitching moment. Due to the missing
downwash model and simplified flaps model, the tail lift and pitching moment contributions
were not very accurate especially in low-speed conditions where downwash effects are more
pronounced|2].

Additionally, ground effect was not a focus in either of the flight test campaigns, resulting in
only limited data on take-offs and landings. Because of that, in his thesis, Pedrazzini used a

very basic ground effect model and manually estimated parameters related to ground effect [2].
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1.3.  Objectives of the thesis

The goal of this thesis is to make the PA-28 flight simulation model more accurate and realistic
by improving the existing longitudinal aerodynamic model and adding the downwash and
ground effect models.

Based on Pedrazzini’s previous work [2], the wing-body and tail dynamics will be separated,
and a more precise single-slotted flap model will be implemented. This includes re-evaluating
lift, drag and pitching moment for the flaps model and using detailed methods from ESDU and
NACA to make these calculations more accurate. By doing this, the model will better reflect
how the flaps affect lift, drag and pitching moment in real flight conditions, especially during
take-off and landing.

As the downwash model is missing in earlier versions of the PA-28 flight simulation model,
this thesis will focus on developing and integrating the downwash model, by calculating the
downwash gradient and estimating downwash angle for both clean configuration and flaps
deployed configuration.

Additionally, kinetic pressure loss at the tail plane will be estimated as it is directly connected
to downwash and air stream displacement and simulates tail dynamics more consistently.
Using the limited data that is available, a more detailed ground effect model will be developed
and implemented.

The final goal is to incorporate these improvements into the existing MATLAB Simulink model
of the PA-28. This will involve updating the aerodynamic parameters, adding the downwash
and refined flap models, and integrating a ground effect model. The improved model will be
compared with the original version to assess improvements in accuracy, particularly in lift and

pitching moment.
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2. THEORIES AND REFERENCE MATERIALS FOR LONGITUDINAL
AERODYNAMICS

In this thesis, a mix of fundamental and specialized resources will be used to improve the PA-
28 simulation model. Key textbooks on aerodynamics will provide the theories for modelling
downwash and ground effect. Alongside these, specific research documents, such as ESDU
datasheets and NACA technical reports, will offer reliable methods and precise calculations for
tackling the more complex flaps model calculations. These aerospace and engineering resources

will be crucial for refining aerodynamic parameters and enhancing the model.

2.1. ESDU and NACA documents

ESDU and NACA documents are valuable resources that provide strong theoretical methods
backed by extensive experimental data and tested models. They combine aerodynamic

principles with practical, real-world data to solve complex engineering problems.

2.1.1. ESDU datasheets

ESDU (Engineering Sciences Data Unit) is widely used by international aerospace companies
and other engineering industries. ESDU is an engineering knowledge repository that provides
validated design methods, data and software tools covering a wide range of engineering
disciplines. Leading experts from industry, academia and government organizations from

around the world collaborate to monitor and validate the work of ESDU engineers [6].

2.1.2. NACA Technical Publications

The U.S. government formed the NACA (the National Advisory Committee for Aeronautics) in
1915 to accelerate acronautical research. After more than 40 years of groundbreaking research
into aeronautics, the NACA was transformed into NASA (National Aeronautics and Space
Administration) in 1958 and given the added task of spaceflight [7].

NASA Technical Report Server (NTRS) is a bibliographic database of selected reports intended
to make research more available [8].

The NACA reports are still widely used by researchers and students today, offering valuable

insights and data that support ongoing work in aeronautics.
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3. CURRENT AERODYNAMIC MODEL

In his master’s thesis [2], Pedrazzini worked on improving the linear longitudinal and lateral-
directional aerodynamic model of the PA-28 to capture both static and dynamic aircraft
behaviour.

To prepare data for the model, Pedrazzini applied methods to filter, correct errors, and process
the information. Using data from the first flight test campaign, he corrected errors in extracted
data used in the model to improve accuracy, while data from the second campaign required the
processing of video recordings.

Pedrazzini defined a linear longitudinal and lateral-directional aerodynamic model, which he
expanded to include the effects of stall, flaps and ground effect.

Equations (3.1)-(3.6) show the main structure of the aerodynamic coefficients [2].

CL = CLlon + CLlatdir + CLaf + CLstall + CLGE

3.1

Cp = CDlon + CDlatdir + CDsf + CDstall (3.2)
Cn = Cny,,, T Cmsf + Cpon T Cmg (3.3)
Cy = Cyyprair 34

G =Cypir @3.5)

Co = Crpgrair 3.6)

The parameter estimations for the longitudinal aecrodynamic model were divided into three
parts: longitudinal translation, static trimmed flight and dynamic flight. A specific set of
manoeuvres from the first flight test campaign were selected for these estimations [2].
Similarly, Pedrazzini split the lateral-directional aerodynamic model parameter estimations into
different parts, using a similar approach as he did for the longitudinal acrodynamic model. This
included simulating lateral translation, yaw motion, roll motion, and combined roll and yaw
motion. This approach allowed Pedrazzini to thoroughly analyse the aircraft’s aerodynamic
behaviour across various flight conditions and manoeuvres, creating a more complete
aerodynamic model [2].

This thesis will focus exclusively on the longitudinal model, examining individual aspects of

longitudinal aerodynamics in detail to improve accuracy and reliability of the model.
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3.1. Existing longitudinal aerodynamic model
Pedrazzini estimated the parameters of the longitudinal aerodynamic model using the linear
regression and output-error method.

Structure of Pedrazzini’s linear longitudinal aerodynamic model (Eq. 3.7-3.10) [2]:

* SH
CLlon = CLo ta- CLa + q ' CLq* + CT ' CLCT + ?CLT (37)
CLT = 0" CLT,(;e + 5e,TR ) CLTﬁe,TR 3.8)
Copon = Cpy +@**Cp, + Cr+ o, (3.9)
* lfSH
le()n = CmO +a- Cma + q . Cmq* + CT . CmCT - ECLT (3.10)

The tail lift C;, model includes the stabilator deflection &, which is crucial as the entire
horizontal tail pivots around the hinge to act as the elevator, sometimes described in literature
as a “flying tail”. Due to the significant size of the stabilator trim tab, the aerodynamic effect

of this surface was modelled as well, using the term Cy. ; - [2].

The pitching moment contribution is expressed by the tail lift force and the appropriate lever
arm. This was done to reduce the number of parameters that had to be estimated and to increase
fidelity at small angles of attack, as it represents the real behaviour of a force and its lever arm
generating a pitching moment [2].

Pedrazzini introduced the thrust coefficient Cr and the corresponding coefficients

C, cp’ Cp er and Cp, er in an effort to model the effect of down- and sideslip propwash. However,

the model has many limitations and is not considered reliable [2].

3.2. Existing flaps and ground effect approximations

3.2.1. Flaps

The first flight test campaign provided data for aerodynamic modelling, but it did not include
systematic tests for different flap settings. All primary manoeuvres were performed with the
flaps fully retracted, except for landings, where flap settings of 0°, 25°, and 40° were used [2].
In the second flight test campaign, some manoeuvres were flown with flap deflection, but the
aircraft was missing an air data boom. This meant key parameters like angle of attack were not
recorded, rendering this data unusable [2].

Therefore, Pedrazzini estimated the aerodynamic effects of flap deployment using theoretical

methods described in ESDU documents. It is important to point out that Pedrazzini used
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documents which described lift curve of wings with full-span plain flaps deployed at low speeds
[2].
The effect of flap deflection on pitching moment was estimated manually, assumed to be linear.

Coefficient C,, 5, Was added to approximate the flight conditions of the test aircraft [2].

3.2.2. Ground effect

Ground effect was not a primary focus of either of the flight test campaigns, so there was only
limited data available from take-offs and landings. Because of this data shortage, Pedrazzini
manually estimated the parameters for ground effect.

A very simple model by Jategaonkar [9], shown in equations 3.11-3.14 was chosen as it captures

the effects ground effect has on increase in wing lift curve slope and increase in tail lift curve

slope [2].
Crgp =0 Crppp 3.11)
Cinge = Ostab * Cingg (3.12)
o =1-—tanh (a g) (3.13)
Ostap = 1 — tanh (ay; Z—:? (3.14)
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4. MODELING OF WING-BODY, TAIL, AND FLAP AERODYNAMIC
EFFECTS

4.1. 'Wing-body and tail aerodynamic influence separation

Pedrazzini estimated the parameters for the longitudinal model using linear regression, with all
force and moment coefficients referenced directly to the aircraft [2].

To improve the model’s precision, variable separation is applied, breaking down the
coefficients to show the individual aerodynamic influence of the wing-body and tail. This
method provides a clearer understanding of how each component influences the aerodynamic
forces and moments acting on the aircraft, allowing the model to more accurately reflect the
aircraft's real aerodynamic behaviour across different flight conditions.

Structure of Pedrazzini’s linear longitudinal lift coefficient and highlighted tail lift coefficient

[2] is shown in equations 4.1 and 4.2.
C, =C St 4.1
Lion — bLg + CLa(X + q * CLq + CTCLCT + ?CLT ( . )
CLT = (aeCLht_ge + 5e,TR Cthr‘se,TR) 4.2)

After the separation of variables, the coefficient structure becomes (Eq. 4.3-4.5):

Sht de
Cr, = CLawb + CLahtnht T(l e 4.3)
CLO = CLOwb + CLOht = CLaWb (lW - aowb) (4.4)
de
Crp = Mne ( CLaht(“ —ass + 8c — &) + 5e,TRCLht15e’TR) (4.5)

Variable separation for the longitudinal lift coefficients was conducted by applying a systematic
process to isolate the effects of the wing-body and tail, as outlined in the following points.

1. Conditions and constants are defined, including elevator deflection and elevator trim
tab deflection. Two angles of attack are also set as key reference points for the
analysis.

2. Measured lift coefficients C; in clean configuration specified for each angle of attack
using Pedrazzini’s model.

3. Two equations are set up for the two angles of attack to solve for the wing-body lift

coefficient C; ) and the lift curve slope C; ) by constructing a matrix equation.
w w

These equations are arranged in a way where the left-hand sides are equal to each
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other. Therefore, by subtracting known parts of the new model from the determined C,.

for a given alpha, the coefficient C; ) and lift curve slope C;, , can be calculated.

Equation (4.6) highlights how the coefficient values needed for the variable separation are

calculated and obtained:

CL = CLOWb + CLaWba + q*CLq + CTCLCT
Sht e (4.6)
+ Nhe < [CLaht <a —as + 8. — 50) + 8err CLht,rSe,TR]

- Reliable value from Pedrazzini’s model.

- Unreliable value from Pedrazzini’s model 62[2] — propeller thrust model improvement
was listed as recommendation for further work, but it is out of scope of this thesis.

- Will be calculated in following chapters.

Figure 1 is an example of a visualization of the process.

Sht
p— CLO + CLaa + q * CLq + CTCLCT + ?l (aeCLllt,5e + 6‘-"TRCLht,6e,T

CL = CLOwb + CLowba +

) St ds
+q CLq + CTCLCT t e ?l CL“ht (a B a% + 6e B SO) + 68’TRCL“'5(’TR]

CL:CL

=C e of a
Loy Loy, 1

O -
O - =G, +Ci, @

Figure 1 Visualization of the process for variable separation - lift model

Value of CLam was corrected for body mounted tailplane according to ESDU 89029 [10].

Calculation of other values that are highlighted in blue in Figure 1 will be explained in further
chapters in this thesis.

Equations (4.7) and (4.8) show the structure of Pedrazzini’s linear longitudinal pitching

moment coefficient.
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ltSht
cS

Cm = CmO + Cmaa + q * Cmq + CTCLCT - CLT (4'7)

CLT = (aeCLht_ge + 8err Cthr‘se,TR) (4.8)

After the separation of variables, the coefficient structure is (Eq. 4.9-4.11):

_ LSt
Cmo - Cmowb + CLOWb (h - hWb) - CLOht ES (4.9)
Cony = Cuy (h = ) = Cogine -2 (4.10)
me Xywh w T t E S .
e
Crp = ( Cre,, (a— = + 8 — &) + e 7R CLhtrge'TR)) 4.11)

The same procedure for variable separation was applied to the pitching moment equations to

isolate the wing-body pitching moment coefficient Gy, ) and the pitching moment slope

Mayp*

4.2. Modelling single-slotted flaps

To ensure accurate modelling of the PA-28's flaps aerodynamics measurement of the aircraft’s
flaps and other key components was performed. This involved carefully examining the flaps to
confirm that they are indeed single-slotted (Figure 2), rather than the plain flaps assumed in

Pedrazzini’s model.

‘ Camber line

¥
cmax

I | Flap nose " b — ¢

(i) General arrangement

c'

¥
Is

= '—\"r Az

Aerofoil datum (chordlﬁ)’—gf = vt
- |
t |

~
/ A
Vs prd Acl
Flap datum is rotated aerofoil datum \
(ii) Deployed arrangement S \ A }\
/ Flap datum

Figure 2 Single slotted flap sketch [20]
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Additionally, the relative positions of important points, such as the wing quarter chord, flap
position, and stabilator hinge, were measured relative to the body centreline. These
measurements also incorporated in checking the twist of the wing, which plays a significant

role in lift distribution and overall aecrodynamics.

Table 1 Measurements done on PA-28

Wing quarter Flap trailing Stabilator hinge Twist
chord edge
Distance from 40 cm 61 cm 0 cm -3°
centreline

Figure 3 shows a drawing of Piper PA-28-161 Warrior III, with centreline highlighted in red
and measured dimensions in blue. It is important to note that the highlighted measurements are

not up to scale, only for easier visualization.

- : 23’ 9.6” s .

STATIC GROUND LIN

Figure 3 Piper PA-28-161 Warrior 11l side view [11]

4.2.1. Flaps lift

Methods described in ESDU were used to calculate the lift curve for a wing with part-span
single-slotted flaps. ESDU 96003 [12] involves detailed steps to predict changes in lift up to
maximum lift and captures the influence of flap deflection on overall lift behaviour. This
calculation is structured to account for both the non-linear effects of lift increase due to flap

deployment and the gradual onset of flow separation leading to stall.
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The lift curve is evaluated in two individual parts, with the angle of attack a” being the boundary

between linear and nonlinear behaviour, as shown in Figure 4.

Eqn(4.19) 7~
Eqn (4.23
an ( ) — C,  (known)
C Lmaxw
£
&= O(('Lmsz
oy, (known) Eqn (426)
Z
Eqn421)
/4
7
A4
A
0 (05

Figure 4 Lift curve with flaps - showing linear and non linear part [12]

The first part of the method described in ESDU 96003 [12] provides a linear estimate of the lift
curve, starting from zero angle of attack up to the point where flow breakdown begins to

significantly affect lift (Eq. 4.11).

Ac; Ksc
Co= a1+ (G0 — 90 (- =)@ - a)cos™ (@ —aow) )
€1 = Coman — Comany — C [ = —2EZED) 4y
L Lmaxw Lmaxw L P Comarw — C1) 4.12)

The second part of the method provides a non-linear estimate of the lift curve (eq. 4.12),
extending the estimation from C." to the point of maximum lift. This non-linear section predicts
the angle of attack for maximum lift, considering flow separation and stall effects that disrupt
the linear relationship between lift and angle of attack.

To follow the methodology outlined in ESDU 96003 [12] for estimating the lift curve of wings
with high-lift devices, several additional ESDU files were used.

For the aerofoil-specific data, ESDU 94026 [13] was used to introduce methods for estimating

lift coefficients at zero angle of attack and at maximum lift for aerofoils equipped with high-
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lift devices, especially relevant at low speeds. Additionally, ESDU 84026 [14] provided the
maximum lift coefficient for aerofoils at low Mach numbers up.

For basic wings without flaps, ESDU 70011 [15] was used to determine the basic wing lift-
curve slope, ESDU 89034 [16] was used to estimate the maximum lift for a plain wing, and
ESDU 87031[17] was used to calculate the wing’s angle of attack at zero lift for subcritical
Mach numbers.

Finally, for wings with flaps, several ESDU files addressed specific lift increments. ESDU
93019 [18] provided the lift coefficient increment at zero angle of attack for wings with flaps
deployed and ESDU 91014 [19] covered maximum lift for wings equipped with single-slotted
flaps.

4.2.2. Flaps drag

Starting with the lift curve of the wings with deployed flaps, calculated in the previous chapter
using ESDU 96003 [12] and including adjustments for part-span single slotted flap effects, the
drag curve of the PA-28 wings with deployed flaps is calculated.

To calculate the increment in wing profile drag coefficient due to the deployment of single-
slotted flaps, ESDU 08013 [20] provides a detailed method that separates lift-independent and
lift-dependent drag contributions. This approach captures how flap deployment alters the
aerofoil and wing drag characteristics.

The process begins with the aerofoil’s baseline drag polar in a clean configuration, focusing on
the minimum drag coefficient and the associated lift coefficient. The drag components are
determined using ESDU 06001 [21] for skin friction drag and ESDU 00027 [22] for profile
drag, both applicable to Mach numbers below the drag-rise condition. Profile drag coefficient
increment due to full-span single-slotted flaps is added using ESDU Aero F.02.01.06. [23].
The flap-specific drag contributions are calculated based on ESDU 08013 [20], which accounts
for the additional drag due to flap deflection and the part-span nature of the flaps. To model the
spanwise effects, ESDU F.02.01.08 [24] provides the vortex drag coefficient for wings with
part-span flaps and central cutouts. This allows for precise adjustment of the drag profile to
account for the non-uniform lift distribution caused by the flaps.

Finally, corrections for viscous drag in shock-free attached flow were applied using ESDU

07002 [25], ensuring the drag calculation reflects realistic flow conditions.
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4.2.3. Flaps pitching moment

The ESDU 03017 [26] document provides a method to predict the pitching moment curve for
wings with high-lift devices at low speeds, such as the single-slotted flaps on the PA-28 aircraft.
The process starts with calculating the clean wing’s aerodynamic characteristics, including lift
and pitching moment coefficients. For the PA-28, ESDU 72024 [27] was used to determine the
aerodynamic properties of the aerofoil in compressible, inviscid flow at subcritical Mach
numbers.

The lift characteristics of the PA-28 wing, calculated earlier using ESDU 96003 [12], were used
as a basis to estimate the effects of flap deployment on the pitching moment. Flap deployment
affects the pitching moment by altering the lift distribution and shifting the aerodynamic centre.
These changes were calculated using ESDU 99004 [28], which provides methods for
determining the pitching moment coefficient at zero angle of attack for trailing-edge single-

slotted flaps.

4.3. Comparison and validation of results using XFLRS

4.3.1. ESDU Results

The results for the longitudinal aerodynamic coefficients of the PA-28 wing, in both the clean
configuration and with flaps deployed at 10°, 25°, and 40°, were calculated using ESDU
methods described in the previous chapter. These graphs show the wing performance with

different flap settings as a function of angle of attack.

Figure 5 PA-28 wing lift coefficient — ESDU results
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The graph in Figure 5 shows the lift coefficient. The C; curves extend up to their respective
maximum lift coefficients C; . As expected, flap deflections at 10° and 25° show a significant
increase in lift compared to the clean configuration, with a smaller gain observed for the 40°
flap deflection than for 25°. This makes sense, as the 40° flap position is mainly used during

landing, where managing descent and speed is more important than generating extra lift.

CLL]

“Clokean
ao
L ars
CL a0

Figure 6 PA-28 wing lift coefficient - extended curve — ESDU results

The graph in Figure 6 shows extended lift coefficient curves beyond €, into the stall region
by modifying equations from ESDU 96003 [12]. This extension was done to ensure the

simulator model behaves smoothly instead of having a sudden cut-off at C; . However, it is

important to note that this does not represent the true stall behaviour of the wing, as modelling

stall is outside the scope of this thesis.
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Figure 7 PA-28 wing drag coefficient — ESDU results

The graph in Figure 7 shows the drag coefficient Cp for the different flap settings. The results
indicate a small increase in drag for the 10° flap deflection, but a much larger rise for 25° and
40°. This aligns with expectations, as flaps at 40° significantly increase drag, even though the
lift gain is relatively small. This reflects the primary purpose of the 40° flaps, which is to add
drag and help control speed during landing.
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Figure 8 PA-28 wing drag polar — ESDU results
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Flap deployment introduces two main effects: a lift-independent drag increase from the flap
deflection angle and geometry, and a lift-dependent drag increment due to the additional lift
generated, especially at higher angles of attack. These changes also shift the drag polar (Figure

8), increasing the minimum drag coefficient and altering the lift coefficient at minimum drag.

01—

0.05 —

el

- =0
- ———di=10"

015 - = ¢

2 o=25"

di=4gr

02 1 1 | 1 1 |
-10 5 [ 5 10 15 20
Angle of attack [°]

Figure 9 PA-28 wing pitching moment coefficient — ESDU results

The graph in Figure 9 shows the pitching moment coefficient C,, across angles of attack. The
wing shows static aerodynamic instability in pitch, as the C,, increases with angle of attack,
causing a "nose-up" rotation. Flap deflections at 10° and 25° result in a larger increase in Cy,
compared to 40°. This is expected considering the principle that the pitching moment results
from the lift force acting at a given lever arm, with its magnitude directly influenced by the lift

increment.

4.3.2. XFLRS5 comparison

XFLRS is a software tool designed for analysing airfoils, wings, and aircraft operating at low
Reynolds numbers. It incorporates XFoil’s direct and inverse analysis features, as well as wing
design and analysis capabilities using methods like lifting line theory, vortex lattice method
(VLM), and a 3D panel method [29].

In this thesis, XFLRS5 was used to validate the results derived in the previous chapters.
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XFLRS5 cannot model single-slotted flaps accurately because it does not account for the slot
aerodynamics, like delayed airflow separation, that increase lift. For this reason, XFLRS5 uses
plain flap approximations instead, simplifying the calculations.

Wing modelled in XFLRS is shown in two perspectives, Figure 10 in isometry and in Figure

11 rotated to highlight flaps:

PA-28_wing_df30

Wing Span = 10.670 m
xyProj. Span = 10.590 m
Wing Area = 15.617 m*
xyProj. Area = 15.501 m*
Plane Mass = 1000.000 kg
Wing Load = 64.513 kg/m*
Root Chord = 1.600 m
MAC = 1.484 m
TipTwist = -1.000°
Aspect Ratio = 7.290
Figure 10 Wing modelled in XFLRS - isometry

PA-28_wing_d£30

Wing Span = 10.670 m
xyProj. Span = 10.590 m
Wing Area = 15.617 m*
xyProj. Area = 15.501 m*®
Plane Mass = 1000.000 kg
Wing Load = 64.513 kg/m*
Root Chord = 1.600 m
MAC = 1.484 m
TipTwist = -1.000°
Aspect Ratio = 7.290

Figure 11 Wing modelled in XFLRS - rotated to highlight flaps
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By implementing the VLM method, XFLRS5 analysis produces the following results (Figure
12) for lift, drag and pitching moment coefficient as a function of angle of attack (AoA).
The graphs are arranged in the figure as follows: the top left shows Cp over AoA, the top right
shows C; over AoA, the bottom left shows C,, over AoA, and the bottom right shows C;/Cp

over AoA.

clean

df 10°

df 25°

df 40°

Figure 12 XFLRS5 analysis results

Lift comparison

The graph in Figure 13 compares lift coefficient results from ESDU (solid lines) and XFLRS5
(dashed lines) for different flap configurations. For the clean configuration and configurations
with flaps deployed at 10° and 25°, the results align well. Both the lift increments due to flap
deflection and the lift curve slopes match closely between ESDU and XFLRS.
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CL clean
——CLdf10
CLdf25
CLdf0
CL clean XFLRS
0z 3 CLdf10 XFLRS
CL df25 XFLRS
— — CLelfd0 XFLRS

Figure 13 Wing lift results - ESDU and XFLRS5 comparison

However, the results for the 40° flap deflection configuration show significant discrepancies.
In this case, XFLRS produced only two data points, which do not align with the results given
by the ESDU method. This inconsistency is likely due to numerical instability within XFLRS’s
calculations. The software relies on iterative solvers which can fail to converge under certain
conditions, especially when dealing with high flap deflection angles. Additionally, as an open-
source tool, XFLRS occasionally exhibits bugs that lead to glitches or unexpected behaviour
during certain configurations [29].

Despite these issues, the maximum angle of attack where the lift coefficient stays linear o*
matches well between the ESDU method (calculated in Section 4.2.1) and XFLRS. This is

shown in Table 2 to confirm that both methods give similar results for the linear part of the lift

curve.
Table 2 Comparison of ESDU and XFLR)5 results for o*
6;° 0° 10° 25° 40°
ESDU o* 10.99° 9.29° 5.70° 5.10°
XFLRS a* 12.6° 10.5° 5.8° /

Drag comparison
The two graphs (Figure 14 and Figure 15) compare drag coefficient predictions from the ESDU
method and XFLRS5 for different flap deflections. For the clean configuration, both methods
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match well on the zero-lift drag coefficient Cpy. However, significant differences emerge as the
angle of attack increases. XFLRS predicts a much steeper rise in drag compared to ESDU,
particularly for higher flap deflections.

XFLRS also predicts the change in the angle of attack for Cpp when flaps are deployed, while
the ESDU method does not. In this regard, XFLRS provides a more accurate representation, as
Cpo does change with flap deployment. When flaps are deployed, the airfoil's camber and chord
are altered, causing the wing to generate lift at a lower angle of attack compared to a clean

configuration. As a result, Cpy for flaps should occur at lower angles of attack, as shown in the
XFLRS5 results.

Figure 14 Wing drag results XFLRS

Figure 15 Wing drag results ESDU
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These discrepancies can be attributed to limitations in XFLRS's drag calculation methods, as
XFLRS5 uses VLM to estimate drag. While it calculates lift-induced drag reasonably well under
assumptions of elliptical lift distribution, it struggles with complex geometries such as taper,
twist and the aerodynamic effects of flaps [29]. Additionally, form drag, influenced by the wing
and fuselage geometry, is also not explicitly modelled in XFLRS, whereas the ESDU method
incorporates these contributions, including central cutouts in flap and wing to account for
fuselage [24]. Another significant difference is that the ESDU method considers viscous effects
[25], making it more accurate for real-world drag predictions.

One notable similarity is how both methods capture trends in drag increment due to flap
deflection. For a 10° flap deflection, both ESDU and XFLRS5 predict a small increase in drag.
However, the drag increases significantly for 25° flap deflection, showing a similar pattern in
the magnitude of jumps for both of these configurations. This highlights a consistent prediction

of how flaps influence drag, despite XFLRS's limitations in absolute drag prediction.

Pitching moment comparison
The two graphs (Figure 16 and Figure 17) compare pitching moment coefficient predictions

from the ESDU method and XFLRS5 for varying flap deflections.

Figure 16 Wing pitching moment results XFLR5
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Figure 17 Wing pitching moment results ESDU

Both graphs indicate that the wing is unstable, as evidenced by the increase in the pitching
moment coefficient C,, with the angle of attack. As expected, flap deflection consistently results
in a downward shift of the pitching moment coefficient across all angles of attack, aligning with
aerodynamic principles.

XFLRS5 displays less reliable results, with much steeper pitching moment curve slope and
deviations that become more noticeable at higher angles of attack. This is primarily due to
previously mentioned limitations in XFLRS5’s simulation methods. Furthermore, errors in
calculating the centre of gravity position relative to the aerodynamic centre can distort the

analysis [29].

The lift results are promising, as both ESDU and XFLRS5 provide similar predictions. This
consistency gives a strong foundation for further modelling, with lift coefficient calculations
from ESDU 96003 [12] forming the base for the drag and pitching moment models. Although
XFLRS5 has some accuracy issues, it still shows consistent trends in how flaps affect drag and
pitching moment, matching the overall patterns seen in ESDU.

In conclusion, ESDU documents are more dependable for precise aerodynamic coefficients due
to their validated methods. However, XFLRS is still useful for understanding trends and
parameter sensitivities, and providing rough estimates, even if it is less reliable for exact values.
Therefore, the values for the acrodynamic coefficients calculated using ESDU methods will be

used further in the model.
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5. DOWNWASH MODELING

Understanding and calculating downwash 1is critical for flight simulation and stability and
control analysis. It helps determine how the wing's lift affects the tailplane’s angle of attack and
pitching moment. This is particularly important in optimizing the interaction between the wing
and the tailplane for improved performance and stability.

Downwash is the downward velocity imparted to the air by a wing as it generates lift. This
downward motion occurs because the wing interacts with the surrounding air, deflecting it
downward. As the wing moves through the air, it forms a "tube" of downwashed air behind it,

where the vertical velocity of this airflow is referred to as downwash w (Figure 18) [30].

Changein flow direction indicates
change in momentum

,,,,,,,,,,,,,,,,,,,,,, 1 E———

Downwash angle, €

Mass of air “thrown down” means that a force
(Lift) is generated in the opposite direction.

Figure 18 Downwash [30]

The lift produced by the wing can be linked to this downwash using Newton’s Second Law (Eq
5.1) where m is the mass flow rate of the deflected air. By assuming the diameter of this stream
tube equals the wingspan b, the momentum change from downwash provides a reliable

estimation of the lift force, followed by an expression for downwash (Eq. 5.2, 5.3) [30].

L=rw=p (%) b2Vw (5.1)
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1 S

L= EpV SC, ow=2V (W) C, (5.2)
2C,

w = EV 5.3)

Since the downwash can be expressed as the vertical component of velocity, with sin(e)
approximated as &, then the downwash angle ¢, represents the tilt of the airflow due to

downwash (Eq. 5.4-5.5) [30].

w = &gV (5.4)
_2¢,
e= — (5.5)

The downwash angle ¢ increases with the lift coefficient C;, altering the angle of attack
experienced by the tailplane. This change in downwash influences the tailplane’s effectiveness
and the overall stability of the aircraft, especially in high-lift configurations.

Equations (5.6) and (5.7) for the downwash gradient and downwash angle at zero angle of attack

follow [30].

ds_Zd(C L )_ZCLa
da  mAda ' o L) = TA (5.6)
s
& = %CZOWD (5.7)

5.1. Choice of method
This method described by S. Gudmundsson was chosen for its simplicity, although other were
used for validation purposes.

Results for downwash gradient using other methods shown in Table 3:

Table 3 Downwash gradient comparison

S. Gudmundsson Etkin and Reid New Method ESDU 80020

Z—e 0.4440 0.4488 0.4068 0.5199
a

5.1.1. Etkin and Reid

The method from Etkin and Reid’s Dynamics of Flight [31] uses data from the USAF Datcom.

While this method also accounts for wing aspect ratio, wing taper ratio, and tail position, it
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relies on empirical coefficients derived from wind tunnel tests. These coefficients can introduce

uncertainty, as they may not apply to all configurations.

5.1.2. A New Method for the Prediction of the Downwash Angle Gradient

Another method [32], developed by Dr. Mondher Yahyaoui, is based on a method in Raymer
[33], but with improved accuracy by estimating coefficients using the Vortex Lattice Method.

This method considers the wing aspect ratio, taper ratio, and tail position, sweep and twist.
5.1.3. ESDU

The ESDU 80020 [34] method is the most detailed and considers multiple factors, such as wing
aspect ratio, taper ratio, tail position, and sweep angles at the quarter-chord and mid-chord
points of the wing. While this makes it more comprehensive, it can also lead to inaccuracies,

due to difficulties in interpreting some of the required figures.

5.2. Downwash angle for wings with deployed flaps

In this thesis, NACA Report No. 648 [35] was used to calculate the downwash angle behind
the wing with deployed flaps.

In the report a more complex approach is explained, using the tailing vortex sheet behind the
wing, instead of the air “tube” explained by S. Gudmundsson in the previous chapter [30].
Downwash here refers to the downward airflow produced by the vortex system of a wing as it
generates lift. For a plain wing, this vortex system consists of a bound vortex along the quarter-
chord line and a trailing vortex sheet extending downstream from the trailing edge. The trailing
vortex sheet is displaced downward due to the airflow induced by the wing itself. The strength
of this vortex system is directly proportional to the lift coefficient C;, which means the
downwash angle € and the vertical displacement of the sheet / also increase with C;. At higher
lift conditions, additional factors, such as tip vortices and wake interactions, also influence the
downwash pattern [35].

The calculation of downwash begins with the plain wing, for which the trailing sheet is shed at
the trailing edge. The trailing vortex sheet is initially treated as a system of idealized horseshoe
vortices extending downstream (Figure 19). This approach assumes the sheet is uniformly
displaced downward near the tailplane /;, simplifying the calculation of the downwash angle.
This method effectively captures the primary effects of the vortex system without requiring

complex deformation modelling of the trailing sheet [35].
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Figure 19 The trailing vortex sheet as a system of idealized horseshoe vortices [35]

When flaps are deployed, the spanwise lift distribution changes significantly, which alters the
downwash. The vortex sheet in a flapped wing originates between the trailing edges of the wing
and the flap m, and its displacement reflects the combined influence of the plain wing and flap
(m+hl+h2). The extra lift generated by the flap is proportional to the flap’s contribution to
downwash, which adds to the downwash effect of the plain wing [35].

Downwash charts provided in the NACA report no. 648 [35] (Figure 20) are used to represent
the calculated results for spanwise loading distributions and downwash angles for different
configurations. The given results differ depending on wing planform, aspect ratio, taper ratio

and flap span.
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Figure 20 Charts provided in NACA report no.648 [35]
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The charts assume idealised conditions, such as a quarter-chord line perpendicular to the
centreline and provide a clear visual guide for interpreting the effects of plain and flapped
wings. Practical deviations, such as non-uniform flap chords or wing-tip effects, are accounted
for through additional corrections given in the report to ensure the calculations remain
applicable to real-world scenarios [35].

The method described in the report is sensitive to the angle of attack, which influences the
contributions of the wing and flap to the overall downwash and the relative positioning of the

wake [35].

The process for calculating the downwash for a wing with deployed flaps involves several steps
[35].

1. The downward displacement of airflow 4 is divided into contributions from the plain
wing and the flap. For the plain wing, the displacement 41 depends solely on the wing
configuration and position. For the flap, charts are used to determine the displacement
contribution based on the flaps lift coefficient increment and its relative spanwise
position x. This is repeated to calculate the flaps contribution, /> to the total
displacement.

2. The origin of the wake m is determined using equations and reference charts detailed
in the report. It accounts for factors such as flap deflection angle and wing/chord ratio.
The wake's downward displacement is influenced by both the wing and flap
contributions. The combined displacement (A=h1+h2) is used to locate the wake
relative to the tailplane.

3. The downwash contributions from the wing and flap are calculated separately. Charts
provide the values for the downwash angle at the tailplane location, which is defined
by the coordinates (.x; 41) for a plain wing and (x, &+ 77) for a wing with flaps
deployed. The contributions are proportional to the respective lift coefficients of the
wing and flap and are summed to find the total downwash angle &

4. Interpolation between graphs for flap span and aspect ratio of PA-28 was performed
(Figure 21). After that, the correction factor for variation of downwash across the
tail span was applied and values of total downwash angle € were sized to CL value

at a given angle of attack.
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5. Since the model already included the downwash gradient for a plain wing, only
the additional increment caused by the flaps needed to be added. To do this, the
total downwash angle from the previous step was adjusted by subtracting the
downwash angle of the plain wing, which was sized for a specific lift at a given
angle of attack. This provided the contribution to the downwash caused by the

deployed flaps.
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5.3. Dynamic pressure loss

The wake’s characteristics analysis, such as pressure loss and turbulent mixing, are included in
the NACA report n0.648 [35]. These effects are particularly important for wings with flaps, as
they influence the vortex sheet’s behaviour and the resulting downwash.

The wake, which aligns with the centre of the trailing vortex sheet, experiences a loss of total
pressure proportional to the profile drag of the wing section. As turbulent mixing occurs
downstream, the wake widens, and the pressure loss decreases, although the total integrated
loss remains constant [35].

If the wing and tail are positioned such that the tail lies within the wake, as shown in Figure 22,
the average reduction in dynamic pressure at the tail must be taken into account. The dynamic
pressure loss at the hinge axis is often used as an approximation for this value, although it may
differ slightly from the average across the entire tail surface. Whether the tail lies within the
wake or not depends on the angle of attack, which determines the position of the tail relative to

the wing, responsible for generating the wake [35].

(a)

- .0/_?_/2

L——f=/.n.;.—90\:—_‘~—z:: Woke ey,
2 .68 bjo——xf Wake g 7€

- 1
m==13b/2 ~—__
! -
_Y—;:é. Wa/rez
- ~WOA_PGU9

(2) Flap up.
(b) Flap down.
(o) TFlap down, tail in the wake.

Figure 22 Wing wake and tailplane relation [35]
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The following steps [35] describe the process for calculating the dynamic pressure at the

tailplane:

1.

To determine the vertical displacement (4+m), results from the downwash angle
calculation in the previous chapter were used, alongside the wake width { per equation
(5.8), as the kinetic pressure at the tailplane depends on the distance from the trailing

edge ¢ and the position of the tail in regards to the wake.

2. Calculation of the maximum pressure loss and the distribution of dynamic pressure in
the wake is given by the equations (5.9) and (5.10)
3. Dynamic pressure at a given point depending on angle of attack is given by equation
(5.11)
¢ = 0.684/c49(¢ +0.15) (5.8)
 242c40™?
T="¢¥03 (59
n' n{’
—_ = COSZ(;?) (5.10)
np=1-17' (5.11)
5.4. Results

The first graph in Figure 23 shows the total downwash angle behind the wing in clean

configuration and with flaps deployed at 10°, 25°, and 40°.
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The downwash angle curve closely mimics the lift curve, as expected, since it is directly
influenced by the lift generated by the wing. With increasing flap deflection, the downwash
angle increases due to the added lift from the deployed flaps.

The second graph in Figure 23 focuses on the increment in downwash angle caused by flap
deployment. It can be observed that the increments for flap deflections of 10° and 25° result in
a similar jump in downwash angle, while the 40° flap curve almost aligns with the 25° curve.
This indicates that, despite the increased flap deflection, the additional lift generated between

25° and 40° flaps contributes very little to the downwash angle.

Dynamic pressure ratio in wake
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Figure 24 Dynamic pressure ratio in the wake

Figure 24 shows the dynamic pressure ratio at the tailplane. For low angles of attack, the
tailplane remains unaffected by the wing's wake, resulting in no loss of dynamic pressure. As
the angle of attack increases, the tailplane moves into the wing's wake, leading to a reduction
in dynamic pressure.

The onset of dynamic pressure loss occurs at higher angles of attack for larger flap deflection
angles. This is expected due to the greater downward displacement of airflow caused by larger
flap deflections. Interestingly, while there is minimal difference in downwash angle between
25° and 40° flaps, the dynamic pressure loss at the tail is significantly different. For 25° flaps,
the tail experiences ~20% pressure loss, while for 40° flaps, the loss approaches 30%. This
highlights that higher flap deflections amplify wake effects, significantly affecting the

aerodynamic efficiency of the tailplane.
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5.5. Longitudinal aerodynamic model

Equations 38 and 39 show the new structure of the longitudinal aerodynamic model, with the

parameters estimated in previous chapters: € b(Section 4.1) , Cp, b(Section 4.1), Cp,
w w

(Section 4.1), Cpy,, b(Section 4.1), Mpe (Section 3), C Lay, (Section 4.1), Z—Z (Section 5), gq(Section

5) and &f (Section 5.2).

CLlon = CL b + CLawba + q*CLq + CTCLCT

O

Sht de
+ Nne T[Cl’“ht <a—a£+66 — & —£f>

+ bo1r CLht_ge’T " )]

ltSht &
leon = CmOWb + Cmawba - nht (—: S [ CLaht (a - a% + 5@ - 80 - Sf)
+ 8er Cthr‘se,TR)] tq* Gy + CrCpe,

owb
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6. GROUND EFFECT MODELLING

Modelling aircraft motion during take-off and landing is challenging due to ground effect. This
thesis defines equations for aerodynamic coefficients near the ground, focusing on wing
geometry and height above ground. While based on simplified conditions and very limited data,

this ground effect model offers useful insights into aircraft dynamics during these phases.

6.1. Ground effect influence on lift coefficient

As an aircraft nears the ground, its aerodynamic characteristics change significantly due to the
influence of ground effect. The aircraft lift coefficient typically increases because of the air-
cushion effect. At the same time, the downwash angle at the tailplane decreases as the ground
limits the downward airflow, changing the lift coefficient of the tail.

The lift coefficient near the ground (Eq. 6.1-6.7) can be expressed as the sum of the free-air lift
coefficient C;r and the lift increment caused by the ground effect AC, ;. This increment is
dependent on parameters such as the wing's height above the ground h,,, the aspect ratio 4, and
the aircraft's lift curve slope a, the mean aerodynamic chord ¢ and increment of wing-body

pitching moment coefficient AC,,or [36].

~ ACy,,
L= (1 + Co )CLF (6.1)
ACy,, 1 aoc
= {—+7I - 1]}
ao
Cr  1-22'mA TN 1TN Crry2 (6.2)
TA
o = exp [-2. 48( )0768] (6.3)
2h,,
(—)2 _w (6.4)
hy
C
T =
7 (6.5)
[(_)2 + 64]
, c ¢ \?2 C .5
N =1+ 000239[10@ +16 <E) + (E) ] (6.6)
N=1+ N -1D[1+ AC”’OF]
= C. (6.7)
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6.2. Pitching moment adjustments due to ground effect

Ground effect also impacts the pitching moment of the aircraft. As the downwash angle at the

tailplane decreases, there is an increase in the pitch-down moment. This change in downwash

angle for a given angle of attack can be calculated using equations that account for the

interaction between the wing and the ground.

The increment in the downwash angle due to ground effect Ae is influenced by several factors,

the height of the tailplane's aerodynamic centre above the ground hy;, the downwash angle at

the tailplane in free air for a given angle of attack (Eq. 6.8) [36].

AL e D 68)
erf T 4(hpe + hy)

JAY:

The effective span of the wing b, sy, combined with the wing's taper ratio A and the span of the
flaps, also contributes to the downwash increment (Eq. 6.9-6.11). These parameters influence
how lift is distributed across the wing and tail, especially when flaps are deployed. The
extension of the flaps causes a notable lift increment by altering the aerodynamic flow over the

wing, which subsequently affects the tailplane [36].

bery _ kikyCrp )
b Cor — (1 — k)(Crp — ACyf (6.9)
ki = 0.085(7.56 + 3.51 — 12) + 0.002(A — 0.48) (A — 6)(18.5 — A) (6.10)
br  bg
ko= [0.64+3.6-"—()?—08 (6.11)

The overall effect can be calculated using the distance [;, which is the lever arm between the
aerodynamic centre points of the wing and the tailplane.

Additionally, the wing and tailplane areas, S,, and Sj; respectively, are critical parameters in
determining the overall pitching moment increment. The height of the wing's aerodynamic
centre h,, and the height of the tailplane's aerodynamic centre hy, above the ground are also
factored into these calculations. These heights depend on the aircraft's geometry and the current
state variables, which include parameters such as angle of attack and ground proximity.

From there, the increment of the lift coefficient of the tail can be calculated according to
equations (6.12) and (6.13) [36].

B(Cu — ancte),
T[Aht

ACLhtGE = —ar [_AE + (6.12)
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bpe bue\*  (bne\’
B = 0.00087[46 % + 16.4 (—) = (—) ] 6.13)
e e e

Since the pitching moment is the result of the lifting force and the appropriate lever arm, the
increment of the pitching moment due to ground effect can be expressed by equations (6.14)

and (6.15) [36].

Al = —VyACy,, ., (6.14)

= lntSne
vV, =
H cSw

(6.15)

6.3. Change in drag in ground effect
For drag, the total drag coefficient near the ground is the sum of the free air drag coefficient
and an increment caused by the ground effect (Eq. 6.16-6.18). The reduction in induced drag

near the ground plays a significant role in lowering the overall drag coefficient [36].

Cp = Cpr + ACp, (6.16)
¢$C, ¢$Cy
ACp,, = ECDF —[c-(2-0) E]CDL'F (6.17)
= 0.00066[570 b 32 b <+ b 3

This thesis incorporates the theoretical framework for the effects of ground proximity on drag;
however, this aspect was excluded from the model. The decision was made because the
parameters used in the model were estimated differently, and their validation against
experimental or flight test data was beyond the scope of this work. Future research should focus
on refining these parameters and integrating them into a comprehensive ground effect drag

model.

Faculty of Mechanical Engineering and Naval Architecture 38



Magdalena Vukovic Master’s thesis

7. IMPLEMENTATION IN SIMULATION AND RESULTS

7.1.  Simulation setup in MATLAB/Simulink

7.1.1. Increments due to deployed flaps

The iniac.m MATLAB script serves as the foundation for the aircraft simulation, containing all
the parameters needed to model the aircraft's performance and behaviour. It includes inputs for
a variety of variables, such as aerodynamic coefficients, geometric properties, propulsion
characteristics, landing gear configuration, and environmental conditions like atmospheric
properties, etc.

As part of this work, the script was updated to incorporate new flap increments for the lift
coefficient CL_df (Section 4.2.1), drag coefficient CD_df (Section 4.2.2), and pitching moment
coefficient Cm_df (Section 4.2.3). These values were recalculated using the ESDU methods
described in previous chapters, replacing the existing values. By directly integrating these
refined increments into the script, the simulation now reflects a higher level of accuracy and
reliability regarding the aerodynamic effects of flap deflections.

The parameters were additionally manually tuned to ensure that the updated aerodynamic

characteristics are seamlessly incorporated into the overall simulation.
7.1.2.  Integration of downwash model in longitudinal dynamics model

In the Simulink model model aero.slx, tail angle of attack and dynamic pressure blocks (Figure
25 and Figure 26) were added to the lift coefficient and pitching moment coefficient blocks to
improve the accuracy of the aerodynamic simulation. These additions account for the effects of
downwash on the tail, which influences the lift generated by the tailplane and, in turn, the
pitching moment. The dynamic pressure block ensures that the effect of the variations in
pressure in the wake, and its effect on the tail lift coefficient, is modelled for changing angles
of attack.

Additionally, the wing-body and tail influences were separated.
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Note:
Increasing Aol for CL_stall
when flaps are extended

to model lower stall angle
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Figure 25 Lift coefficient Simulink model

cL_£i

Faculty of Mechanical Engineering and Naval Architecture

40



Magdalena Vukovic Master’s thesis

>
{AOA [rad]> L’+
. .{:> »|-
@ depsilon dalpha <b @
<DE [rad]> >
_’_
epsilon0 [rad]
» n-D
(3 ) »| T(u)
<DFLP [rad]> epsilon_df

Figure 26 Stabilator angle of attack Simulink block

The parameters required for these blocks, such as downwash gradient depsilon dalpha (Section
5.1), downwash angle increment for deployed flaps epsilon df (Section 5.2) and dynamic
pressure values eta_df (Section 5.3), are defined in the iniac.m script, ensuring consistency
across the simulation. This integration provides a more realistic representation of the

interactions between the main wing and tail aerodynamic characteristics.
7.1.3. Integration of ground effect model

In the model aero.slx Simulink model, new blocks for ground effect were added. These blocks,
implemented as MATLAB function blocks, calculate the increments in lift (Section 6.1) and
pitching moment (Section 6.2) due to ground proximity, using the aerodynamic coefficients in
free stream conditions. The existing blocks from the previous ground effect model were
removed, as the new model follows a different approach and is not compatible with the old one.
No additional parameters were added to the iniac.m script, as the new calculations utilize the

aerodynamic data already defined within the simulation.
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7.2. Results

7.2.1. Longitudinal aerodynamic model

Figure 27 shows the overall longitudinal aerodynamic coefficients of the aircraft during a glide.
The parameters used for this analysis include a thrust coefficient Cr of 0.02 and an elevator
deflection &, of -6°. The results are shown for the aircraft in a clean configuration as well as
with flaps deployed at angles of 10°, 25°, and 40°. This comparison highlights the effects of
different flap settings on the aerodynamic behavior of the aircraft during gliding flight.
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Figure 27 PA-28 Overall aircraft longitudinal aerodynamic coefficients at a glide
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7.2.2. Comparison of the longitudinal aerodynamic parameters

Figure 28,Figure 29 andFigure 30 show a comparison of the lift, drag, and pitching moment
coefficients between the new model Sn and the old PA-28 model So under identical conditions.
The parameters for this analysis again include a thrust coefficient Ct of 0.02 and an elevator
deflection &, of -6°. In the following plots, the dashed lines represent the old model, while the
solid lines correspond to the new model. This comparison highlights the differences in
aerodynamic performance between the two models under the same specified flight conditions,

with a varied angle of attack.

05
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Figure 28 Lift coefficient results comparison - new and old model
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7.2.3. Tests on the simulator

This chapter presents the results of tests conducted using the ReDSim (Research and Didactics
Simulator) at the ZHAW. The ReDSim is a real-time research and teaching simulator,
developed by the Center for Aviation in collaboration with students and staff. It incorporates
advanced technology, including a Control Loading System for realistic force feedback and a

180-degree visual system, providing an immersive and accurate simulation environment [37].

Figure 31 ReDSim at the ZHAW

Two tests were conducted to evaluate the updated PA-28 model: a trim test and landing test.
The trim test was performed by one pilot, focusing on steady-state flight conditions, while the
landing tests were carried out by another pilot across various flap configurations. Both pilots
hold a current license and have experience flying the Piper PA-28-161 Warrior III, ensuring
qualified and informed feedback. Their insights on the model’s performance and realism are

summarized alongside the simulation results in this chapter.
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7.2.3.1 Trim test

To further compare the models, a trim test was conducted to evaluate their behaviour under

various configurations. The test involved initiating a steady flight and trimming the aircraft in
a clean configuration. Following this, flaps were incrementally deflected to 10°, 25°, and 40°,
with the aircraft trimmed after each deflection. This process was repeated for each flap setting
to assess the performance of both models and analyse their responses to changes in flap
configuration.

Table 4 compares results of the trim test for clean configuration and flap deflections at 10°, 25°,
and 40°. It shows the differences in pitch angle between the two models, for a similar angle of

attack.

Table 4 Trim test performance results — Simulation old model (So), Simulation new model (Sn)

6¢[°] 01°] a ]
So S~ So Swn
0 6.5 7.1 6.6 6.7
10 5.6 6.6 5.0 5.2
25 4.1 4.7 4.0 4.1
40 32 35 33 33

The results of this test are presented in Figure 32 andFigure 33.
During the trim test, pilot Tobias Zihlmann noted that in the old model, the pitch-up motion
with flaps deployed at 40° was less realistic compared to the behaviour of the real aircraft. In

contrast, the updated model exhibited a response more closely resembling the actual PA-28.
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7.2.3.2 Ground Effect
Ground effect data was collected from three landings done during the flight test campaigns.

These tests were performed in three configurations: clean configuration, flaps at 25°, and flaps
at 40°. The same landing scenarios were then simulated with Pedrazzini’s model and with the
new model to evaluate their performance in comparison to the original data. In order to
effectively measure the performance of the new model, results from Pedrazzini’s model were
recreated to be used as a reference.

Table 5 shows the parameters for the landing scenarios from the flight test FT, the old
simulation model So, and the new simulation model Sn. The table includes estimated values for
airspeed, RPM, pitch angle, and elevator deflection, allowing a clear comparison between the

models and the flight test results.

Table 5 Final approach performance results — Fligh test (FT), simulation old model (So),

Simulation new model (Sn)

6¢[°] EAS [kt] RPM 0°] 6. [°]

FT So Sn FT So Sw FT So S FT So Sn
0 7374 T3 1500 1500 1500 7 75 15 -65 -7 -7
25 70 70 70 1400 1400 1400 4 49 35 -5 59 -3
40 67 67 67 1400 1400 1400 3 40 3 -45 -58 -35

Figure 34 andFigure 35 display the longitudinal motion parameters and ground effect
parameters for landings simulated using the old model. Figure 36 andFigure 37 provide a
detailed comparison of the lift and pitching moment increments in the clean configuration for
both the old and new models. Finally, Figure 38 andFigure 39 present the longitudinal motion
parameters and ground effect parameters for landings with flaps deployed, as simulated using
the new model.

For the landing tests, pilot Marco Caglioti observed that the updated model had better stability
during approach and landing. He also mentioned that the flap behaviour in the old model was
not very accurate, whereas the new model provided a more realistic representation of the

aircraft’s performance with flaps deployed.
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8. DISCUSSION

8.1. Comparative analysis: new vs. old model

8.1.1. Lift

The most significant modifications in the new lift model are due to the flaps model, which is
evident from the differences in the lift coefficient curves. In contrast, the downwash and ground
effect contributions are less noticeable.

A noticeable lift increment can be observed (Figure 27) when the flaps are deployed, with a
relatively similar increase between the 10° and 25° flap configurations. However, the lift
increment for the 40° flap setting is smaller, which aligns with expectations based on the flap
model described in Section 4.2. The maximum lift values correspond well with the respective
flap settings, indicating accurate representation of the increased lift potential for each
configuration.

Additionally, the angle of attack for maximum lift was manually adjusted to account for the
effects of the aircraft's body and tail, which influence the flow and alter the expected angle of
attack for maximum lift.

Comparison with Pedrazzini's model (Figure 28) shows that the lift increment is no longer
consistent across all flap deflections and that the maximum lift coefficient differs significantly
in both value and angle of attack for achieving maximum lift. Pedrazzini's model [2] uses a
simpler approach where the clean configuration serves as the baseline, with the same gain
increment added for both the linear and non-linear parts of the lift curve. This highlights the
improved realism of the new model in capturing variations in lift behaviour across different

flap settings.

8.1.2. Pitching moment

The pitching moment coefficient across angles of attack for the overall aircraft shows that the
aircraft remains aecrodynamically stable despite the inherent instability of the wing. The stability
of the aircraft is achieved by the contribution of the tailplane, which counteracts the
aerodynamic instability of the wing.

The flap model is based on the wing's behaviour, as described in Section 4.2. Flap deflections

at 10° and 25° result in a more significant increase in C, compared to 40°, as expected.
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The effect of downwash is particularly evident in Figure 27 and Figure 29. Downwash alters
the lift force and the angle of attack at the tailplane, which in turn impacts the pitching moment.
This effect becomes more pronounced with flap deflection, as pitching moment increment and
downwash angle contribution from the wing interact more strongly with the tailplane, affecting
its aerodynamic contribution.

The stall region should be highlighted, especially when comparing the results with Pedrazzini's
model (Figure 29). In the new model, the pitching moment for flaps set at 25° and 40° rapidly
declines in the stall region because it is directly based on the lift generated by the wing. As lift
decreases sharply during stall, the pitching moment reduces accordingly, reflecting the critical
influence of lift on the model's behaviour in this area.

While Pedrazzini's model offers a simpler representation, it is not reliable for modelling stall
behaviour. However, as modelling stall was beyond the scope of this thesis, the stall region is
included in this model to ensure the simulator model behaves smoothly, emphasizing the

limitations of the ESDU method described in Section 4.2.3 and of Pedrazzini's approach [2].

8.1.3. Drag

As expected, the drag coefficient increases with angle of attack for all configurations, with a
more pronounced rise at higher angles of attack due to increased induced drag. Additionally,
the deployment of flaps significantly increases the drag coefficient, as flaps add both form drag
and lift-induced drag. The increment is larger for higher flap deflections, with flaps at 40°
producing the most drag which aligns with the ESDU method results (Section 4.2.2).

When comparing the new model to the old model (Figure 30), the new model predicts slightly
higher drag coefficients for all configurations, but especially for configuration with flaps
deployed at 25°. This discrepancy becomes more pronounced at lower angles of attack. This
suggests improved modelling of form drag compared to the old model, which is due to the more

accurate single-slotted flap model.

8.1.4. Trim test

The trim test results, summarized in 7Table 4, provide a comparison of the old simulation model
and the new simulation model for different flaps configurations.
The test compares the pitch angle and angle of attack for the trim conditions in both models

across the flap configurations. The results show a slight increase in pitch in the new model
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compared to the old model for a similar angle of attack. This difference is attributed to the
implementation of a new downwash model and the correction of the pitching moment increment
due to flap deflections in the new model. The addition of the downwash reduces the angle of
attack at the tailplane, which lowers the lift force generated by the tail. This reduction in tail lift

causes the nose-up rotation in the new model.

8.1.5. Ground effect

Three landing tests were simulated with the updated model to compare its performance against
flight test results and the original model. Table 5 summarizes the landing scenarios, including
estimated airspeed, RPM, pitch angle, and elevator deflection.

The new model's pitch angle closely matches the flight test data, showing it accurately
represents the aircraft's trim and stability. However, there are small errors in elevator deflection.
In the old model, the elevator deflection was more negative than in the flight test, while the new
model shows slightly more positive deflection. This difference likely comes from the updated
flap pitching moment increment in the new model, which reduces the force needed from the
tailplane. As a result, the required elevator deflection is less negative.

These elevator deflection errors are partly due to how the parameters were tuned. The tuning
process focused on the pitching moment increment, with less emphasis on fine-tuning the
downwash model. Additionally, a slight increase in pitch noted during trim testing (Section
8.1.4) affects the results. For the same angle of attack and elevator deflection, the pitch angle
in the new model is slightly higher. Aligning the pitch angle with flight test data introduces
small errors in angle of attack and elevator deflection.

The differences in ground effect increments are most noticeable in the clean configuration,
where the flap increments don’t play a role. In this case, the ground effect and downwash
models are the main contributors to the results.

The analysis shows that the new model predicts a larger lift increment and a smaller pitching
moment increment compared to the old model. This is due to ground effect increasing lift and
reducing downwash at the tailplane, which lowers pitching moment values. Similar patterns are

seen in landings with flaps set at 25° and 40°.
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8.2. Limitations of the current model

The current simulation model has some limitations that affect its accuracy. These come from
both the characteristics of Pedrazzini’s model and the goals and limits of this thesis, including
time constraints. While improvements were made, there are areas that need more work to make
the model more reliable and effective.

Thrust model

The thrust parameters used in this study are taken from Pedrazzini’s model, which he noted as
unreliable in his work. These parameters were not updated, so better modelling of thrust
performance and its effect on longitudinal and lateral aerodynamics is still needed.

Overall aircraft drag coefficient

The drag model for the flaps was improved using ESDU methods. However, the overall drag
of the aircraft still needs more work. For example, changes made to the lift model, like adding
a downwash model, might affect induced drag predictions. This needs further study to make
the drag estimates more accurate.

Stall model

The way stall is represented in the current model isn’t very accurate. While updates were made
to the flaps model, the stall behaviour itself needs more improvement. Smoother transitions
were added to the simulation, but a better stall model is still required.

Downwash impact on stability and control

The effect of the downwash model on the aircraft’s stability and control wasn’t fully studied.
Even though downwash was added to the simulation, its overall impact on stability needs more
analysis.

Transition dynamics during configuration changes

The simulation mainly focused on steady flight conditions. It didn’t model how the aircraft
behaves dynamically when flaps are deployed or during similar transitions. These dynamic
responses are important for a more complete simulation but were not included in this thesis.
Ground effect data

The ground effect model is limited because only three landings were used for analysis. More
flight tests are needed, especially during the final approach phase, with detailed data collected
for all flap settings.

Ground effect at boundaries conditions
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Unusual peaks in lift and pitching moment coefficients were seen in the simulation when the
aircraft was close to the ground (e.g., at the start of the approach). These were not fully
investigated and could mean the ground effect model isn’t accurate.

Elevator deflection errors

The pitch values in the simulation matched flight test data well, but there were small errors in
elevator deflection. This is likely because the focus was on tuning the pitching moment model,
which affected the accuracy of the downwash and ground effect models. More adjustments to

the tailplane and downwash parameters are needed.
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9. CONCLUSION

This thesis improved the PA-28 simulation model by focusing on three main areas: refining the
flap model, developing and adding a new downwash model, and updating the ground effect
model. These changes aimed to create a more accurate representation of the aircraft’s
longitudinal aerodynamic behaviour.

The flap model was significantly improved. A new model for the single-slotted flaps was
developed using ESDU methods to capture both linear and non-linear aerodynamic effects. This
updated model predicts lift, drag, and pitching moment coefficients more accurately for flap
settings of 10°, 25°, and 40°.

A new downwash model was also integrated. This model accounts for how downwash affects
the tailplane, including changes in lift and pitching moment caused by variations in the
downwash angle. It calculates the downwash gradient, downwash angle, and dynamic pressure
loss to better represent the interaction between the wing wake and the tailplane.

The ground effect model was improved as well. The updated model calculates how ground
proximity affects lift, drag, and pitching moment coefficients, offering a more realistic view of
the aerodynamic changes during landing and take-off. Despite limited flight test data, the
model's results align well with flight test observations.

Future work should explore the downwash model further, especially its impact on stability and
control during dynamic manoeuvres. Additional flight tests during final approach and across
all flap settings would refine the ground effect model. More detailed modelling of stall
behaviour and transitions, such as flap deployment, is also recommended. Finally, spending
more time tuning the simulator parameters would address minor discrepancies in elevator
deflection and pitching moment predictions. These steps would create a stronger and more

accurate simulation model for various flight conditions.
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Attachments

L. The complete Piper PA-28-161 Warrior III simulation model is attached to this thesis
(PA28 vukovmag.zip)

II.  XFLRS5 Piper PA-28-161 Warrior model (XFLRS vukovmag.zip)
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