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FOREWORD

The aircraft history has been developing fastly in very different areas such as military
and civil applications. The airliners and aircraft manufacturers directed to produce
and use the most possible efficient aircraft by the increment of global transportation
demand. To meet the demand the designers has envisaged new methods like
optimization. There are many branches of the optimization methods and one of these
methods is Genetic Algorithm. In the thesis, an optimization process to design the
lowest weight or maximum ranged aircraft by using the Genetic Algorithm.

The optimization process is carried out by a simply prepared interface. The aircraft is
designed using the variables, constraints and design parameters and the results of the
aircraft and comparison with other aircrafts can be seen on interface.

Firstly, I would like to specially thank my academic advisor, Prof. Aydin Misirlioglu
for his technical instructions and experience. | have owed to TUBITAK BIDEB for
their financial and mental support to my Master of Science education and thesis
process for three years.

Last, but certainly not least, | am very grateful to my dear family for bringing me up
with their unconditional love and giving me the best possible education in my
youthhood so that I could be successful in my higher education and to my fiancee,
Ozlem for her support in my pursuit of Master degree.
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REGIONAL JET DESIGN OPTIMIZATION BY GENETIC ALGORITHM

SUMMARY

With the development of the aviation industry, the interest on the air transportation
has increased by years. The reasons like shorter cruise time and more affordable
tickets raise the demand on the air transportation. This situation leads to search the
innovations and designs by the airliners and manufacturers to provide less cost,
farther range stations, less time and more comfortable journey. Today, the
importance of the regional jets has increased because many stations whose passenger
capacity is lower than the aircrafts capacity that airliners have or whose pists are not
enough for the aircrafts to take-off or land have been opened to service to include
them to air transportation network. A regional jet (RJ) is an aircraft class that has
approximately 80-120 passenger capacity but generally cruises at similar speeds and
altitudes of larger transporters.

The aircraft design process depends on the many variables and constraints. In this
process, it is high possibility that the other variables will be bad when a variables has
its best value. Therefore, all variables and constraints should be controlled when the
aircraft design optimization is carried out and this is not possible by hand because the
number of the variables and constraints could be too much. The optimization
provides to design an aircraft more systematically. In the thesis, the method of the
optimization is Genetic Algorithm. The optimization process is carried out by
solving the objective function that depends only on a variable that is maximum take-
off weight or range. The optimization uses the design parameters, variables and
constraints that are specified by user.

Genetic Algorithm is applied by using the single point crossover, mutation rate,
selection rate and population size. Every variable has a special code constituted by
zeros and ones called binary coding. After encoding process of the variables, each
variables are implemented in the objective function for each iterations to get the cost
value. Objective function is a function that gives the variable that will be optimized
by using the other variables. The analytical equations are used to calculate the fuel,
empty, payload and crew weights to do the optimization. Then, the new populations
are created by help of the mutation rate and crossover to find the new cost values
until the stopping criteria is satisfied and the minimum value for maximum take-off
weight or the maximum value for range optimization is taken. Finally, according to
the solution values the specifications of the aircraft can be derived.

An interface is prepared for the optimization process. The interface lets the user to
select the variable that will be optimized. Later, the user enters the design
parameters, selects each range of the variables, which constraint will be taken and
what will be the range of the selected constraints, population size, mutation rate and
selection rate and finally run the solution. The results and the comparison of the
designed and other aircrafts can be seen on the interface.
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By this work, a regional aircraft that the design parameters are specified can be
designed easily. The code and interface can be improved introducing the other types
of the crossover options and making the multi optimization.
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GENETIK ALGORITMA YONTEMI iLE BOLGESEL YOLCU UCAGI
TASARIM OPTIMIZASYONU

OZET

Havacilik sanayisinin gelismesiyle birlikte havayolu tasimaciligina olan ilgili de giin
gectikce artmaktadir. Ozellikle yolculuklarin daha kisa siirmesi ve giderek ekonomik
olmasi1 hava tagimaciligindaki talebe ivme kazandirmistir. Yolcu ugak iireticileri
gerek yolcularin gerekse de havayolu sirketlerinin taleplerini karsilamak amaciyla
arayiglara girmisler, asgari maliyetlerle, daha uzaklara daha kisa zamanda ve daha
konforlu yolculuklar1 saglayabilecek tasarimlar yapmak igin ¢alismalara
baslamiglardir.

Gilinlimiizde, havayolu tasimaciliginin her yere ulagsmasi amaciyla agilan hatlarda,
havayollarinin filolarindaki ugaklarin yolcu sayilari, talep edilen yolcu kapasitesinin
cok iistiinde olmasi veya eldeki ugaklarin boyutlarindan dolay: ilgili noktalara inis-
kalkis yaparken yasadigi ve/veya yasayacagi sorunlardan dolayr bolgesel yolcu
ucaklariin 6nemi artmistir. Daha kisa mesafelerde ekonomik olacak, daha kii¢iik
havaalanlarina inig kalkis yapabilen, konforlu ve maliyeti diisiik, ortalama 80-120
yolcu kapasitesine sahip ugaklar bolgesel yolcu ugagi olarak adlandirilir. Bugiin
diinyada, Embraer, Bombardier gibi sektdriin lider konumundaki firmalarin yaninda,
Japonya, iran gibi yolcu ugag: tasarimi ve iiretim siirecine yeni dahil olmak isteyen
tilkeler, gerek iiretiminin biiyiik,uzun menzilli, genis govdeli yolcu ugaklarina gore
kolay olmasi gerckse de markete daha ¢ok hitap etmesi nedeniyle bolgesel yolcu
ucaklarmni iiretmekte veya liretmeyi planlamaktadirlar.

Ugak tasarim siireci, bircok degiskene ve kisitlamaya bagli olan bir siiregtir. Bu
stirecte herhangi bir degiskenin olabilecek en iyi degeri almasi saglanirken diger
degiskenlerin kotii deger almasi yiiksek ihtimaldir. Bu bakimdan, ucak tasarimi
yapilirken, biitiin degiskenler ve kisitlamalar kontrol altinda tutulmalidir. Degisken
ve kisit sayist ¢ok fazla oldugu i¢in, bunu elle yapmak miimkiin degildir.
Optimizasyon, wugak tasariminin istenen diizeyde yapilabilmesine olanak
saglamaktadir. Optimizasyon bir¢ok farkli yontem kullanilarak yapilabilirken, tezde,
optimizasyon Genetik Algoritma kullanilarak yapilmistir. Genetik algoritma temel
olarak biyolojide kullanilan, gen, kromozom ve populasyon gibi terimlere dayanan,
dogadaki ¢ogalma ve farklilagsma olaylarin1 temel alan optimizasyon yontemidir.
Ugak tasarimi farkli disiplinlerin aym1 anda c¢oziildiigii (Multidisciplinary Design
Optimization), yani optimizasyon siirecinin ayni anda birbirini etkileyen farkli
degisken fonksiyonlariyla yapilmasi daha uygun olsada; tezde tek bir degiskene baglh
olarak yazilan objektif fonksiyonun c¢oziilmesiyle yapilmistir. Bu degisken
fonksiyonu, azami kalkis tasima agirligr ve menzildir. Her iki ¢6ziimde de kullanici
tarafindan araliklar1 verilen 18 farkli tasarim degiskeni, ¢oziimiin mantikli ve
istenilen degerlerde olmasini saglayan yine kullanici tarafindan kontrol edilebilen
kisitlamalar ve tasarlanmasi istene ugagin hangi fiziksel ozelliklerde olacagi ve
kullanicinin belirledigi performans isterleri kullanilmistir. Tasarlanmak istenen hava
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aracinin hangi kabin o6zelliklerine sahip olacagr ve temel performans isterleri
belirlendikten sonra bahsi gegen 18 degiskenin araliklarina ve kullanilan
kisitlamalara gore hava araci tasarlanmakta yani sinirlari gizilen bolgedeki en iyi
hava arac1 bulunmaktadir.

Genetik algoritmada, degiskenler belirlenen gen (bit) sayisi ile temsil edilirler. Tezde
biitiin degiskenleri kapsayan yaklasik 134 bitlik kromozom bir ugagi temsil
etmektedir. Populasyon sayisi ya da bliytikliigii, populasyondaki bu kromozom gibi
ilk durumda kag¢ adet farkli ugagin oldugunu gostermektedir. Genetik Algoritma
uygulanirken kullanilan cesitli teknikler vardir. Ornegin dogada var olan ¢aprazlama,
mutasyon ve se¢im gibi olaylar genetik algoritmada da kullanilmaktadir. Caprazlama
yontemi olarak tezde, tek nokta caprazlama (Single point crossover) yontemi
uygulanmistir. Tek nokta caprazlama yonteminde genlerden olusan iki kromozomun
belirlenen bir noktasindan geride kalan kisimlar1 yer degistirilerek yeni bireyler elde
edilir. Elde edilen bireyler ¢aprazlamadan onceki kromozomlara gore farkli
ozellikleri tasirlar bu sekilde ¢6zlim i¢in her adimda yeni degerler elde edilmesine
olanak saglar. Genetik algoritmada kullanilan bir diger doga olayr da mutasyondur.
Mutasyon kromozomlardaki herhangi bir veya birden fazla genin degismesi olarak
modellenir. Belirlenen mutasyon oranina gore, kromozom iizerindeki genlerle
oynanir ve yeni farkli Ozellikteki bireyler meydana getirilir. COoziim siirecinde
kullanilan diger yontemler se¢cim orani ve populasyon biiylikligiidiir. Se¢im orani
deger (objektif) fonksiyonunda degerleri elde edilen kromozomlarin siralanmasindan
sonra hangilerinin bir sonraki adima aktarilacagin1 belirler. Her bir degisken, bit
kodlama sistemine gore kodlanmistir. Bazi genetik algoritma ¢dzlimlerinde
degiskenler bazi esitlikler yardimiyla bit sistemine doniistiiriiliirken, tezde kodlama
sistemi ¢0zlimiin basinda rastgele atanmis; kodlarla temsil edilen degiskenler, 6nce
bir fonksiyon yardimiyla gercek degerlerine doniistiiriilmiis, daha sonra ise gergek
degerler belirlenen objektif fonksiyonda yerine konularak objektif fonksiyonun
degeri yani o iterasyon i¢in hesaplanan deger c¢ekilmistir. Objektif fonksiyon,
belirlenen degiskenler kullanilarak elde edilmek istenen degiskeni veren bir
fonksiyondur. Her iki optimizasyon seg¢eneginde de hava aracinin yakit, bos, parali
yiik ve miirettebat agirliklari analitik denklemler yardimiyla hesaba katilmigtir. Daha
sonra mutasyon orani, caprazlama segenekleri kullanilarak olusturulan yeni
populasyonlar yardimiyla ayni iglem yakinsama kriteri saglanana kadar devam
ettirilir ve olabilecek azami kalkis agirlig1 icin asgari deger, menzil i¢inse azami
deger alinir. Bu degerleri veren degiskenlere gore de tasarlanan hava aracinin
boyutlar1 ve temel 6zellikleri belirlenmektedir.

Biitiin bu optimizasyon siireci i¢in, bir arayiliz yazilmistir. Arayiizde kullanici
oncelikle hangi degiskene gore tasarim yapacaksa onu seger. Daha sonra, sirasiyla
tasarim parametrelerini, degiskenlerin araliklarini, hangi kisitlamalarin olacagini ve
degerlerini, optimizasyonun populasyon biiylikliiglinli, mutasyon oranini ve se¢im
sartlar1 gibi degerleri girdikten sonra da ¢ozliimii elde eder. Coziimden elde edilen
sonuglar liste halinde araylizde goziikmektedir. Genetik algoritmanin ve arayiiziin
islevselligi faal halde olan ve oOzellikleri bilinen Embraer E-195 uc¢aginin tasarim
parametreleri girilerek kontrol edilmis ve kii¢lik sapmalar disinda ayni ucagin kanat
acikligi, kuyruk oOzellikleri ve hava aracinin boyu agirligi gibi temel degerler elde
edilmistir. Daha sonra tasarimi istenilen Ozelliklerde faal olarak u¢mus, ucan ve
ucma asamasinda olan ucaklarin toplanmasiyla elde edilen veriler yardimiyla,
ortalama bir ugagin isterleri ve performans parametreleri ile degisken ve kisit
degerleri belirlenerek program calistirilmis ve optimizasyon sonucunda yeni bir
bolgesel yolcu ugagi elde edilmistir. Hazirlanan arayiizde hava aracinin diger
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ucaklarla karsilastirmada goziikmektedir. Tezde ayrica, farkli mutasyon, se¢im ve
populasyon sayilart icin yedi farkli ¢oziim her iki optimizasyon yontemi ig¢in
yapilmis ve sonuclar karsilastirilarak bu tekniklerin ¢oziime etkisi gozlenmistir.
Sonuglara gore ozellikle yiiksek mutasyon orani ¢oziimii kotiilestirmektedir.

Yapilan bu calisma ile istenilen sartlardaki bir bolgesel yolcu ugagi basit olarak
tasarlanabilmektedir. Ileriki calismalarda arayiiz ve kod farkli caprazlama secenekleri
ile birlikte ve c¢oklu degiskene bagli olacak sekilde gelistirilebilir. Ayrica
optimizasyon disiplinlerarast bir hale getirilerek ve bu disiplinlerde elde edilen
¢Ozlimii denetleyecek basit analiz kodlar ile denetleyerek gercek ve kapsamli bir
ucak tasarim ¢oziim programi olusturulabilir. Elde edilecek bu gelismis kod igerisine
yerlestirilecek bir ¢izim programi ile iiretilen hava aracinin ¢izimi 3 boyutlu olarak
da alinabilir. Bu yoOntemle birlikte, teorik denklemler ve istatistiki bilgiler
harmanlanmis olacak ve giiniimiizde kullanilabilecek istenilen degerler icerisinde en
uygun ugak hizli bir sekilde tasarlanabilecektir.
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1. INTRODUCTION

A regional jet (RJ) is an aircraft class that has approximately 80-120 passenger
capacity but generally cruises at similar speeds and altitudes of larger transporters.
Regional Jets serves on short-haul flights and combine the lower potential lines to the
larger hubs. By the development of the aviation industry, the borders of the air
transport have extended and this has leaded to build new airports that some of them
are sufficient for large aisle aircrafts but some of them are not. In addition, usage of
Regional Jets provides to balance between the economical expectations of airliners

and meeting the demand of people at small markets [1].

The aircraft manufacturers have started to think how to design and produce new,
more cost efficient generation of regional aircraft to meet the demand of airlines that
work to handle oil prices while trying to optimize their passenger traffic and route
networks. The countries that want to enter the aviation industy such as India, Russia,
China and Japan chose the regional jet design and manufacture. Turkey also wants to
build a small sized and low-ranged transport jet. Because reginonal jet design and

manufacture is a vital step for market and for experience [2].

While many airlines are renew their fleet with higher capacitied aircrafts in search of
lower costs, there are an evolution process within the regional aircraft industry. The
existence of regional jets in the market will decrease from 13% to 6% during the next
20 years, while the overall number of regional aircraft continues to rise [2]. For
instance, Bombardier projects that until 2031 the fleet of 20 to 149-seat aircraft will
grow by 51% [3]. In 2008 annual report Boeing projected a world-wide total market
from 2007 through 2027 valued at $3200 billion for a total of 29400 aircraft, of
which nearly ten percent would be regional jets [4]. The statistics shows the
development and the demand of the regional jets at next decade. For this reason the
design and manufacture of the regional jets by the optimum solution is very
significant (Figure 1.1).
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Figure 1.1: Number of in-service Regional Aircraft Forecast [5]
1.1 History

In the first years of aviation, approximately all aircrafts had a short range so they can
be called “regional”. By the production of the larger aircrafts, short range aircrafts
lost their popularity and airlines carried the passengers between their hubs by large
airplanes. By the mid-1950s, demand for more economical designs led to the
production of the small sized aircrafts such as Avro 748, Fokker F27 and Handley
Page Dart Herald [1].

By the 1970s despite the first generation regional airliners became older; there is not
much new design. In 1978, one of the developments came to the regional aircraft
industry is the production of De Havilland Canada types such as the Dash 7 which
was tailored more to the short-range and STOL (Short Take-off and Landing) role

than as a regional airliner [6].

The aviation industry took a vital step in the late 1990s with design and
manufacturing of the modern regional jet. By the late 1990s in the United States, 11
airlines operated or had orders for approximately 320 RJs.

By October 2000, major U.S. passenger airlines and their regional carriers had
bought almost 500 RJs. This represents a significant increase in RJ aircraft since

1997, when only 89 RJs were in service. This situation leaded to comments that



stated to the aviation industry is changing by directing the airlines’ strategy to

regional aircrafts [7].

The earliest example of a regional jet is the BAe 146, produced by BAE Systems.
However, like the Dash 7, the BAe 146 was turned to a very specific market, from
small hubs to another small hub where excellent take-off performance were
significant. By the time, this design proved to be big for this market, and its four
engines caused higher maintenance costs than twin-engine designs. This blank is
filled by Bombardier's twin-engine Canadair Regional Jet, which became a best-
seller. The CRJ's range is enough to fly mid-range routes which were previously
served by larger aircraft such as the Boeing 737 and DC-9 [8]. However, when
Fokker bankrupted, the regional-jet market has affected badly in the air industry but
Bombardier created a new model, CRJ200 which changed the fate of the market.
Because this aircraft turned out to be more efficient and popular. It transformed the
economics of the medium-distance, low-density routes operated by regional airlines,
which had flown mostly noisy and slow turboprops. The successful launches of
Bombardier's and then Embraer's jets were followed by Fairchild Dornier, an
American-German firm. All of these companies than started to work on bigger
models with 70-110 seats, overlapping with the smallest jets made by Boeing and
Airbus [5].

The success of the CRJ led to new regional jet designers to compete with
Bombardier. The one of successful examples is the Embraer ERJ 145, which has
seen excellent sales and has competed strongly with the CRJ. The ERJ's success led
to a totally new version, the Embraer E-Jets series, which Bombardier answered
them by Bombardier C Series. The CRJ and ERJ success also played a minor part in
the failure of Fokker, whose Fokker 100 found itself squeezed on both sides by new
models of the Boeing 737 and Airbus A319 on the "large"” side and the RJs on the
"small side™ [5].

In 2005, increasing fuel prices and airline bankruptcies pushed the companies to
renew their route plans and this cause to abandon the regional jet strategy.
Furthermore, RJs increasingly were assigned to operate long range flights that are
provide by larger jets and this cause to uncomfort and terrible journeys for
passengers [9]. In late 2005, Bombardier suspended its CRJ-200 production line and
the regional jet concept have begun to change from narrow and small to larger and



bigger with better economics, like Bombardier's 70-seat CRJ-700 and the 70-110-
seat E-Jet series. Especially the E-Jets became a level that can compete with Boeing
737 and Airbus A320 in cabin comfort while offering ranges of over 3700 kilometers
[10].

The Sukhoi Superjet 100, a 60 to 95-seat jet developed by the Russian aerospace firm
Sukhoi with help of Ilyushin and Boeing entered service in 2011 and the Antonov
An-148 entered service in 2009 [11].

The modern fleet of new generation regional jets has capacity range from as few as
32 seats to more than 100 seats. In reality, today's regional airline industry is defined
less by aircraft size than by the real mission the carrier serves: that is, supporting

airlines that serve at larger hubs.

During the last few years the market of regional jets that has been dominated by such
as Bombardier and Embraer has noticeably grown since at least three more countries
have launched their own projects of regional aircraft. Such companies as Comac,
Sukhoi Civil Aircraft and Mitsubishi Aircraft have put additional pressure on the
leading companies by developing their regional jets like ARJ21, MRJ90 and SSJ100
[7] (Figure 1.2).
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Figure 1.2: Regional Jets Seating Capacities [7]
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2. LITERATURE REVIEW

2.1 Regional Jet Data

As stated in the introduction section, there are many regional jets in the world in a
wide range. In this thesis, passenger capacity of the relevant regional jet will be
about 90-120, so table shows the aircrafts that are in or close to this range (Table 2.1-
10) [12-21]. Some of these aircrafts are not classified in the regional jet category
because of their passenger capacity or cruise conditions. However, regional jet notion
is changing by the years and there is no specific definition of this class. Two
examples of these aircrafts are Boeing B737-600 and Airbus A318 (Figure 2.1). The
reason why these aircrafts were included in the list is that they could be served as a

regional jet.
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Figure 2.1: Airbus A318 [22]

The list was preapared by the official data given by the manufacturers; nevertheless,
some kind of information is missing in these data and the possible significant data for

the aircrafts like taper ratio, sweep angle was predicted with the geometry and



dimensions given by manufacturer. There are old and also newly manufactured
aircrafts that have finished the test processes yet. The biggest aircraft in the list is
Airbus A318, and the smallest one is Bombardier CRJ1000. There are two Embraer
aircrafts in this range, but just Embraer E195 (Figure 2.2) takes place in the list.

Regional jet data is used to specify the minimum and maximum values of constraints
and variables when the Genetic Algorithm is applied according to largest, smallest

and average value of the related parameter in the list.
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Figure 2.2: Embraer E-195 [10]

Table 2.1: Regional Aircraft Data Overall and Fuselage Dimensions [12-21]

OVERALL FUSELAGE
AIRCRAFT MANUFACTURER

Le(m) | Le(ft) | Lr(m) | Ly (f) | W(m) | W (ff)

A318-100 AIRBUS 315 103.2 16.5 54.0 4.0 13.0
AN-158 ANTONOV 30.8 101.2 17.1 56.1 3.2 10.5
BAE RJ 100 | BRITISH AEROSPACE | 31.0 101.7 16.3 53.5 4.1 135
B717 BOEING 37.8 124.0 17.1 56.0 3.3 11.0
B737-600 BOEING 31.2 102.5 151 49.7 3.8 12.3

CRJ1000 BOMBARDIER 39.2 128.4 19.8 64.9 2.9 9.7
CS100 BOMBARDIER 35.0 114.8 17.3 56.7 3.7 12.2
ARJ21-900 COMAC 36.4 119.3 16.8 55.2 3.6 11.9
E-195 EMBRAER 38.7 126.8 16.3 53.4 3.4 11.2
FOKKER 100 FOKKER 35.5 116.6 17.6 57.9 3.3 10.8

MRJ90 MITSUBISHI 35.8 117.5 18.4 60.3 3.0 9.7
SJ100 SUKHOI 29.0 95.3 14.8 48.5 3.5 114
Average 34.3 112.6 16.9 55.5 3.5 114

Min 29.0 95.3 14.8 48.5 2.9 9.7

Max 39.2 128.4 19.8 64.9 4.1 13.5




Table 2.2: Regional Aircraft Data Engine, Tail and Wing Configurations [12-21]

AIRCRAFT Engine Tail Configuration Con;i/\élunr%tion
A318-100 CFM56-5B8 Conventional Low
AN-158 D-436 T High
BAE RJ 100 LF-507 T High
B717 BR715-A1-30 T Low
B737-600 CFM56-7B18 Conventional Low
CRJ1000 CF34-8C5A1 T Low
CS100 PurePowerTM PW1524G Conventional Low
ARJ21-900 CF34-10A T Low
E-195 CF34-10E Conventional Low
FOKKER 100 Tay 620 T Low
MRJ90 PurePower PW1217G Conventional Low
SJ100 PowerJet SaM146 Conventional Low
Table 2.3: Regional Aicraft Data Wing Specifications [12-21]
WING
AIRCRAFT b b c C S S A
2 2 AR A
(m) (f) | (m) | (ft) (m%) (ft)) (der)
A318-100 34.1 111.8 6.1 20.0 122.4 1317.5 95 250 | 0.31
AN-158 28.6 93.7 4.7 15.4 87.3 939.9 9.3 30.0 | 0.34
BAE RJ 100 26.3 86.4 4.2 13.9 77.3 832.1 8.9 15.0 | 0.46
B717 28.5 93.3 5.4 17.7 93.0 1001.0 8.7 250 | 0.21
B737-600 34.3 112.6 5.7 18.8 125.0 1345.5 9.4 25.0 | 0.22
CRJ1000 26.2 85.9 5.7 18.7 77.4 833.1 8.8 30.0 | 0.29
CS100 35.1 115.1 5.8 18.9 112.3 1208.8 11.0 30.0 | 0.29
ARJ21-900 27.3 89.5 55 18.2 79.9 859.6 9.3 25.0 | 0.29
E -195 28.7 94.2 5.0 16.4 96.0 1033.0 8.6 25.0 | 0.33
FOKKER 100 28.1 92.1 5.6 18.4 93.5 1006.4 8.4 175 | 0.25
MRJ90 29.2 95.8 5.8 19.0 89.8 966.1 9.5 24.0 | 0.25
SJ100 27.8 91.2 55 17.9 83.8 902.0 9.8 30.0 | 0.25
Average 29.5 96.8 5.4 17.8 94.8 1020.4 9.3 25.1 | 0.29
Min 26.2 85.9 4.2 13.9 77.3 832.1 8.4 150 | 0.21
Max 35.1 115.1 6.1 20.0 125.0 13455 11.0 30.0 | 0.46
Table 2.4: Regional Aircraft Data Tail Spans and Areas [12-21]
TAIL
AIRCRAFT | by Bt byt byt Sut Swt Shy Sht
(m) (ft) (m) (ft (m?) (ft* (m?) (ft)
A318-100 125 40.9 6.6 21.7 215 231.4 31.0 333.7
AN-158 9.1 29.9 5.0 16.4 23.3 250.5 20.0 215.7
BAE RJ100| 12.0 39.2 5.3 17.2 24.7 265.9 27.8 299.1
B717 11.2 36.8 5.0 16.5 24.0 258.2 29.5 317.8
B737-600 14.4 47.1 7.8 25.5 26.4 284.2 32.8 353.1
CRJ1000 8.7 28.6 3.3 10.7 12.0 129.3 16.3 175.9
CS100 11.0 36.0 5.6 18.4 21.2 228.6 21.8 235.0




Table 2.4 (cont.): Regional Aircraft Data Tail Spans and Areas [12-21]

TAIL
AIRCRAFT bht bht bvt bvt Sv’[ Svt Sht Sht
(m | () | (m (ft) (m? (ft") (m?) (ft?)
ARJ21-900 11.2 36.7 4.5 14.6 21.6 232.6 29.3 315.0
E-195 121 39.6 55 18.0 14.0 150.7 31.9 343.0
FOKKER 100 | 10.0 32.9 3.9 12.8 16.0 172.4 21.7 233.8
MRJ90 11.0 36.1 55 18.0 17.1 184.1 221 238.2

SJ100 10.0 | 329 5.4 17.6 15.7 169.1 19.6 211.0
Average 111 | 364 53 17.3 19.8 2131 25.3 272.6
Min 8.7 28.6 3.3 10.7 12.0 129.3 16.3 175.9
Max 144 | 47.1 7.8 255 26.4 284.2 32.8 353.1

Table 2.5: Regional Aircraft Data Tail Sweep Angles and Aspect Ratios [12-21]

TAIL

AIRCRAFT Ant (der) Awvt (der) ARnt ARyt
A318-100 35 40 5.0 2.0
AN-158 35 40 4.1 1.1
BAE RJ 100 20 35 5.1 1.1
B717 35 45 4.3 1.1
B737-600 35 35 6.3 2.3
CRJ1000 30 40 4.6 0.9
CS100 35 40 55 15
ARJ21-900 35 40 4.3 0.9
E-195 30 30 4.6 2.2
FOKKER 100 26 40 4.6 1.0
MRJ90 30 40 55 1.8
SJ100 35 40 5.1 1.8
Average 32 39 4.9 1.5
Min 20 30 4.1 0.9
Max 35 45 6.3 2.3

Table 2.6: Regional Aircraft Data Weights [12-21]

AIRCRAET MTOW MFUW MTOW/S
kg Ib kg b | kg/m? | Ibfft

A318-100 68000 149780 19159 42200 555.6 113.7
AN-158 43700 96256 X X 500.5 102.4
BAE RJ 100 44225 97412 X X 572.1 1171
B717 49895 109901 11162 24586 536.7 109.8
B737-600 65090 143370 X X 520.7 106.6
CRJ1000 40823 89919 8887 19575 527.4 107.9
CS100 52615 115892 X X 489.0 100.1
ARJ21-900 47180 103921 10624 23401 590.8 120.9
E-195 52290 115176 X X 5449 1115
FOKKER 100 45810 100903 10731 23637 489.9 100.3
MRJ90 40955 90209 16805 37015 456.3 93.4




Table 2.6 (cont.): Regional Aircraft Data Weights

AIRCRAET MTOW MFUW M;I'OW/S ,
kg Ib kg Ib kg/m Ib/ft

SJ100 45880 101057 12690 | 27952 506.2 103.6
Average 49705 109483 12865 | 28338 524.2 107.3
Min 40823 89919 8887 | 19575 456.3 93.4

Max 68000 149780 19159 | 42200 590.8 120.9

Table 2.7: Regional Aircraft Data Performance Specifications [12-21]

Max. Thrust

AIRCRAFT Tma/Wro | # Engine kN Ibf
A318-100 0.29 2 96.08 21600
AN-158 0.35 2 74.99 16859
BAE RJ 100 0.29 4 31.14 7000
B717 0.37 2 91.18 20500
B737-600 0.27 2 86.74 19500
CRJ1000 0.32 2 64.54 14510
CS100 0.40 2 103.64 23300
ARJ21-900 0.33 2 75.87 17057
E-195 0.35 2 88.96 20000
FOKKER 100 0.27 2 61.60 13850
MRJ90 0.38 2 75.62 17000
$J100 0.34 2 76.82 17270
Average 0.33 2 77.26 17371
Min 0.27 2 31.14 7000
Max 0.40 4 103.64 23300

Table 2.8: Regional Aircraft Data Cruise Performance and Cabin Specifications [12-21]

. Ope.
AIRCRAFT | Altitude Spged Range | pax | Crew SNeﬁt
(m | (f) | (M) | (km) | (nm)
A318-100 12130 | 39797 0.82 5741 3100 132 4 6
AN-158 11600 | 38058 0.79 2500 1350 99 4 5
BAE RJ 100 9450 31004 0.72 2760 1490 110 4 6
B717 10424 34199 0.77 2621 1415 117 4 5
B737-600 12200 | 40026 0.79 5649 3050 130 4 6
CRJ1000 12497 | 41001 0.78 3004 1622 100 4 4
CS100 12495 | 40994 0.78 5463 2950 110 4 5
ARJ21-900 10670 35007 0.78 3334 1800 105 4 5
E-195 12497 | 41001 0.82 4074 2200 116 4 4
FOKKER 100 11285 37024 0.74 3111 1680 107 4 5
MRJ90 11885 38993 0.78 2389 1290 92 4 4
SJ100 11885 38993 0.78 2948 1592 98 4 5
Average 11585 38008 0.78 3633 1962 110 4 5
Min 9450 31004 0.72 2389 1290 92 4 4
Max 12497 | 41001 0.82 5741 3100 132 4 6




Table 2.9: Regional Aircraft Data Cabin Dimensions [12-21]

AIRCRAET Seat Width Aisle Width Seat Pitch_
(m) (ft) (m) (ft) (m) (in)
A318-100 0.46 1.51 0.48 1.57 0.76 30
AN-158 0.44 1.44 0.48 1.57 0.76 30
BAE RJ 100 0.43 1.41 0.32 1.05 0.86 34
B717 0.52 1.71 0.48 1.58 0.81 32
B737-600 0.43 1.41 0.51 1.67 0.76 30
CRJ1000 0.44 1.44 0.41 1.35 0.79 31
CS100 0.47 1.54 0.41 1.35 0.81 32
ARJ21-900 0.46 1.51 0.49 1.59 0.79 31
E-195 0.46 1.51 0.50 1.64 0.79 31
FOKKER 100 0.44 1.44 0.48 1.57 0.81 32
MRJ90 0.47 1.54 0.46 1.51 0.74 29
SJ100 0.47 1.54 0.51 1.67 0.81 32
Average 0.46 1.50 0.46 1.51 0.79 31
Min 0.43 1.41 0.32 1.05 0.74 29
Max 0.52 1.71 0.51 1.67 0.86 34

2.2 Engine Data

The engine data has the all engine that belong to the aircrafts that were given in the
regional jet list (Table 2.10). There are twelve engines and the data are not fully
filled because of the some data is missing and some engines have tested recently and
performance information is not shared by the manufacturers (Figure 2.3).

Table 2.10: Engine Data [23-30]

Wdry Tmax Tmax SFC

Engine Manufacturer Type (Ib) | (Ibf) | (kN) | (Ib/lb/h) OPR | BR

CFM56-5B8 | CFM International | Turbofan | 5250 | 21600 | 96 - 32.6 | 6.00

D-436 Ivchenko-Progress | Turbofan | 3200 | 16859 | 75 0.63 219 | 4.95

LF-507 Lycoming - Turbofan | 1385 | 7000 | 31 | 041 | 13.8 | 5.30
Honeywell

BR715-58 Rolls-Royce Turbofan | 6155 | 20500 | 91 0.61 32.0 | 4.70

CFEMb56-7B18 | CFM International | Turbofan 5216 | 19500 | 87 0.63 32.8 | 5.50

CF34-8C5A1 | General Electric Turbofan 2500 | 14510 | 65 0.68 28.0 | 5.00

PurePower

PW1524G Pratt & Whitney Turbofan - 23300 | 104 - - 12.00
CF34-10A General Electric Turbofan - 17057 | 76 - - -
CF34-10E General Electric Turbofan 3700 | 20000 | 89 0.64 29.0 | 5.00
Tay 620 Rolls-Royce Turbofan | 3310 | 13850 | 62 0.69 16.2 | 3.04
PurePower .
PW1217G Pratt & Whitney Turbofan - 17000 | 76 - - 9.00
PowerJet Snecma - NPO
SaM146 Saturn Turbofan 3770 | 17270 | 77 0.63 28.0 | 4.43
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Figure 2.3: CFM-56-7B-18 Engine [31]

2.3 Genetic Algorithm

Optimization is a process that finds a best or optimal solution for a problem. The
optimization problems are centered on three factors: an objective function that is to
be minimized or maximized; variables and constraints. The aim of the optimization
problem is finding the variables that provide good solution for the objective function
while satisfying the constraints. One of the optimization methods is the Genetic
Algorithm that is based on the evolutionary strategy (Figure 2.4). GA searches the
design space from a population created by bit string, gene, chromosome and

regenareted by mutation and crossover methods similar to the evolution [32].

Search Optimization
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Figure 2.4: Optimization Methods [33]
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The Genetic Algorithm was evaluated from the mechanics of biological evolution
and they are adaptive heuristic search algorithm. It means that there is no certainity
whether the result of using them is correct or not and the way which they use to find
the solution, can be different each time [34]. Genetic Algorithm is very beneficial
and efficient technique for optimization of business, science and engineering
problems. GAs can be used in highly complex search spaces and it is very effective
when the algorithm search the solution, because the algorithm does not make any
assumption whatever the shape of the fitness function. In addition, Genetic algorithm
Is more robust than conventional artificial intelligence systems. Therefore, the GA
does not break easily when there is a slight change in the inputs.

Genetic Algorithm is not too fast but it can be used in a large search space. There are
many applications and fields that it is used: Optimization problems, robotics,
machine learning, signal processing, design problems, automatic programming,

economics, immune systems, ecology and population genetics [35].

Scientists studied the Genetic algorithm to develop an optimization tool for
engineering problems by using the evolution terminology firstly in the 1950s and the
1960s. The idea in this system was to search a population of candidate solutions to a
specific problem by using some methods such as natural genetic variation and natural
selection [36].

In the 1960s, Rechenberg (1965, 1973) introduced a method he used to optimize
real—valued parameters for devices such as airfoils and then Schwefel (1975, 1977)
improved this method. Fogel, Owens, and Walsh (1966) developed a technique in
which possible solutions to a specific problem were represented as finite—state
machines whose state—transition diagrams were mutated randomly to evolve them
and selecting the fittest. All of these methods form the base of evolutionary

computation [36].

Genetic algorithms (GAs) were invented by John Holland and were developed by
Holland and his students at the University of Michigan in the 1960s and the 1970s. In
contrast with the other techniques stated above, Holland's first aim was to understand
processes in nature and to design artificial systems similar to the natural systems and
then to import this into computer systems. Holland mentioned this process in his

book by defining the genetic algorithm as a brief summary of biological evolution.
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Holland also gave a theoretical outline for adaptation of artificial systems to natural
systems under the GA. Holland's GA is a technique depends on the chromosomes,
genes and mutation and crossover processes. Holland's introduction of a
population—based algorithm with crossover, inversion, and mutation was a major
innovation. Because Rechenberg's evolution strategies started with a population of
two individuals, one parent and one offspring, the offspring was a mutated version of
the parent. Fogel, Owens, and Walsh's evolutionary programming used only

mutation to provide variation [36].

In the last years, there has been interaction among researchers studying various
evolutionary computation methods so there is no border between these methods and
all of them stand on the Holland’s GA. Today, there are many algorithms similar to
Genetic algorithm to solve the wide range of problems developed by the researchers
[36].

2.4 Aircraft Design

Aircraft Design has approximately a hundred year history from Sir George Cayley to
today. In 1700s and 1800s, Sir George Cayley studied on the basic aircraft design
and made models like gliders to understand the importance of lift, propulsion,
dihedral. After George Cayley, Otto Lilienthal took the flag in late 1800s and he
stated that the control is very vital for an aircraft until he died in a glider accident. At
the same time with Otto Lilienthal, another researcher, Octave Chanute carried the
all information he knowed about the aviation from Europe to America and his
knowledge helped the Wright Brothers when they revealed their successfully flight
aircraft. In 1903, the Wright Brothers achieved first heavier than air sustained flight.
Then the engineers had begun to use the aircraft similar to the Wright Brothers’
aircraft such as Ryan Monplane (1927). Then designers have improved the aircraft
(Figure 2.6). Firstly, they made retractable landing gear, fully cantilevered wing, for
body they used the monocoque construction, and wing flaps. As the problems like
weight, control, aerodynamic and structure, they met very complex situation. When
they reducing the drag, they met the structure problem and when they solved the

problem this time weight problem came up [37].
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Figure 2.5: Messerschmitt Me 262 [37]

During the Second World War, the aircraft industry had leveled up especially with
the huge improvement in engine technology. The jet engine took place instead of
piston engine and the fighter aircraft were developed (Figure 2.5). After the war, this
technology was applied for commercial aircraft and in 1957, a four wing mounted

engine, swept wing Boeing 707 was produced.
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Figure 2.6: Cruise Speed Development of the Transport Aircrafts by Years (Red
line: Speed of Sound - 1225 km/h) [37]

Today, there are hundreds of thousands of aircraft are in the sky and the aircraft

design is an approved method for engineers. Many equations define the all forces and
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components of the aircraft and their effects to each other such as Daniel Raymer’s

book: “Aircraft Design: A Conceptual Design”.

Aircraft design is a very complicated process because several disciplines are
involved at the same time: aerodynamics, structures, performances, propulsion, costs.
At first glance, the definition of the best aircraft design is very simple: the fastest, the
lightest, the cheapest, the most enduring, and the most efficient airplane.
Unfortunately, when an engineer design an aircraft it is not possible but it could be
very good from one point shown as Figure 2.7. For instance, if an aircraft is very
comfortable, so these aircraft has less efficient engine or maybe it is very heavy or if
an aircraft has very good aerodynamic shape but meanwhile it is not allow to
transport. Therefore, the design process of the aircraft should be decided carefully
according to what type of aircraft will be designed and which quantity should be best
to provide the best solution. The figure of merits of the quantities such as weight,
flight controls, structures, manufacturing, aerodynamics, noise and propulsion

characteristics should be specified in a objective function for the relevant aircraft
type [38].

Manufacturing

-__.__=—_'—.‘.;_ r bz g . "
= Y A\
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Aerodynamics
Noise

Figure 2.7: Aircraft Optimization Target [38]

Once the most important quantity has been decided, the other parameters that affect
that quantity and the relation with that should be defined. The engineer solves the
problem for the specified equation for quantity by a method. There are too many

parameters to completely specify an airplane, so a combination of approximation,
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experience and statistical information on similar aircraft has to be used to reduce the
number of design variables. Two approaches to optimization are commonly used: 1)
Analytical: this approach is very useful for fundamental studies but requires great
simplification; 2) Numerical: in most aircraft design problems, the analysis involves
iterations, table look-ups or complex computations. In these cases, direct search
methods are employed: grid searching, random searches, nonlinear simplex and
gradient methods. In aircraft design, problems are often constraint-bounded when

many constraints are active at the optimum. [38].

Today, the engineers no longer seeks the best aerodynamic or the best structural
solutions, but rather the optimal solution, that is called multidisciplinary optimization
(MDO). Alonso, Martins and Reuther used gradient methods to find the optimal
solution but determining the numerical derivatives is computationally very expensive
[39]. When the objective function is not continuous, the gradient-based methods
cannot be immediately applied. In this case, Genetic Algorithm (GA) is coming
forward in many science fields when all other conventional algorithms seem to fail
[38].
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3. STATEMENT OF THE PROBLEM

First and the most important aim of the thesis is to design the lowest possible
weighted regional jet and after that the longest range in the specified region by some
requirements such as passenger capacity, stall speed, cruise speed, cabin parameters
etc. and by some constraints such as wing loading, tail volume coefficients etc. In
order to apply the optimization process, Genetic Algorithm was used. The objective

functions of the problem are maximum take-off weight and Breguet range equation.

WTO = Wempty + I/l/crew + Wpayload + quel (3-1)
Vcruise L Wf

Range = (—) In— 3.2

¢ D/ cruise Wi (32)

First equation expresses the aircraft maximum take-off weight Wro. In the equation,
there are four terms empty weight We, payload weight Wayioad, Crew weight Werew
and fuel weight W;. The empty weight is determined by the component build-up
method that is to calculate the weight of each part of the aircraft by an equation
based on the specified variables. Payload and crew weight are calculated with respect
to the inputs for the numbers of passenger and crew. Finally, the fuel weight is
defined by the mission profile of the aircraft. In the thesis, the mission profile
contains warm-up, take-off, climbing, and cruise, descending, loiter, and fly to
alternate and landing segments of the flight. Each segment of the mission profile
gives the weight fraction calculated by the equation based on the variables that is the

ratio the weight at the end of the segment to the weight at the start of the segment.

Second equation expresses the aircraft range R, that is, maximum distance that
aircraft can fly. At the right side of the equation, V is the cruise velocity, SFC is the
specific fuel consumption at cruise speed and altitude, L is the airplane lift, D is the
airplane drag, W; is the initial airplane weight and Wk is the final airplane weight
[38].
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The variables and the constraints for two equations firstly were defined and the
relation between the objective function and the variables were described in the
Genetic Algorithm. To limit the results, the constraints were implemented by penalty
function whose details will be given in the next section. To minimize the weight and
to maximize the range the Genetic Algorithm code was used and an interface was
designed to make the calculation easily. This interface let the user to select the range
of each variable, which constraint will be open and then to calculate the solution with

the results and comparison parts of the designed aircraft.

Genetic Algorithm that used in the thesis is based on population of possible solutions
that was created from the chromosomes that are comprised from the bit strings. The

coupling was made by the single point crossover method.
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4. GENETIC ALGORITHM

Genetic algorithms are the main element of the evolutionary computing and they are
inspired by Darwin’s theory about evolution. GAs are the ways of solving problems
by simulating the natural systems’ behavior like selection, crossover, mutation and
accepting to provide a solution to the problem. There are some terms that are used in
the GAs similar to the genetics: chromosome, gene, individual, population, fitness

function, mutation and selection.

e Gene: a single encoding of part of the solution space, i.e. either single bits or

short blocks of adjacent bits that encode an element of the candidate solution.

e Chromosome: a string of genes that represents a solution, sometimes called

individual.

e Population: the number of individuals that are presented with same length of

chromosome available to test.

e Fitness function: a function that assigns a value to the individual, called also

cost or objective function.
e Mutation: changing a random gene in an individual.
e Selection: Selecting individuals for creating the next generation.

The basic process of the Genetic Algorithm starts with generating random population
of chromosomes (Figure 4.1). These chromosomes consist of group of genes that
each gene represents a variable according to the bit string. For instance, a variable is
represented by 5 bit, the other one by 8 bit so the chromosome has 8+5=13 bits and
two variables. The number of bits that will represent the variable are decided

according to encode-decode process and the real value of the variable [33].

Secondly, all members of the population have a fitness value after evaluating the
fitness function by relevant chromosome. After that, the fitness values of each

individual are sorted depends on the fitness function type, for example if the aim of
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the problem is to find minimum then the sorting process is done from minimum

fitness value to maximum value.

After sorting process has finished, the algorithm starts to create a new population by
selecting two parent chromosomes from the previous population according to sort.
To form new offspring (children), the parents are crossovered by specified crossover
probability. New offspring can be mutated at a selected position in the chromosome

by a mutation rate.

Finally, the fitness function is evaluated by using the new population and each
chromosome will have a fitness value. If the results are satisfactory with the stop
conditions, then the process stops.

The crossover and the mutation are very effective on Genetic Algorithm’s

performance and they are very significant.

Encoding — Decoding Process: Basically, this process turns real values to string of
bits that are 0 and 1, by specified bit length and when the process is finished, turns
bit strings to the real values. For example, one variable function, say 0 to 15

numbers, numeric values represented by 4-bit binary string (Table 4.1) [33].

Table 4.1: Encoding - Decoding Process

Numeric | 4 - bit Numeric 4 - bit Numeric 4 - bit
Value string Value string Value string
0 0000 6 110 12 1100
1 0001 7 111 13 1101
2 0010 8 1000 14 1110
3 0011 9 1001 15 1111
4 0100 10 1010
5 0101 11 1011

Reproduction, crossover and mutation are the most important parameters of the
Genetic Algorithm. In addition to these, population size is another vital parameter.
Population size means how many chromosomes are in the population. If there are
only few chromosomes, then GA will search the solution in a small region. On the
other hand, the increment in the population size causes to slow down of the
algorithm. There is an optimum value for the population size and this depends on the

type of encoding and the problem.

The reproduction or selection process can be done by five methods: Roulette wheel

selection, Boltzmann Selection, Tournement Selection, Rank selection and Steady
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State Selection. For example, Roulette wheel selection is used for selecting
potentially useful solutions for recombination that is the selection of the luckiest
individual that is decided by the ratio of its value to the sum of the fitness values of
the all individuals. In the thesis, rank weighted selection was applied. This approach
IS problem independent and finds the probability from the rank, n, of the

chromosome:

_N—n+1

P =——— (4.1)
" g=1n

For example, for the N = 4 chromosomes, to select the chromosome the cumulative
probabilities are calculated. Then a random number between zero and one is
generated and starting from the top of the list, the first chromosome with a
cumulative probability that is greater than the random number is selected for the
mating pool. For instance, if the random number is r = 0.577, then 0.4 <r < 0.7, so
chromosome-2 is selected (Table 4.2) [40].

Table 4.2: Rank Weighting Selection

n
n (Rank) Chromosome P, z p;
i=1
1 00110010001100 0.4 0.4
2 11101100000001 0.3 0.7
3 00101111001000 0.2 0.9
4 00101111000110 0.1 1.0
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Figure 4.1: Genetic Algorithm Flow Chart [33]

The crossover process combines two parents to produce a new chromosome (Figure
4.2). This is done to create a new child that has better quality than its parents have.
There are many crossover types such as: one point, two point, uniform, arithmetic
and heuristic crossovers. In the thesis, the one point crossover method was used. One
point crossover, selects one location to make the alteration. The left of the parent one
stays same but after this location changed with the right side of the parent two and

this is the same for the parent two.
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Figure 4.2: Crossover Process

After the crossover, mutation takes place by changing one or more gene values in a
chromosome from its initial state. This means new genes added to the pool that
provides better solution for that population than before. Mutation is an important part
of the optimization due to prevent the population from stagnating at any local

optimum value.

4.1 Penalty Function

To handle the constraints that is inequality or equality situations, the penalty
functions are used in the Genetic Algorithm. Penalty functions were originally
proposed by Richard Courant in the 1940s and were later expanded by Carroll and
Fiacco & McCormick [41]. The idea of penalty functions is to transform a
constrained optimization problem into an unconstrained one by adding, subtracting
or multiplying a certain value to, by or from the objective function based on the
amount of constraint violation present in a certain solution. There are several
methods to handle constrained optimization problems that can be grouped in four
major categories: Methods based on penalty functions, Methods based on a search of
feasible solutions, Methods based on preserving feasibility of solutions and Hybrid

methods.

Death Penalty, Static Penalty, Dynamic Penalty, Annealing Penalty, Adaptive
Penalty, Segregated GA and Co-evolutionary Penalty are the methods based on

penalty functions.

Repairing unfeasible individuals, superiority of feasible points, behavioral memory
are the methods based on a search of feasible solutions.

The GENOCOP system, searching the boundary of feasible region, homomorphous
mapping are the methods based on preserving feasibility of solutions [41].
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Exterior and interior methods are the two methods as stated penalty functions. The
exterior methods move the infeasible solution to the feasible region. In the case of
interior methods, the penalty term is chosen such that its value will be small at points
away from the constraint boundaries and will tend to infinity as the constraint

boundaries are approached. The external penalty functions of the form:

n 14

Pp(X) = f(X) + r,x G + cixL; 4.2)
Snras Son

i=1

where @(x) is the new objective function to be optimized, G; and L; are functions of
the constraints and r; and c; are positive constants and called penalty parameters. The
purpose of a penalty parameter is to make the constraint violation of the same order
of magnitude as objective function value. Equality constraints are usually handled by
converting them into inequality. The most common form of G;and L; is:

G; = max [0, g;(®)]? (4.3)
L= @[ (4.9)

where  and y are normally 1 or 2 [42]. In the thesis, this value was selected as 2.
The values of the r; and c; are specified according to the feasible region for the
solution. Each parameter for each constraint was defined by several attempts to
improve the accuracy of the solution. In the thesis static penalty function was used
for each constraints and the penalty function parameters were selected by several

trials. The details for the penalty parameters will be given in the next section [43].

The solution of the objective function depends on penalty parameters. To steer the
search towards the feasible region, different values of parameters have to be tried.
This process takes long time to find any reasonable solution. For instance, different

values of r; depending on the level of constraint violation can be used [44].

The inclusion of the penalty parameter alters the objective function. The optimum of
objective function may not be near the actual constrained optimum when small
values of R; is added so the distortion is small. On the other hand, The optimum of

objective function may be closer to the actual constrained optimum when large
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values of R; is added but this time the distortion may be so huge that objective
function may have artificial locally optimal solutions because of the interactions
among multiple constraints. To avoid such locally optimal solutions, classical
penalty function approach works in sequences, where in every sequence the penalty
parameters are increased in steps and the current sequence of optimization begins
from the optimized solution found in the previous sequence. By this way, a
controlled search is possible and locally optimal solutions can be avoided. In the

code, this process is provided at the start of the process by hand [44].

4.2 Variables and Constraints

The optimization of the aircraft process is based on the variables and constraints. The
optimization consists of two separate methods: Possibly the lowest maximum take-
off weight and the furthest range. For each method, the variables and constraint were
specified. The interface that was prepared for optimization provides user to select the
range for variables and which constraint will be used and which value will be given
to constraints. In the Table 4.3, minimum and maximum allowable limits and number
of bits for each variable are shown. The length of the bit string is determined from
the range of these variables and the degree of accuracy required. The user can change
these values in this range. All variables except the maximum lift coefficient and
maximum take-off weight are used in all optimization process. The maximum lift
coefficient is only be included in the minimum weight problem while the maximum

take-off variable is only be involved in the maximum range problem.

Table 4.3: Optimization Variables

Design Variables Admissible values Unit Nuné?;r of
Max. Lift Coefficient 14<Cmax <3 10
2
Area 700 < S <1500 ft 10
65 < S < 140 m?
Wing Aspect Ratio 7 <AR< 12 8
Thickness Ratio 0.10 < t/c< 0.20 8
Taper Ratio 0.1<x<0.7 8
Sweep Angle 15 < A<40 degree 8
2
Area 160< Sy, < 380 ft2 8
Horizontal 14.86< Sy; < 35.3 m
Tail Aspect Ratio 3<AR, <8 8
Sweep Angle 15 < Ay <45 degree 8
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Table 4.3 (cont.): Optimization Variables

Design Variables | Admissible Values Unit Numl_)er
of Bits

100 < Sy< 320 ft?
Area > 8

Vertical 9.3< S< 29.7 m
Tail | Aspect Ratio 0.5<ARy< 3.5 8
Sweep Angle 25 <Ay <50 degree 8
Arm 40<Ly<75 ft 8

. Conventional - T

Tail Type Tail 1
Thickness Ratio 0.10 <t/c<0.20 8
Engine | Number 2< Ng< 4 1

80 < L¢< 150 ft
Length 8

24.4< < 45.7 m

Thrust to Weight

Fuselage Ratio 01<T/W<04 8
Max. Take-off 80000<W+0<150000 Ibs 8

Weight 36320<W+r0<68100 kg

There are twelve constraints to limit the solution (Table 4.4). All of these constraints
can be involved or none of them can be included according to the user’s demand by
selecting “open” or “closed” options on the interface (Table 4.5). The fuel volume
and take-off weight calculation are only applicable for maximum take-off weight

optimization process.

The constraint of calculation of the fuel volume states that, fuel volume calculated
from the geometrical parameters should be bigger than the fuel volume calculation
from the fuel weight because the fuel tank volume can be greater than needed or used
fuel. And the constraint of calculation of maximum take-off weight mentions that the
weight calculated from the multiple of the wing loading and wing area should be
equal or larger than the weight that was calculated by component build up method
because the component build up method is statistical method and some components

could be missing.

Maximum take-off weight constraint:

Wror1 = Wrop/S xS (4.5)

WTOFZ = Wempty + VVcrew + Wpayload + quel (46)

Fuel volume constraint:
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Vivet weignt = Vs

S? 1+ 2+ 2%

Vivel_ geometry = 0.54 x b x (t/c) x (1+ 1)2

Wing root chord:

S
=X AT D

Mean aerodynamic chord:

2 (1+ 2+ 2%

Cmeanzgxcrx (1+ /1)

Horizontal and vertical tail volume coefficient constraint:

_Lex Sy

v =
v bxS
thSht
v = ————
Cmean X S

Table 4.4: Optimization Constraints

4.7)

(4.8)

(4.9

(4.10)

(4.11)

(4.12)

Constraint Admissible values
Wing Loading kg/m? (Ib/ft%) 342.1<W/S (70<W/S)
Wing Loading kg/m? (Ib/ft%) 781.9<W/S (W/S<160)
Wing - Tail Weight Relation Whait<Wwing
Wing - Fuselage Weight Relation Wiing<Wtuselage
Radom Length 0<LRadom
Fuel Volume Calculation Viuel weight<Viuel_geometry
Fuselage Length I—fuselage without cone&radome<|—fuselage
Take-off Weight Calculation Wror2<Wror1
Vertical Tail Volume Coefficient 0.02<V,
Vertical Tail Volume Coefficient V,<0.10
Horizontal Tail Volume Coefficient 0.7<Vy
Horizontal Tail Volume Coefficient Vi <1.6
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Table 4.5: Constraints and Penalty Parameters

Optimization Penalty
Constraint Method Parameter

Wing Loading Max TOW / Range 1.00e+05
Wing Loading Max TOW / Range 1.00e+05
Wing - Tail Weight Relation Max TOW / Range 1.00e+01
Wing - Fuselage Weight Relation Max TOW / Range 1.00e+03
Radom Length Max TOW / Range 1.00e+01
Fuel Volume Calculation Max TOW 1.00e+03
Fuselage Length Max TOW / Range 1.00e+03
Take-off Weight Calculation Max TOW 1.00e+03
Vertical Tail Volume Coefficient Max TOW / Range 1.00e+03
Vertical Tail Volume Coefficient Max TOW / Range 1.00e+02
Horizontal Tail Volume Coefficient | Max TOW / Range 1.00e+03
Horizontal Tail Volume Coefficient | Max TOW / Range 1.00e+02
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5. AIRCRAFT DESIGN EQUATIONS

The optimization consists of two objective functions: Range equation (Breguet) and
Maximum Take-off weight equation. All variables are written in a function that gives
the desired objective function. Maxiumum take-off weight is divided into empty,
fuel, payload and crew weight. Payload weight and crew weight is calculated
according to the desired specification values. The weight of a passenger and a crew is
taken 175 lbs (approximately 80 kg) and baggage weight is 30 Ibs (approximately 15
kg). The fuel weight is determined by mission profiles and the empty weight is
calculated by component build up method expect the weights of flight controls, APU,
hydraulics, electrical, furnishing,air conditioning and handling gear [45].

5.1 Maximum Take-off Weight

WTO = Wempty + M/crew + Wpayload + quel (5-1)

5.1.1 Crew weight

Crew weight is calculated by multiplying the weight of officers plus their baggage by

the number of the crew.

Werew = Crew x (175 + 30) (Ibs) (5.2)

5.1.2 Payload weight

Payload weight is calculated by multiplying the weight of a passenger plus his

baggage by the number of the passenger.

Whpayloaa = Passenger x (175 + 30 ) (Ibs) (5.3)
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5.1.3 Fuel weight

Fuel weight is determined by mission profile that consists of engine start up-warm
up, taxi, take-off, climb, cruise, loiter, descent, fly to alternate, landing and taxi
segments. In addition, trapped fuel and oil that is taken as 0.5% of the maximum
take-off weight is added to the fuel weight. Each segment has its weight ratio that is
the ratio of the first weight at the start of the segment to the final weight at the end of

the segment.

Engine start up - warm up, taxi, take-off, climb, landing and taxi weight fractions are
taken as constants. Cruise, loiter and fly to alternate segments are calculated by range

and endurance equations based on the variables.

5.1.3.1 Mission profile

&  LOITER
. ) i%,
CRUISE
CLIMBING T DESCEND
4
FLY TO ALTERNATE |—= 8
12 3 l 0

T TAKE - OFF
TAXI LANDING & TAXI

ENGINE START UP & WARM UP

Figure 5.1: Mission Profiles

Mission profile is scheduled for the aircraft that will be optimized and numbers was

given to the steps of the mission profile as can be seen in Figure 5.1.

5.1.3.2 Engine start up & warm up

Roskam (1985) states that the transport aircraft loses weight approximately 1% of the
total weight (p. 12) [45].

Wl/WTOF = 0.99 (54)
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5.1.3.3 Taxi

Roskam (1985) states that the transport aircraft loses weight approximately 1% of the
start weight of the segment (p. 12) [45].

WZ/Wl ES 0.99 (5.5)

5.1.3.4 Take — off

In contrast to first two segments, the transport aircraft loses weight approximately
0.5% of the start weight of the segment during take-off [45].

5.1.3.5 Climb

According to Roskam (1985), a transport aircraft loses weight about 2% of the start

weight of the segment during the climb (p. 12) [45].

W,/Ws = 0.98 (5.7)

5.1.3.6 Cruise

Cruise weight fraction is calculated by several equations using given parameters such
as cruise altitude, cruise Mach number, specific fuel consumption according to the
selected engine. Firstly, the density of the atmosphere at cruise altitude, the
temperature based on the standart atmosphere conditions and the sound speed are
calculated. Then, lift coefficient is found using the lift equation by taking the weight
at the start of the cruise operation that is drived by substracting the lost weight
segments before the cruise. To calculate the drag, parasite drag is derived from the
equation that uses wing thickness ratio and friction coefficient for the transport
aircrafts given by Raymer [46]. The induced drag is added to the parasite drag by
using the Oswald span efficiency that is computed with Wing Aspect Ratio and
sweep. Finally, Breguet Range equation is applied with L/D ratio, desired Range

value, cruise speed and specific fuel consumption.

Density:
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p = 0.002377 x ((1 — 7210~ )x h)**" (slug/ft?)
Temperature at specified altitude:

T = 518.4 — 0.003564 x h (R)

Speed of sound:
Cruise velocity:
V=Mxa
Lift coefficient:
(W,/S)

=
cruise 05 x pXxX chruise

Wy /S = Wrop/S) x (Wo/W3) x (W5 /W,) x (Wo/Wy) x (W1 /Wrop)
Oswald efficiency factor:

e = 4.61x (1—0.045x(AR*%®)) x (cos(A)**5 —3.1)

1
nxARxe

Friction coefficient:
Cre = 0.003

Drag Coefficient:

Coo = Cre x (0.8x (1977 + 052 x (t/c)))
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= Cpo+ kKxCp.° (5.18)

Dcrulse
L C
(—) == (5.19)
D cruise CD

eRx ¢j /(Vx%)

5.1.3.7 Loiter

Similar to the cruise, the weight fraction of loiter segment is derived from the
endurance equation by using L/D, specific fuel consumption for loiter and endurance
time that is specified at the start of the design. The specific fuel consumption for
loiter can change according to the aircraft so the value is taken as 85% of the cruise
fuel consumption by taking the average value of loiter fuel consumption values to
cruise fuel consumption values at Raymer’s (1992) table for low and high bypass
ratio turbofan engines (p. 19) [46]. For L/D value, as same as the cruise, both lift and
drag coefficients are calculated. The weight of the aircraft to find the lift coefficient
is the weight which in the start of the loiter step and the loiter velocity is taken as
93% of the cruise speed because of root square of 0.866 (p. 22) [46].

Vioiter = Veruise X 0.93 (5.21)
leoiter = Cjcruise x 0.85 (522)
W:/S
(Ws/S) (5.23)

Lipiter —
loiter 0.5 x px Vl%)iter

Ws/S = (Wror/S) x (Ws/Wy) x (W, /Ws)

(5.24)
x (W3 /Wy) x (Wo/Wy) x (Wy/Wror)
Dioiter — CDO + Kx CngiterZ (525)
(L) - (5.26)
D loiter CD '
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Wy /Wy = ) (5.27)

Exc]-/(

O~

5.1.3.8 Descent

Roskam (1985) states that the transport aircraft loses weight approximately 2% of the
start weight of the descent process (p. 12) [45].

W, /W, = 0.98 (5.28)

5.1.3.9 Fly to alternate

The weight fraction of the fly to alternate divison is determined by Breguet Range
equation. According to Roskam (1985), fly to alternate segment will occur at about
10000 feet altitude and by maximum 250 knots speed (p. 57) [45]. To make the
process systematically the velocity is taken 30% percent of the cruise velocity.
Specific fuel consumption will be higher than the cruise so is taken 150% of the
cruise fuel consumption. According Roskam (1985) while the specific fuel
consumption of fly to alternate process is taken 0.9 lbs/Ibs/hr, the specific fuel
consumption of the cruise process is 0.5 Ibs/lIbs/hr so the ratio of these values is 1.8
and so in the thesis this ratio is taken 1.5 (p. 54) [45]. The weight of the aircraft to
find the lift coefficient is the weight which in the start of the segment. The range that

aircraft can fly is given in the design specification.

Vfly to alternate — Vcruise X 0.3 (5-29)
ijlytoalternate = Cjcruise X 15 (530)
(W5 /S)
CLflytoalternate = ; (531)
0.5x px Vfly to alternate

Wo_ Wrop Wy We W Wy Wy W, W 532)

S S We Wy W, Wy W, W, Wror '

2

CDflytoalternate = CDO + K x (CLflytoalternate) (533)
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L)
D 5.34
( fly to alternate CD ( )

1

Rx cj /( x Vflytoalternate)

Wg/W; = (5.35)

e
5.1.3.10 Landing and taxi

According to Roskam (1985), a transport aircraft loses weight about 0.8% of the start
weight during the landing (p. 12) [45].

Wo /Wy = 0.992 (5.36)

5.1.3.11 Fuel fraction

Fuel fraction is the ratio between the preliminary weight of the aircraft to the end
weight. The difference states used fuel during the operation. To calculate the all of
the fuel weight the trapped fuel and oil also should be added to the used fuel weight.
Trapped fuel is 0.5% of maximum take-off weight. To introduce the fuel weight to

optimization process, wing load and wing area variables are used [45].

Wo _Wo Wo Wy Wo Wy W, Wy W, W,

My = —— = —Xx — 5.37
= Weor  Wo W, W W W, W, W, Wy W O3
Wth = 0005 X (WTOF/S X S) (538)

Wryet = Wipo + Mpp x Wrop/S x S) (5.39)

5.1.4 Empty weight

Empty weight estimations are made using the statistical equations by component
build-up method that is the weight of each component of the aircraft except flight
controls, APU, hydraulics, basic electrical systems, furnishing, air conditioning, is
derived by an equation [46].
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Wempty:WW+Whort +errt +qus+Wmlg+Wnlg+Wprop

(5.40)
+ quel_sys + aneu +Wantice +Wav +Whg +Wsc

5.1.4.1 Wing

Wing loading, wing area, aspect ratio, thickness ratio, taper, sweep angle are
variables that is used during the wing weight calculation. Ultimate load factor and
ratio between control surface to wing area are taken as 1.5 x 2.5=3.75 and 0.25

respectively [46].

Waing=0.0051 x (Wrop/S x S x N,)*357 x %% x (t/¢)04
(5.41)

x(1+A 0-1x (COS(A))-IX(S X SCSW)O.I

5.1.4.2 Horizontal tail

Wing loading, wing area, horizontal tail aspect ratio, horizontal tail area, tail arm,
horizontal tail sweep angle are variables that is used during the horizontal tail weight
calculation. Ultimate load factor, ratio between control surface to horizontal tail area,
tail motion factor and fuselage width at horizontal tail intersection are taken as 3.75,

0.25, 1 (not moving horizontal tail) and approximately 10 ft respectively [46].

bre = /AR % Sy (5.42)

Wior=0.0379 x Kunex (11Fy, /bpe) 025 x (Wrop/S x $)%6% x (N)*10 x §,,” "

(5.43)
x(0.3x (L) ™°2) x (cos(A)) ' x(1+ S ) " X (AR;)®166

5.1.4.3 Vertical tail

Wing loading, wing area, vertical tail aspect ratio, vertical tail area, tail arm, vertical
tail sweep angle, vertical tail thickness ratio and tail type are variables that is used
during the vertical tail weight calculation. Ultimate load factor is taken as 3.75 [46].
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W, =0.0026 x (14C1)*25 x (Wrop/S x S)%556 x (N,)0536 x g 7

05 (5.44)

x (L)%375x (cos(A))1x (AR, x (E )
Cyt

5.1.4.4 Fuselage

Wing loading, wing area, taper, sweep angle and fuselage length are variables that is
used during the fuselage weight calculation. Number of seats at a row, seat width,
aisle width and seat pitch are the constants specified by design parameters. Fuselage
depth is assumed as 1.25 time of total of all of the seat and aisle widths. Fuselage
length without radome and tail cone is determined by passenger, seat number at a
row and seat pitch. Roskam (1985) states that fuselage cone length is derived from
the fuselage depth by multiplying with 3 (p. 110) [47]. Fuselage radom length is total
fuselage length minus cone and fuselage length without cone and radome. Fuselage
wetted area is also calculated using fuselage depth, fuselage length without radome,
radome length and cone length. Door constant (Kqoor) and landing gear mount type
constant (Kig) are taken 1 (no cargo door) and 1.12 (landing gear mounted to

fuselage) respectively.

Fuselage width:
df = (Nseat X Wgeqr + Waisie) x 1.25 (5.45)

Fuselage length without radome and tail cone:

pax

seat

L=

x pitch (5.46)

Fuselage tail cone length:

Lrc =3 xd; (5.47)

Fuselage radome length:
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Fuselage wetted area:
Sp=075xmxdf X Lp + 0.72xmxdr x L, + mxdsxL (5.49)

Wing Span and fuselage weigth constant:

b=+vVARx S (5.50)

1+2x2) tan(A)

K,s = 0.75x xbx (5.51)
ws (1+21) Ls
Wis=0.328 X Kgoor X Kjg X (Wrop/S x SN, )% x (Lp)* x (Sp*3*
ol (5.52)

L
x (1 + K,s)%%x (— )
dr.

5.1.4.5 Main landing gear

Wing loading and wing area are variables that are used during the main landing gear

weight calculation [48].

Wi1g=40+0.16 x (Wrop/S x 8)°7°+0.019 x (Wrop/S x S) 1
(5.53)
+1.5x 10 x(Wrop/S x S)

5.1.4.6 Nose landing gear

Wing loading and wing area are variables that are used during the nose landing gear

weight calculation [48].

W,,=20+0.1 x (Wrop/S x $)*+2x 10° x(Wrop/S x S)! (5.54)
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5.1.4.7 Propulsion system

Propulsion system weight is the sum of the engine with cover and nacelle group.
Number of engines and thrust to weight ratio are variables that are used during the
propulsion system weight calculation. Engine weight is taken from the design

parameters that are selected from the engine data [48].

M/prop = 1.357 xW, x N,,, (5.55)
Wnac = 0055 X (T/W)TOF X Nen (556)
I/Vprop_sys = I/l/;n"op + Whac (5.57)

5.1.4.8 Surface control systems

Wing loading and wing area are variables that are used during the surface control

systems weight calculation [48].

Wyrop = 0.64 x(Wrop/S x S) */3 (5.58)

5.1.4.9 Fuel systems

Number of engines is the only variable that is used in the fuel systems weight
calculations. To derive the fuel volume, the density of the kerosene and to make

calculation fuel tank number is taken eight [48].

Pkerosene = 50.4 Ib/ft? (5.59)

_ quel
Vf - /pkerosene (5.60)

0.333

quel systems — 80 x(Nen + th - 1) +15x (th)o'sx (Vf) (5.61)

5.1.4.10 Pneumatic systems

Number of engines is the only variable that is used in the pneumatic systems weight
calculations. Engine weight is taken from the design parameters that are selected

from the engine data.
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Wpneumatic = 49.19 X (Nenx W, /1000)0'541 (5.62)

5.1.4.11 Anti —ice

Wing loading and wing area are variables that are used during the anti — ice systems

weight calculation [46].

Wantiice = 0.002 x (Wrop/S x S) (5.63)

5.1.4.12 Handling gear

Wing loading and wing area are variables that are used during the handling gear

weight calculation [46].

Whandling gear = 0.0003 x (Wror/S x S) (5.64)

5.1.4.13 Avionics

To calculate the avionics weight, uninstalled avionics weight is used and that is
specifically ranged in 800-1500 Ibs and 1500 Ibs is chosen [46].

Wavionics = 1.73 x UAV 0983 (5.65)

5.2 Range

Range optimization depends on cruise velocity, cruise fineness ratio, cruise specific
fuel consumption and finally weight values before and after the cruise operation.
Cruise velocity and cruise specific fuel consumption are the same with maximum

take-off weight optimization.

Verui L W,
Range = —/—= (—) In— (5.66)
C] D cruise
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5.2.1 Initial weigth

Initial weight is calculated using the only variable maximum take-off weight and
weight fractions before the cruise segment: engine start up and warm up, taxi, take-

off and climb.

(5.67)

5.2.1.1 Engine start up & warm up

Roskam (1985) states that the transport aircraft loses weight approximately 1% of the
total weight (p. 12) [45].

Wl/WTOF = 099 (568)

5.2.1.2 Taxi

Roskam (1985) states that the transport aircraft loses weight approximately 1% of the

start weight of the segment (p. 12) [45].

5.2.1.3 Take-off

According to Roskam (1985), in contrast to first two segments, the transport aircraft

loses weight approximately 0.5% of the start weight of the segment during take-off
(p. 12) [45].

5.2.1.4 Climb

According to Roskam (1985) a transport aircraft loses weight about 2% of the start

weight of the segment during the climb (p. 12) [46].
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W,/W, = 0.98 (5.71)

5.2.1.5 Cruise L/D

Cruise fineness ratio is determined as the same as the maximum take-off

optimization process.

p = 0002377 x (1 — 7x10~)x b)) (slug/ft?) (5.72)
T =518.4 — 0.003564 x h (R) (5.73)

a =/yRT (5.74)

V=Mxa (5.75)

w,/S)
¢ .= .
Leruise ™ 0.5 x p x V2 (5.76)

cruise

Wu/S = (Wrop/S) x Wy /W3) x (W3 /W5) x (Wo/Wy) x (W1/Wror) (5.77)

e = 4.61x (1 —0.045x(AR%®®)) x (cos(A)*15 —3.1) (5.78)
k= TX AlR xe 579)
Cre = 0.003 (5.80)
Coo = Cre x (0.8x (1977 + 052 x (t/c))) (5.81)
Deruse = Coo+ Kx €y’ (5.82)
(5) _ b (5.83)

D/ cruise  Cp
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5.2.2 Final weigth

Final weight is calculated using the empty, payload and crew weights that are same
with first optimization process and using the weight fractions after the cruise

segment: loiter, descent, fly to alternate, landing and taxi.

We Wy W, W,
2 xL2x—Lyx 2 (5.84)
8 5

Ws = (WE + VVpay + Werew + Wtfo)x
5.2.2.1 Loiter

Loiter weight fraction is calculated by endurance time, specific fuel consumption that
are selected by design parameters and fineness ratio for loiter that is taken as 16 [47].

leoiter = Cjcruise x 0.85 (585)
(L) = 16 5.86
D loiter B ( . )
1
We/Ws = (5.87)

oEx ¢ /(%)

5.2.2.2 Descend

Roskam (1985) states that the transport aircraft loses weight approximately 2% of the

start weight of the descent process.

5.2.2.3 Fly to alternate

The weight fraction of the fly to alternate divison is determined by Breguet Range
equation. According to Roskam (1985), fly to alternate segment will occur at about
10000 feet altitude and by maximum 250 knots speed (p. 57) [45]. To make the
process systematically the velocity is taken 30% percent of the cruise velocity.
Specific fuel consumption will be higher than the cruise so is taken 150% of the
cruise fuel consumption. According Roskam (1985) while the specific fuel

consumption of fly to alternate process is taken 0.9 Ibs/lbs/hr, the specific fuel
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consumption of the cruise process is 0.5 Ibs/Ibs/hr so the ratio of these values is 1.8
and so in the thesis this ratio is taken 1.5 (p. 54) [45]. The weight of the aircraft to
find the lift coefficient is the weight which in the start of the segment. The range that

aircraft can fly is given in the design specification.

Vfly to alternate — Vcruise X 0.3 (5-89)
ijlytoalternate = Cjcruise X 15 (590)
(W-/S)
Lflytoalternate = ; (591)
0.5 x px Vfly to alternate
%—mex%x%x%x%x%x%x Wy (5.92)
S S We Ws W, W3 W, W, Wrop '
2
CDflytoalternate = CDO + K x (CLflytoalternate) (593)
(L> . (5.94)
D fly to alternate CD .
1
Wg/W; = (5.95)

L
eRx Cj /( DX Vflytoalternate)

5.2.2.4 Landing and taxi

According to Roskam (1985) a transport aircraft loses weight about 0.8% of the start
weight during the landing (p.12) [45].

Wo/Wy = 0.992 (5.96)

5.2.2.5 Trapped fuel

Trapped fuel is 0.5% of maximum take-off weight. [45]

Weso = 0.005 x (Wror/S x S) (5.97)
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5.2.2.6 Empty weight

Empty weight process in the range optimization is the same as the maximum take-off
optimization process.

5.2.2.7 Payload and crew weight

Payload and crew weight process in the range optimization is the same as the

maximum take-off optimization process.
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6. CODE AND INTERFACE

The optimization process for the maximum take-off weight and range problems are

done with a code written by using the Genetic Algorithm with penalty functions.

6.1 Genetic Algorithm Code

The Genetic Algorithm code has three functions: Main Optimization Function,
Binary to Real Values Function and Objective Function. Main Optimization Code

uses Binary to Real Values and Objective Functions.

Main optimization Function uses number of variables, iteration numbers, minimum
cost value, population size, mutation rate, selection ratio and number of bits for each
variable as inputs. After inputs are taken, according to the selection ratio, a part of
population is kept and lower and upper values of variables are specified. To start the
process first population should be created so a population size x number of bits
matrix is created randomly by O and 1 values. Secondly, population matrix is
involved in binary to real values function to convert Os and 1s to contionus values in
the range between lower and upper values of the variables. Then real values are used
in objective function to derive the cost. After that, cost values for each population is
calculated and cost values are sorted, as minimum is the first for the maximum take-
off weight and, as maximum is the first for the range optimization. Thirdly,
population is divided to make mating and crossover process followed by mutating.
After the new population is created again binary to real function is used and the cost
value is calculated for second iteration. This process goes on until the maximum
iteration reach or minimum or maximum cost value reach to an extreme value.
Finally, there will be a cost value for each iteration and code selects the most

appropriate value from the solutions. The code will be available in the appendix part.

6.1.1 Binary to real values function

Binary to real values function plays key role during the optimization. The GA works

with the binary encodings, but the cost function often requires continuous variables.
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Therefore, this function converts binary-coded populations to real values called
decoding to derive the cost value. Quantization is a method that models the values
that are at a specific range and categorizes the models into subranges that are not in
the same range. Then each value is assigned to a subrange. The difference between
the actual function value and the quantization level is known as the quantization
error. Increasing the number of bits would reduce the quantization error. The
mathematical formulas for the binary encoding and decoding of the n™ variable, p,,

are given as follows [40]:

For encoding,

Pn — DPio
=— 6.1
Prorm Pri — Pio 6.1)
m-—1
gene[m] = round { pporm — 27 — Z gene[p]27P (6.2)
p=1
For decoding,
Ngene
Pquant = gene[m]2™™ 4 2~ (M+1D) (6.3)
m=1
dn = Pquant X (Pri — Pio) + Dio (6.4)

6.1.2 Constraint implementation

All constraints are written as inequality equations and the equations are normalized
by dividing the one side of the equation to other side and making that less than or
equal to zero. By this way each constraint can be called inequality and they can be
multiply with the same penalty parameters. For instance wing loading, W/S is should
be lower than 160 Ib/ft® so the inequality is (W/S) <160 and that is written:

(V1V6/ 05) 1< (6.5)
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6.2 Interface

The interface comprises the six main parts: design parameters, engine, variables,
constraints, solution and results. The optimization process begins with design
parameters and goes on the order that given in the interface from left to right. When
the user click on the design parameters part there will be seen two options: TOW
means maximum Take-off weight Optimization and Range means maximum range

that aircraft can cruise (Figure 6.1 - 6.21).

ABCRAFT CATIEATION B - . Y e h "]

D SN PARAME TERS, WAL Lt AL TRNE R UL LT

@

| DESIGN PARAMETERS |

Figure 6.1: First Step of the Aircraft Optimization

A RAFT CHTRCATON h . i = e B e
[0 b PR TERES wAlRAIRLE Y Lo ComBTRANT AU MEAATE

OPTIRCATION MI THOD

o

OPTIMIZATION METHOD

TOW b

|
TOW

Figure 6.2: Second Step of the Aircraft Optimization

After selection of the method, the design parameters for the relevant optimization

problem will be appear and the values will be wanted.
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Figure 6.3: Third Step of the Aircraft Optimization

Passenger 108 @
Crew 4
Range 3200 nm
Cruise Mach Number 0.82 Mach
Cruise Altitude 32000 ft
Stall Speed 120 kts
Seat Number K
Seat Width 3 ft
Aisle Width 3 ft
Seat Pitch 3 ft
Loiter Time 1 hr
Fly To Alternate 100 nm

Figure 6.4: Inputs of Aircraft Optimization

The next step is selection of the values of variables. There are two parts to specify

the range of each variable by selecting the values from the popup menu.
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Figure 6.5: Fourth Step of the Aircraft Optimization
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Figure 6.6: Fifth Step of the Aircraft Optimization

®

doy

aey

Max. Lift Coefficient
Wing Area
Wing Aspect Ratio
Wing Thickness Ratio
Taper Ratio
Horizontal Tail Area
Vertical Tail Area
Tail Arm

Wing Sweep Angle

20 -
1400 v
14 -
046 ¥
05 M
360 -
300 -
0 M

35 hi

3.0

1500

0.20

0.7

320

75

\ fr2
- ftr2
7 ftr2
- ft
- deg

Horizontal Tail Aspect Ratio 7
Vertical Tail Aspect Ratio 3
Horizontal Tail Sweep Angle 40

Vertical Tail Aspect Ratio 45

Tail Type Konva...
Tail Thickness Ratio 0.16
Engine # 2
Fuselage Length 140
0.3

Thrust to Weight Ratio

- 8
> - |35

- - 45

- 50

- = | T-Kuy...
N - 0.20

- 4

s 150

- 0.4

deqg

dey

Figure 6.7: Variables of the Aircraft Optimization

The sixth step is engine tab and engine selection from the menu. There are five

engine data in the menu that have already been used by different regional jets and

selection of engine will show the the specification of the engine.
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Figure 6.8: Sixth Step of the Aircraft Optimization
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Figure 6.9: Seventh Step of the Aircraft Optimization

Engine CFaa-10
Dry Weight 3700 Ibs
Max. Thrust [ 20000 Ibs
SFC [ 064 IbsAbs/hr
Type Turbofan
Manufacturer | GeneralElectric
OPR [ 29:1
BR 51

OPR : Overall Pressure Ratio (at Max Power)

BPR :Bypass Ratio
SFC : Specific Fuel Consumption (at Cruise)

Figure 6.10: Engine Selection of the Aircraft Optimization

The next step is selection of the constraints. The user can select all or none of the
contstraints by choosing the “open” or “closed”. Some constraints have limit values

and these values can be selected from the popup menu.
IO ey 020 TR 020 EEEGS T e - - eemtes S0 SO SRS o sk
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| CONSTRAINTS |
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Figure 6.11: Eighth Step of the Aircraft Optimization
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Figure 6.12: Ninth Step of the Aircraft Optimization

® Wing Loading Open ~|=®= 100 ~) Fuselage Length Open v | »= Length Without Radome and Cone
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Figure 6.13: Constraints of the Aircraft Optimization

To derive the optimization process, the solution part will be the next step.
Optimization conditions such as population size, mutation rate is specified then the
optimization solution could be carried out. The first solution is the maximum take-off
weight and range. The maximum take-off weight is given with the main components:
payload, crew, fuel and empty weight. The graphic gives the cost and generation

values for the best and population average solution for each iteration.
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Figure 6.14: Tenth Step of the Aircraft Optimization
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Figure 6.15: Optimization Conditions and Run of the Solution

Population Numher 200 PAYLOAD WEIGHT Ibs 1
Selection Rate 05 CREW WEIGHT Ibs
Mutation Rate 04 08
FUEL WEIGHT Ibs
Iterations 500

EMPTY WEIGHT Ihs G
@ TOTAL WEIGHT Ihs
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RUN
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Figure 6.16: Run of the solution and first results for the design

B
Papulation Number 200 PAYLOAD WEIGHT 2100 Ihs Rl
q best
Selection Rate = CREVVVEIGHT] = Ibs population average
Mutation Rate 0.1 H H
FUEL WEIGHT 551945 s oqgsloiobooooiooi o]
Iterations 500
EMPTY WEIGHT 813078 s oqglobooiooio b ]
TOTAL WEIGHT 1594624 Ibs

cost

RANGE nm 16 L_._ ,,,,,,,,,, ,,,,,,,,,,

100 200 300 400 500
generation

Figure 6.17: The graphical and numerical results of optimization

The final step is the results segment. In this part, the solution of the optimization
problem is given by the variables of the all variables and fineness ratios with two
graphics. In the graphics, there are two views of the Embraer E-195 and the

optimized aircraft to compare the dimensions, length, wingspan, tail span etc.
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Figure 6.18: Thirteenth Step of the Aircraft Optimization
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Figure 6.19: Detailed Optimization Results
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Mazx. Lift Coefficient 2.00
Wing Area 1432.9 ft~2
Wing Aspect Ratio 11.33
Wing Thickness Ratio 0.16
Taper Ratio 0.58
Horizontal Tail Area 31T -3
Vertica Tail Area 300.1 ftn2
Tail Arm 701 ft
Wing Sweep Angle 35 deg
Horizontal Tail Aspect Ratio 7.70
Horizontal Tail Sweep Angle 44 deg
Vertical Tail Sweep Angle 48 deg
Tail Type Conventional
Vertical Tail Aspect Ratio 313
Tail Thickness Ratio 0.19
Engine # 2
Fuselage Length 140.0 ft
Thrust to Weight Ratio 0.33
L/D (cruise) 12.92
L/D {loiter) 15.34
L/D {alternate) 10.67

Figure 6.20: The view of the variables after optimization

100
€ — EMBRAER 195
= OPTIMUM DESIGN
£
-100 i i i i i i
0 20 40 60 80 100 120 140
length (ft)
! ! ! ! !
=R ) . | . V. VR, R . [ bommeeeneees R
= ! !
@ H H
=
----- I L EEE Rt
20 i i i i \ i
20 40 60 80 100 120 140
length (ft)

Figure 6.21: Comparison of the design and Embraer E-195
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6.3 Code Validation

To satisfy the reliability of the code, necessary values for interface were entered by
using Embraer E-195 specifications. The variables, constraints and the engine are the
same with the optimization process given in the results segment. Some values of
variables for E-195 are out of range that is specified for optimization problem so for
these values the range was enlarged or carried. The validation was done for two
optimization method and results showed the code is suited with real values by small
differences (Figure 6.22 - 6.25). Maximum take-off weight for weight and range
optimizations are very close to real values for wing and vertical tail dimensions while

horizontal tail dimensions are slightly different from the real values (Table 6.1).

o ! ! ! | : !

span (ft)

0 20 40 60 80 100 120
length (ft)

Figure 6.22: Code Validation MTOW Optimization: Optimized Aircraft (red) versus
Embraer E -195 (blue) Top view
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Figure 6.23: Code Validation MTOW Optimization: Optimized Aircraft (red) versus
Embraer E - 195 (blue) Side view
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Figure 6.24: Code Validation Range Optimization: Optimized Aircraft (red) versus
Embraer E-195 (blue) Top view
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Figure 6.25: Code Validation Range Optimization: Optimized Aircraft (red) versus
Embraer E-195 (blue) Side view

Table 6.1: Code Validation Results Comparison

MTOW Range

Opt. Opt. E-195
ClLmax 2.001 1.867 2.000

1000.2 1100.0 1033.0 ft*
S 92.9 102.2 96.0 m*
AR 9.00 9.00 8.60
A 0.34 0.32 0.33

348.6 346.3 343 ft*
Shi 32.4 32.2 31.9 m*

148.4 146.2 150.7 ft*
Su 13.8 136 14.0 m*
] 55.1 55.0 53.4 ft

t 16.8 16.8 16.3 m
A 25 25 25 degree
ARy 4.48 4.40 4.60
ARy 2.11 2.13 2.20
Ant 31 30 30 degree
Avt 32 30 30 degree
Engine number 2 2 2
L 120.0 120.0 126.8 ft
f 36.6 36.6 387 m

T/W 0.33 0.40 0.30
Tail Con Con Con
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Table 6.1 (cont.): Code Validation Results Comparison

. 23780 23780 23780 Ibs

Payload Weight 10796 10796 10796 kg
. 820 820 820 Ibs

Crew Weight 372 372 372 kg
. 39257.6 39329.0 27470 Ibs

Fuel Weight 17823.0 17855.4 | 124714 kg
. 527706 51071.0 | 63106.0 Ibs

Empty Weight 23957.9 23186.2 | 28650.1 kg
116628.2 115000.0 | 115176.0 Ibs

Max. TOW 52949.2 522100 | 522899 kg
manae 2200.0 2144.0 2200.0 nm
g 4074.4 3970.7 40744 km
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7. RESULTS

The solution of optimization problem and specified parameters of the aircraft is
given. The optimization process is carried out using two separate ways with same
values to control the solutions and obtain the same results. The design parameters,
variables and constraints were selected according to the average values of each
variable given in the regional aircraft data shown in Table 7.2. For optimizations,
General Electric CF34-10 Engine is selected. The optimization process contains
seven cases due to understand the effects of mutation rate, selection ratio, population
size and iteration numbers (Table 7.1). There are five graphics: top and side view of
designed aircraft, the top and side view comparison of Embraer E-195 with designed

aircraft and cost versus generation graph.

Table 7.1: Optimization Run Cases

Case Selection Mutation Popu_lation Iteration
Rate Rate Size Number

1 10% 10% 200 500

2 50% 10% 200 500

3 90% 10% 200 500

4 50% 90% 200 500

5 50% 50% 200 500

6 50% 10% 500 500

7 50% 10% 200 5000

Besides the specified average data some parameters are missing such as stall speed,
lift coeffiecient, loiter time, fly to alternate range and thickness ratio for tail and
wing. The stall speed is chosen 125 knots according to the average maximum take-
off value [49]. Fly to alternate and loiter time values are selected as 100 nm and an
hour [47].
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Table 7.2: Regional Aircraft Data Average Values

Design Parameter
Passenger Capacity 109.67
1961.58 nm
Range
3631.77 Kkm
Mach 0.82
Cruise Altitude 38007.98 ft
11584.83 m
Seat number 5
Seat width 1.50 ft
0.46 m
Aisle width 151 ft
0.46 m
Seat pitch 2.60 ft
0.79 m
Variables
MTOW 109482 los
49705 kg
1020.4 2
S 2
94.8 m
AR 9.26
A 0.29
S
" 25.3 m?
213.1 2
S
! 19.8 m?
L¢ 55.5 ft
16.9 m
A 25.10 degree
ARy 4.92
ARw 1.46
At 31.75 degree
A 38.75 degree
Engine number 5
L¢ 112.6 ft
343 ft
T/W 0.33
Constraint
2
WIS 107.26 Ib/ft :
524.16 kg/ m

The value of lift coefficient is determined by using stall speed, the maximum take-off

and wing area of the regional aircraft data at sea level (Table 7.3).
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Table 7.3: Average Lift Coefficient

Aircraft SM?) |MTOW (kg)| Cimax
A318-100 122.4 68000 2.19
AN-158 87.3 43700 1.97
BAE RJ 100 77.3 44225 2.25
B717 93.0 49895 2.11
B737-600 125.0 65090 2.05
BOM CRJ1000 774 40823 2.08
BOM CS100 112.3 52615 1.85
COMAC ARJ21-900 79.9 47180 2.33
EMBRAER E-195 96.0 52290 2.15
FOKKER 100 935 45810 1.93
MITSUBISHI-MRJ90 89.8 40955 1.80
SUKHOI SJ100 83.8 45880 2.16
Average (p=1.225 kg/ m® and V=64 m/s) 2.07

7.1 Maximum Take-off Weight Optimization

All values given in the table are selected or entered in the interface according to the
average values listed above and run the algorithm by several time to obtain the

results for different cases (Table 7.4).

Table 7.4: Maximum Take-off Weight Optimization Values

Design Parameter
Passenger Capacity 110
2000 nm
Range
) 3704 km
Mach 0.82
Cruise Altitude 38000 ft
11582 m
Seat number 4
Seat width 1.50 ft
0.46 m
Aisle width 151 ft
0.46 m
Seat pitch 2.60 ft
0.79 m
Loiter time 1 o
Fly to Alternate 100 nm
185 km
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Table 7.4 (cont.): Maximum Take-off weight Optimization Values

Variables
Min Max
Clmax 2.00 2.40
S 1000.0 1100.0 ft22
92.9 102.2 m
AR 9.00 10.00
t/c 0.10 0.14
A 0.30 0.40
S 260.0 280.0 ft°
ht 2
24.2 26.0 m
200.0 220.0 ft°
Sut 7
18.6 19.5 m
50.0 60.0 ft
Lt
15.2 18.3 m
A 25.00 30.00 | degree
ARt 4.00 5.00
ARy 1.00 2.00
At 30.00 35.00 | degree
Awt 35.00 40.00 | degree
Tail Type Conventional T
t/c (tail) 0.16 0.20
Engine number 2 4
L 110.00 120.00 ft
33.53 36.58 m
T/W 0.30 0.40
Constraints ,
> 90 Ib/ft 2 Open
WIS 440 kg/m2
< 130 Ib/ft Open
- 635 kg/m? P
Wy > W Open
Wi > Wy Open
Ltn > 0 Open
Vfue—geo > Vfue—weight Open
Ly > L Open
TOW, > TOW, Open
> 0.05
Vv < 0.10 Open
>
Vi - 130 Open

For seven cases, the results of maximum take-off weight based optimization is shown
in Table 7.5 and Table 7.6. The aircraft weight is specified approximately 47-48 tons
and the empty weight of the aircraft is about half of the total weight. As expected, the

process tried to select the lowest values for wing area and lift coefficient due to lower
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the weight. The results shows conventional tail and two engines is the most suitable
values for lowest aircraft. L/D ratios for three mission profiles gave realistic results
according to the selected engine and flow conditions. The interesting result for
optimization is fuel weight. With comparison of fuel weights of aircraft that data
were given shows the fuel weight is more than expected. This situation could be
results of the assumptions that were done for the fuel consumptions and velocities for

loiter and fly to alternate segments that could cause to burn more fuel.

Constraint control is the key process for optimization problem shows how much the
solution satisfy the limits. MTOW Optimization satisfied ten constraints over twelve.
The vertical tail volume coefficient is very close to bound but there is a remarkable
difference between fuel volume calculations from geometry and weight. This result
can be changed by using different fuel. Therefore, the fuel volume constraint can not

be a good constraint but provides to control the solution.

The cost—generation graphs shows that increasing the mutation rate causes to
increase the difference between the best result with population average. In contrast to
cases that mutation rates are high, the lowest difference between best cost and
population range is for cases that selection rate is 0.5 and for lowest mutation rates.
Increasing the mutation rate also has negative effect on optimization process by
increasing the weight (Figure 7.1).

Top and side views of the designed aircraft for different cases are not show big

difference but the wing position and tail size difference can be seen (Figure 7.2-7.3).

Comparison with Embraer E-195 notices that the designed aircraft has short fuselage
length, approximately same aisle width but less height. However, the optimized
aircraft has bigger wings but smaller vertical tail while about the same sized
horizontal tail (Figure 7.4-7.5).
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Table 7.5: Maximum Take-off Weight Optimization Results

Casel | Case2 | Case3 | Case4 | Case5 | Case6 | Case 7
ClLmax 2.000 2.002 2.008 2.000 2.000 2.001 2.000
1000.9 1000.2 1003.0 1010.3 1004.6 1000.1 10002 | ft°
S 93.0 92.9 93.2 93.9 93.3 92.9 92.9 m?
AR 9.02 9.10 9.01 9.18 9.21 9.01 9.01
t/c 0.14 0.14 0.14 0.13 0.14 0.14 0.14
A 0.31 0.30 0.31 0.38 0.40 0.33 0.31
279.2 264.9 276.7 261.1 265.1 269.5 2783 | ft?
Shi 25.9 24.6 25.7 24.3 24.6 25.0 25.9 m?
202.2 200.4 206.8 212.7 210.6 208.7 201.6 | ft?
Su 18.8 18.6 19.2 19.8 19.6 19.4 18.7 m?
51.6 50.1 53.4 53.8 50.2 53.0 50.3 ft
L 15.7 15.3 16.3 16.4 15.3 16.2 15.3 m
A 25 25 25 25 25 26 25  |deg
ARt 4.78 4.83 4.30 4.67 4.36 4,97 4.66
ARy 1.62 1.18 1.22 1.29 1.25 1.17 1.04
Ant 32 32 31 32 35 34 34  |deg
Awt 36 35 39 36 37 36 38 deg
Tail
Con Con Con Con Con Con Con
Type
t/c (tail) 0.18 0.20 0.19 0.16 0.20 0.18 0.19
Engine 2 2 2 2 2 2 2
number
110.1 110.1 110.4 110.7 110.9 110.2 110.0 ft
L 33.6 33.6 33.7 33.7 33.8 33.6 335 m
T/W 0.36 0.36 0.30 0.34 0.34 0.34 0.31
Payload 22550 22550 22550 22550 22550 22550 22550 | Ibs
Weight 10238 10238 10238 10238 10238 10238 10238 | kg
Crew 820 820 820 820 820 820 820 Ibs
Weight 372 372 372 372 372 372 372 | kg
Fuel 33421 33444 33707 33805 33609 33458 33379 | Ibs
Weight 15173 15184 15303 15348 15259 15190 15154 | kg
Empty 48548 48551 48959 49493 49047 48632 48346 | lbs
Weight 22041 22042 22227 22470 22267 22079 21949 | kg
Max. 105339.4 | 105365.0 | 106036.2 | 106667.9 | 106025.8 | 105459.6 | 105095.0 | Ibs
TOW 47824.1 | 478357 | 48140.4 | 48427.2 | 48135.7 | 47878.7 | 47713.1 | kg
L/ D. 13.24 13.23 13.20 13.20 13.20 13.21 13.25
(cruise)
L/D
i 15.45 15.44 15.40 15.41 15.41 15.42 15.46
(loiter)
L/D (fly 11.41 11.40 11.36 11.37 11.37 11.38 11.42
alternate)
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Table 7.6: Maximum Take-off Weight Optimization Constraint Control

Constraint Casel | Case2 | Case3 | Case4 | Case5 | Case6 | Case 7
WIS |>] 90 Ib/ft?| 105.24 105.34 105.72 105.58 105.54 105.45 105.07
<|130 Ib/ft?| 105.24 105.34 105.72 105.58 105.54 105.45 105.07

W, |> W, 7768.5> | 78123 > | 7832.0> | 8105.5> | 7958.6 > | 77883 > | 77612 >
- 664.9 646.4 636.5 620.3 653.9 660.6 682.9

we 1=l w, 10427 > | 10429> | 10475> | 10509 > | 10492> | 10434 > | 10419 >
- 7769 7812 7832 8106 7959 7788 7761

Lan > 0 10.42 10.45 10.73 11.00 11.28 10.57 10.34

\2::)8- 2 Vfue—weight

‘Lf > L 110.1 110.1 110.4 110.7 110.9 110.2 110.0
- >71.5 >71.5 >71.5 >71.5 >71.5 >71.5 >71.5
TOW, =] TOW, 2110(?5934379 2110(?5937:5 2110076600306 2110076965618 21100763(;1226 211(J(§55941650 i?ﬁ%?
> 0.05 0.11 0.11 0.12 0.12 0.11 0.12 0.11

Vv <[ oa0
> 0.80 1.25 1.15 1.28 1.24 1.19 1.25 1.21
Vi < 1.30 1.25 1.15 1.28 1.24 1.19 1.25 1.21
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Figure 7.1: Cost-Generation Graphics Case 1 to Case 7
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Figure 7.3: Optimized Aircraft Side View for Max. Take-off Weight Optimization
(Case 2)
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Figure 7.4: Optimized Aircraft (red) versus Embraer E-195 (blue) Top view (Case 2)
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Figure 7.5: Optimized Aircraft (red) versus Embraer E-195 (blue) Side view (Case 2)
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7.2 Range Optimization

All values given in the table are selected or entered in the interface according to the
average values listed above and run the algorithm by several time to obtain the

results for different cases (Table 7.7).

Table 7.7: Range Optimization Values

Design Parameter
Passenger Capacity 110
Mach 0.82
. . ft
Cruise Altitude 38000
11582 m
Seat number 4
) _ ft
Seat width 1.50
0.457 m
. . , ft
Aisle width 151
0.460 m
. . ft
Seat pitch 2.60
0.792 m
Loiter time 1 h
nm
Fly to Alternate 100
185.2 km
Variables
Min Max
|
MTOW 105000 110000 bs
47670 49940 kg
S 1000.0 1100.0 ft?
92.9 102.2 m?
AR 9.00 10.00
t/c 0.10 0.14
A 0.30 0.40
260.0 280.0 ft?
Sht 2
24.2 26.0 m
200.0 220.0 ft?
SVt 2
18.6 19.5 m
50.0 60.0 ft
L¢
15.2 18.3 m
A 25.00 30.00 | degree
ARyt 4.00 5.00
ARyt 1.00 2.00
Ant 30.00 35.00 | degree
Awvt 35.00 40.00 | degree
Tail Type Conventional T
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Table 7.7.(cont): Range Optimization Values

Variables
t/c (tail) 0.16 0.20
Engine number 2 4
L 110.0 120.0 ft
33.5 36.6 m
T/W 0.30 0.40
Constraints
2

> 90 Ib/ft ! Open

WIS 440 kg/m
130 Ib/ft? o

B 635 kg/m? pen
Wy > W, Open
Wi > W Open
Ltn > 0 Open
Ly > L Open

> 0.05
Vv < 0.10 Open

> 0.80
Vi < 1.30 Open

For seven cases, the results of range based optimization is shown in Table 7.8 and
Table 7.9. The aircraft weight is specified approximately 49-50 tons and the empty
weight of the aircraft is again about half of the total weight. As expected, the process
tried to select the highest values for maximum take-off weight due to increase the
distance that aircraft will cruise. The results shows conventional tail and two engine
is the most suitable values for range. The optimized range value is different from the
maximum take-off weight optimization which has 2000 nm range. The range is
optimized about 2500 nm, 500 nm more than first optimization. This value is vital
for an aircraft. The maximum weight difference between two optimization process is
around 2500 kg and this difference comes from the fuel weight as can be seen in the
results. This fuel weight can cause the range deviation. Again with comparison of
fuel weights of aircraft that data were given shows the fuel weight is more than
expected. This can be from the assumptions that were for the fuel consumptions and
velocities for loiter and fly to alternate segments by causing the more fuel burn.
Although the other aircraft specifications are similar to the first optimization results,
wing area for range optimization is slightly different because optimization derives

heavier aircraft.
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Constraint control is the key process for optimization problem shows how much the
solution satisfy the limits. Range Optimization satisfied all constraints. The vertical

tail volume coefficient slightly passed the limit for case 5.

The cost—generation graphs shows that increasing the mutation rate causes to
increase the difference between the best result with population average. In contrast to
cases that mutation rates are high, the lowest difference between best cost and
population range is for cases that selection rate is 0.5 and for lowest mutation rates.
Increasing the mutation rate also has negative effect on optimization process by

increasing the weight (Figure 7.6).

Top and side views of the designed aircraft for different cases are not show big

difference but the wing position and tail size difference can be seen (Figure 7.7—7.8).

Comparison with Embraer E-195 notices that the designed aircraft has short fuselage
length, approximately same aisle width but less height. However, the optimized
aircraft has bigger wings with smaller vertical tail while about the same sized
horizontal tail (Figure 7.9-7.10).
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Table 7.8: Range Optimization Results

Casel | Case2 | Case3 | Case4 | Case5 | Case6 | Case 7
Max. 109961.0 | 110000.0 | 109961.0 | 110000.0 | 110000.0 | 110000.0 | 110000.0 | Ibs
TOW 49922.3 | 49940.0 | 49922.3 | 49940.0 | 49940.0 | 49940.0 | 49940.0 | kg
1069.8 | 1067.1 | 10745 | 10408 | 1061.6 | 1072.9 | 10647 | ft?
S 99.4 99.1 99.8 96.7 98.6 99.7 989 | m?
AR 9.04 9.07 9.06 9.02 9.05 9.00 9.01
t/c 0.14 0.14 0.14 0.14 0.14 0.14 0.14
A 0.36 0.37 0.35 0.39 0.38 0.32 0.31
279.9 2775 263.5 270.3 2715 279.8 280 ft*
Shi 26.0 25.8 24.5 25.1 25.2 26.0 260 | m?
206.4 201.3 207.1 206.7 208.6 208 2031 | ft°
Sw 19.2 18.7 19.2 19.2 19.4 19.3 189 | m?
51.1 50.3 50.8 52.3 50.5 51.3 51.1 ft
L 15.6 15.3 15.5 15.9 15.4 15.6 15.6 m
A 25 25 25 25 26 25 25 deg
AR 4.80 4.25 4.65 4.24 4.54 4.91 4.72
ARy 1.26 1.00 1.47 1.67 1.31 1.00 1.08
Ant 34 34 31 34 35 34 35 deg
Awvt 36 37 35 38 38 39 37 deg
Tail Con Con Con Con T Con Con
Type
t/c (tail) 0.20 0.20 0.17 0.18 0.16 0.20 0.18
Engine 2 2 2 2 2 2 2
number
110.0 110.0 110.2 110.8 110.3 110.1 1100 | ft
L 335 335 33.6 33.8 33.6 33.6 335 m
T/W 0.33 0.36 0.37 0.36 0.38 0.37 0.32
Payload 22550 22550 22550 22550 22550 22550 22550 | Ibs
Weight 10238 10238 10238 10238 10238 10238 10238 | kg
Crew 820 820 820 820 820 820 820 Ibs
Weight 372 372 372 372 372 372 372 | kg
Fuel 38652 38698 38270 38213 38263 38660 38815 | Ibs
Weight 17548 17569 17375 17349 17371 17552 17622 | kg
Empty 47939 47932 48321 48417 48367 47970 47815 | Ibs
Weight 21764 21761 21938 21981 21959 21778 21708 | kg
R 25429 | 25433 | 24927 | 24442 | 24656 | 2547.0 | 2558.6 |nm
ange 47095 | 47102 | 46165 | 4526.7 | 4566.3 | 4717.0 | 47385 |km
L/ D. 13.45 13.43 13.47 13.25 13.33 13.48 13.43
(cruise)
L/D
) 16.00 16.00 16.00 16.00 16.00 16.00 16.00
(loiter)
L/D (tly 10.00 10.00 10.00 10.00 10.00 10.00 10.00
alternate)
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Table 7.9: Range Optimization Constraint Control

Constraint Casel |Case2 |Case3|Case4| Case5 | Case6 | Case 7
>| 90 [Ib/t*| 102.79 | 103.09 | 102.34 | 105.69 | 10362 | 10252 | 103.31
W/S >
<1130 | Ib/ft“| 102.79 | 103.09 | 102.34 | 105.69 | 103.62 | 10252 | 103.31
W |> W 8321.6> | 8333.2> | 8364.5> | 8189.4>| 8407> | 8347.7> | 8235.8>
W= t 694.5 681.4 | 6419 | 657.5 679.6 698.8 700.9
Wi | > W 10575 > | 10577> | 10587> | 10614> | 10596> | 10578 > | 10573 >
fl= w 8322 8333 8365 8189 8407 8348 8326
Ly |> 0 10.34 10.34 | 1057 | 11.12 10.65 10.42 10.34
Lo | L 110.0 110.0 | 110.2 | 110.8 110.3 110.1 110.0
f|= >71.5 >71.5 | >71.5 | >71.5 >71.5 >71.5 >71.5
> 0.05 0.10 0.10 0.10 0.10 0.10 0.10
Vy
< 0.10 0.10 0.10 0.10 0.10 0.10 0.10
vV > 0.80 1.14 1.13 1.06 1.19 1.12 1.12 1.13
h < 1.30 1.14 1.13 1.06 1.19 1.12 1.12 1.13
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Figure 7.6: Cost-Generation Graphics Case 1 to Case 7
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Figure 7.8: Optimized Aircraft Side View for Range Optimization (Case 2)
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Figure 7.9: Optimized Aircraft (red) versus Embraer E-195 (blue) Top view (Case 2)
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Figure 7.10: Optimized Aircraft (red) versus Embraer E-195 (blue) Side view (Case 2)
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Table 7.10: Comparison of Optimization Results with Theoretical Results

Parameter MTOW Opt. | Range Opt. | ROSKAM Unit
ClLmax 2.002 1.929 2.000
1000.2 1067.1 997.3 ft°
S 92.9 99.1 92.7 m?
AR 9.10 9.07 7.97
s 0.30 0.37 0.28
264.9 2775 290.5 ft°
Sht 24.6 25.8 27.0 m?
200.4 201.3 117.4 ft?
Sw 18.6 187 10.9 m?
50.1 50.3 60.6 ft
L 15.3 15.3 185 m
A 25 25 28 deg
ARt 4.83 4.25 4.75
ARy 1.18 1.00 1.35
At 32 34 28 deg
Awt 35 37 43 deg
Engine number 2 2 2
110.1 110.0 102.9 ft
L 33.6 335 314 m
T/W 0.36 0.36 0.37
Cicru 0.63 0.63 0.50 Ibs/Ibs/hr
Cilt 0.54 0.54 0.60 Ibs/Ibs/hr
Cialt 0.95 0.95 0.90 Ibs/lbs/hr
. 22550 22550 22550 Ibs
Payload Weight 10238 10238 10238 kg
. 820 820 820 Ibs
Crew Weight 372 372 372 kg
. 33444 38698 25394 Ibs
Fuel Weight 15184 17569 11529 kg
. 48551 47932 57751 Ibs
Empty Weight 22042 21761 26219 kg
105365.0 110000.0 106565.0 Ibs
Max. TOW 47835.7 49940.0 48380.5 kg
Range 2000.0 2543.3 2000.0 nm
3704.0 4710.2 3704.0 km
L/D (cruise) 13.23 13.43 16.00
L/D (loiter) 15.44 16.00 18.00
L/D (fly to alternate) 11.40 10.00 10.00
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The comparison of results of two optimization processes and theory were given in
Table 7.10. The lift coeffiecient for MTOW and Roskam are very close while Range
optimization value is not too far from them.This situation is also valid for wing area.
There is remarkable difference between optimized results and theory for vertical and
horizontal tail and lift arm. Finally the most important result comparison are weights.
Although the theory and maximum take-off weight optimization gave the same
maximum take-off weight, the empty weight and fuel weight differs by huge value.
This can be a result of different specific fuel consumption and L/D values. Another
vital point is that theory and optimization gave the similar Maximum Take-off
weight while the specific fuel consumptions for optimization solutions are higher
than the theoretical solutions. This means that optimization solutions have lower
structural weights according to the theory. Therefore, the optimization method is

more successful than theoretical solutions to find lowest weighted aircrafts.
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8. CONCLUSIONS

The optimization process is a short and systematic way to design an aircraft with
desired parameters in a feasible region bounded by constraints. Genetic algorithm is
very useful method to apply optimization process. During the thesis, an interface
based on genetic algorithm was prepared to carry out the optimization by two
different way: maximum take-off weight and range. Genetic algorithm uses rank
weighted selection, mutation rate and single point crossover. The weight and range
of the aircraft was calculated by theoretical equations. The specific fuel consumption
and engine data is determined according to the selection of the user from the
interface; for solutions that was given in the thesis were calculated using the GE
CF34-10A engine. The results were overlapped with each other except some values
such as range and take-off weight which are the main aim of the optimization but
these solutions can be accepted because of assumptions especially for fly to alternate
and loiter L/D, velocity and specific fuel consumptions. In addition to that, penalty
parameter is very important for an optimization and in the thesis static penalty
parameters that were specified by trying each one to carry the solution to feasible
region causes to deviations. Despite the possible unstabilities of penalty parameters
each optimization problem provided the constraint successfully.

The optimized regional jet approximately has 50 tons maximum take-off weight with
half of this value will be empty weight with about 2000-2500 nm. range. An aspect
ratio is 9 and the wing area is 92-99 m? so aircraft will have 30 m. wing span. Unlike
the Embraer E-195, the optimized aircraft will have about 34 m. (110 ft) length.
Conventional tail and two engines is the most applicable design. The aircraft has 125
knots stall speed with C_max equals to 2. The cabin of the optimized aircraft will have
4 seats in a row, 31 inch pitch, with 110 passenger capacity. The drawings of the

optimized aircraft were given in the appendix.
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9. FUTURE WORK

Despite the optimization problems and genetic algorithm code gives good results,
many developments can be applied. First, the aircraft design equation can be
improved by adding new parameters, new constraints and new equations. The
optimization process can be carried out not with just a parameter; it can be multi
objective optimization instead of running separately the problems. The genetic
algorithm code can be improved by adding different selection and crossover
opportunities and these conditions can be shown on the interface to create many
options to user to select and run the optimization. In the thesis penalty parameters are
static penalties, there are many developed penalty algorithms that can control the
solution easily and without any intervention and one of these algorithms can be
added.

For interface, the results can be exported to a text file with a shortcut. More aircraft
and engine data can be implemented in the code and the solution can be compared.
Maybe after these upgrades, a drawing program can be used to model the optimized

aircraft.
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APPENDICES

APPENDIX A: Drawing of the Optimized Aircraft

_— @

Figure A.1: Optimized Aircraft isometric view
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Figure A.2: Optimized Aircraft cabin layout isometric view

-
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Figure A.3: Optimized Aircraft top view

Figure A.4: Optimized Aircraft cabin layout top view
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Figure A.5: Optimized Aircraft front view

APPENDIX B: Genetic Algorithm Code : Max. Take off Optimization

$Aircraft Optimization by Genetic Algorithm Single Point Crossover
$15.12.2013

% objective function 1 : take off weight optimization
OFl1="TOW';

% number of optimization variables

nvar=18;

$Stopping criteria

$max number of iterations
maxit=str2double (get (handles.itsay, 'String'));
gminimum cost

mincost=-9999999;

$population size
popsize=str2double (get (handles.popsay, 'String'));
$mutation rate
mutrate=str2double (get (handles.mutor, 'String'));
$population selection rate
selection=str2double (get (handles.SR21, 'String'));
% number of bits for each variable

% CLmax S AR t/c taper Sht Svt Lt sweep ARht sweepht sweepvt
ARvt t/cvt Nen Lf T W

nbits=[10 10 8 8 8 8 8 8 8 8 8 8
8 8 1 8 8 1;

o)

% total number of bits in a chromosome
Nt=sum(nbits);
Spopulation members that will survive
keep=floor (selection*popsize);
%$Handling values of variables
ppl=get (handles.CLmaxmin, 'Value');
switch ppl
case 1
CLmax1=2.0;
end
pp2=get (handles.CLmaxmax, 'Value');
switch pp2
case 1
CLmax2=3.0;
end
pp3=get (handles.Smin, 'Value') ;
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switch pp3

case 1
S1=1400;
end
ppé4=get (handles.Smax, 'Value') ;
switch pp4
case 1
$2=1500;
end
pp5=get (handles.ARmin, 'Value') ;
switch ppb
case 1
AR1=11;
end
ppb=get (handles.ARmax, 'Value');
switch pp6
case 1
AR2=12;
end
pp7=get (handles.t cmin, 'Value');
switch pp7
case 1
tcl=0.16;
end
pp8=get (handles.t c max, 'Value');
switch pp8
case 1
tc2=0.20;
end
pp9=get (handles.tapermin, 'Value');
switch pp9
case 1
taperl=0.5;
end

pplO=get (handles.tapermax, 'Value') ;
switch ppl0
case 1
taper2=0.7;
end
ppll=get (handles.Shtmin, 'Value');
switch ppll
case 1
Sht1=360;
end
ppl2=get (handles.Shtmax, 'Value') ;
switch ppl2
case 1
Sht2=380;
end
ppl3=get (handles.Svtmin, 'Value') ;
switch ppl3
case 1
Svt1=300;
end
ppl4d=get (handles.Svtmax, 'Value');

switch ppl4
case 1



Svt2=320;
end
ppl5=get (handles.Ltmin, 'Value');
switch pplb
case 1
Lt1=70;
end
pplé6=get (handles.Ltmax, 'Value');
switch ppl6
case 1
Lt2=75;
end
ppl7=get (handles.sweepmin, 'Value') ;
switch ppl7
case 1
sweepl=35;
end
ppl8=get (handles.sweepmax, 'Value') ;
switch ppl8
case 1
sweep2=40;
end
ppl9=get (handles.ARhtmin, 'Value');
switch ppl9
case 1
ARht1=7;
end
pp20=get (handles.ARhtmax, 'Value') ;
switch pp20
case 1
ARht2=8;
end
pp2l=get (handles.sweephtmin, 'Value') ;
switch pp21l

case 1
sweepht1=40;

end
pp22=get (handles.sweephtmax, 'Value');
switch pp22
case 1
sweepht2=45;
end
pp23=get (handles.sweepvtmin, 'Value');
switch pp23
case 1
sweepvtl=45;
end
pp24=get (handles.sweepvtmax, 'Value') ;
switch pp24
case 1
sweepvt2=50;
end
pp25=get (handles.CT_TTmin, 'String');
switch pp25

case 'Konvansiyonel'
T1=0;

91



end
pp26=get (handles.CT TTmax, 'String');
switch pp26
case 'T-Kuyruk'
T2=1;
end
pp27=get (handles.ARvtmin, 'Value');
switch pp27
case 1
ARvtl1=3;
end
pp28=get (handles.ARvtmax, 'Value');
switch pp28
case 1
ARvt2=3.5;
end
pp29=get (handles.t cvtmin, 'Value');
switch pp29
case 1
tcvl=0.16;
end
pp30=get (handles.t cvtmax, 'Value');
switch pp30
case 1
tcv2=0.20;
end
pp3l=get (handles.Nenmin, 'Value') ;
switch pp31
case 1
Nenl=2;
end

pp32=get (handles.Nenmax, 'Value') ;
switch pp32
case 1
Nen2=4;
end
pp33=get (handles.Lfmin, 'Value');
switch pp33
case 1
Lf1=140;
end
pp34=get (handles.Lfmax, 'Value');
switch pp34
case 1
Lf2=150;
end
pp35=get (handles.T Wmin, 'Value');
switch pp35
case 1
TW1l=0.3;
end
pp36=get (handles.T Wmax, 'Value');
switch pp36
case 1
TW2=0.4;
end
% upper and lower limits of the variables.

CLmax S AR t/c taper Sht Svt Lt sweep ARht sweepht sweepvt
CT-TT ARvt t/cvt Nen Lf T W

o\©
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up= [CLmax2 S2 AR2 tc2 taper2 Sht2 Svt2 Lt2 sweep2 ARht2 sweepht2 sweepvt2
T2 ARvt2 tcv2 Nen2 Lf2 TW2];
low=[CLmaxl S1 ARl tcl taperl Shtl Svtl Ltl sweepl ARhtl sweephtl sweepvtl
T1 ARvtl tcvl Nenl Lfl TWl];
% handling the design parameters
global crewl
crewl=str2double (get (handles.crew2, 'String'));
global paxl
paxl=str2double (get (handles.pax, 'String'));
global Vstalll
Vstalll=str2double (get (handles.Vstall, 'String'));
global R crl
R crl=str2double (get (handles.range, 'String'));
global hll
hll=str2double (get (handles.hl, 'String'));
global M crl
M crl=str2double (get (handles.Mcr, 'String')) ;
global Nseatl
Nseatl=str2double (get (handles.nseat, 'String'));
global w_seatl
w_seatl=str2double (get (handles.wseat, 'String'));
global w_aislel
w_aislel=str2double (get (handles.waisle, 'String'));
global pitchl
pitchl=str2double (get (handles.pitch, 'String'));
global E 1tl
E ltl=str2double (get (handles.loiterll, 'String')):;
global R all
R all=str2double (get (handles.editl103, 'String'));
%$handling the constraints
global gl 11
global gl 111
pp37=get (handles.Ol, 'Value');
switch pp37
case 1
pp371=get (handles.Gl, 'Value');
gl 111=1; %open selection activate the cons.
switch pp371
case 1
gl 11=100;
end
case 2
gl 11=1e+150;
gl 111=0; %closed selection de-activate the cons.
end
global g2 111
pp38=get (handles.G2, 'Value') ;
switch pp38
case 1
g2 111=1;
case 2
g2 111=0;
end
global g3 111
pp39=get (handles.G3, 'Value') ;
switch pp39
case 1
g3 _111=1;
case 2
g3 111=0;
end
global g4 111
pp40=get (handles.G4, 'Value') ;
switch pp40
case 1
g4 111=1;
case 2
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g4 111=0;
end
global g5 111
pp4l=get (handles.G5, 'Value');
switch pp4l
case 1
g5 111=1;
case 2
g5 111=0;
end
global g6 11
global g6 111
pp42=get (handles.G12, 'Value');
switch pp42

case 1
pp421l=get (handles.012, 'Value');
g6 111=1;
switch pp421
case 1
g6 11=0.10;
end
case 2
g6 _11=1le+150;
g6 111=0;
end

global g7 11

global g7 111

pp43=get (handles.G7, 'Value') ;
switch pp43

case 1
pp43l=get (handles .07, 'Value');
g7 111=1;

switch pp431

case 1
g7 11=1.6;

end

case 2
g7 11=1e+150;
g7 111=0;

end

global g8 111
pp44=get (handles.G8, 'Value') ;
switch pp44
case 1
g8 111=1;
case 2
g8_111:0;
end
global g9 111
pp45=get (handles.G9, 'Value') ;
switch pp45
case 1
g9 111=1;
case 2
g9_111:0;
end
global gl0 11
global gl0 111
pp46=get (handles.G10, 'Value');
switch pp46

case 1
ppé46l=get (handles.010, 'Value');
gl0 111=1;
switch pp46l
case 1
gl0 11=160;
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end

case 2
gl0 11=1e+150;
gl0 111=0;

end
global gll 11
global gll 111
pp47=get (handles.G1l1l, 'Value');
switch pp47
case 1
pp471=get (handles.O1l1l, 'Value');
gll 111=1;
switch pp471
case 1
gll 11=1.0;
end
case 2
gll 11=1e+150;
gll 111=0;end
global gl2 11
global gl2 111
pp48=get (handles.G1l2, 'Value');
switch pp48
case 1
pp48l=get (handles.012, 'Value');
glz 111=1;
switch pp481
case 1
gl2 11=0.05;

end

case 2
gl2 11=1e+150;
gl2 111=0;
end
$SENGINE
global Wel

global ¢ _j crl
pp49=get (handles.popupmenu40, 'Value') ;
switch pp49
case 1
Wel=str2double (get (handles.we, 'String')) ;
c_j crl=str2double (get (handles.cj, 'String'));
case 2
Wel=str2double (get (handles.we, 'String')) ;
c_Jj crl=str2double (get (handles.cj, 'String'));
case 3
Wel=str2double (get (handles.we, 'String')) ;
c j crl=str2double (get (handles.cj, 'String'));
case 4
Wel=str2double (get (handles.we, 'String'));
c_Jj crl=str2double (get (handles.cj, 'String'));
case 5
Wel=str2double (get (handles.we, 'String')) ;
c j crl=str2double (get (handles.cj, 'String'));
end
cl=low';
ccl=cl (:,ones (popsize,l));
rl=-ccl(:)";
min_var = r_l';
c2=up';
cc2=c2(:,ones (popsize,l));
r 2 =cc2(:)";
max var = r 2';
%Creating initial population
%counter
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iga=0;

$random population of 1ls and Os.
pop=round (rand (popsize,Nt)) ;

%convert binary to continuous wvalues
par=gadecode (pop,min_var,max_var,nbits);
%calculates population cost using OF1
cost=feval (OF1,par) ;

%min cost in element 1

[cost,ind]=sort (cost);

$sort population with lowest cost first
par=par(ind, :);

pop=pop (ind, :);

%minc contains min of population

minc (1)=min (cost) ;

%meanc contains mean of population
meanc (1) =mean (cost) ;

%$Iteration process

while iga<maxit

iga=iga+l;

%$Pair and mate

Snumber of matings

M=ceil ( (keep) /2) ;

Sweights chromosomes based upon position in list
prob=flipud((l:keep)'/sum((1l:keep))):;
$probability distribution

odds=[0 cumsum (prob(l:keep))'];

pickl=rand(1,M); % mate #1

pick2=rand(1,M); % mate #2

% ma and pa contain the indicies of the chromosomes that will mate
ic=1;

while ic<=M

for id=2:keep+l

if pickl(ic)<= odds(id) && pickl(ic)>odds (id-1)
ma (ic)=1id-1;

end

if pick2(ic)<=odds (id) && pick2(ic)>odds (id-1)
pa(ic)=id-1;

end

end

ic=ic+1;

end %while

$Performs mating using single point crossover
ix=1:2:keep;

xp=ceil (rand (1,M)* (Nt-1));

pop (keep+ix, :)=[pop (ma, 1:xp) pop (pa,xp+l:Nt)];
pop (keep+ix+1l, :)=[pop (pa,l:xp) pop(ma,xp+l:Nt)];
$Mutate the population
nmut=ceil ( (popsize-1) *Nt*mutrate) ;

mutations

mrow=ceil (rand (1, nmut) * (popsize-1))+1;
mcol=ceil (rand (1, nmut) *Nt) ;

for ii=1:nmut

pop (mrow (1i) ,mcol (ii) )=abs (pop (mrow(ii),mcol (ii))-1); % toggles bits

end

% The population is re-evaluated for cost

par (2:popsize, :)=gadecode (pop (2:popsize, :),

min var ((nvar+l) : (nvar*popsize), :),max var ((nvar+l): (nvar*popsize),:),nbits)
; % decode

cost (2:popsize)=feval (OF1l,par (2:popsize,:));

% Sort the costs and parameters

[cost,ind]=sort (cost);

par=par(ind, :);

pop=pop (ind, :) ;

minc (iga+l)=min (cost);

meanc (iga+l)=mean (cost) ;

% Stopping criteria

if iga>maxit || cost(l)<mincost
break

oe

index of mate #1
crossover point
first offspring
second offspring

o° oo

oe

total number of

oe

o\©

row to mutate
column to mutate

oe
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end
[iga cost(1l)];
end %iga
SWrite the optimized max. take off value
DPWTOF=sprintf ('$0.1f',cost (1))
set (handles.WTOF, 'String',6 bWTOF) ;
%handle the weight components
[f1,W payl,W crewl,W Fuell,WEl, L D crl,L D 1tl,L D all,dfl]=TOW(par(l,:));
SWrite the optimized values
set (handles.WPAY, 'String',W payl);
set (handles.WCREW, 'String',W crewl);
set (handles.WFUEL, 'String',W Fuell);
set (handles.WEMP, 'String',WEL);
%$handle and write L/D values
bl119=sprintf ('%0.2f',L D crl);
bl1120=sprintf ('%0.2f',L D 1tl);
bll21l=sprintf('%0.2f',L D all);
set (handles.LDcru, 'String',bl119);
set (handles.LDloi, 'String',bl120);
set (handles.LDal, 'String',bll121);
%$handle values of all variables.
blll=sprintf('%0.3f',par(1l,1));
bll2=sprintf ('%0.1f',par(
bl13=sprintf ('$0.2f"', par(
blld=sprintf ('%0.2f',par(
bll5=sprintf ('$0.2f"', par(
blle=sprintf ('%0.1f',par(
bll7=sprintf ('%0.1f',par(
bll8=sprintf ( (
bll9=sprintf (
bl1l10=sprintf (
bllll=sprintf(
blll2=sprintf (
blll4=sprintf ('%
(
(
(

v
v

blll5=sprintf
bllle=sprintf
bl1l17=sprintf
bll18=sprintf ('$%
if par(1,13)<0.5

bl113="'Conventional';

else

bl113='T Tail';

end
$write values of all variables.
set (handles.R1, 'String',blll

’

set
set
set
set

)

)
handles.R12, 'String',bl112)
handles.R13, 'String',bll113)
handles.R14, 'String',bll114);
handles.R15, 'String',bl11l5)
set (handles.R16, 'String',bll16)
set (handles.R17, 'String',bll1l17)
set (handles.R18, 'String',bl118)
% cost and iteration graph
iters=0:1length (minc)-1;

plot (handles.axesl,iters,minc, iters,meanc) ;

xlabel (handles.axesl, 'generation') ;ylabel (handles.axesl, 'cost');
legend (handles.axesl, 'best', 'population average')
grid(handles.axesl, 'on"')

) .
set (handles.R2, 'String',bll2);
set (handles.R3, 'String',bl1l3);
set (handles.R4, 'String',bll4);
set (handles.R5, 'String',bll)5);
set (handles.R6, 'String',bll6);
set (handles.R7, 'String',bll7);
set (handles.R8, 'String',bl18);
set (handles.R9, 'String',bll9);
set (handles.R10, 'String',bl110);
set (handles.R11, 'String',bll1l1l1l);

(
(
(
(
(
(
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SEMBRAER E-195 top view
AAA:textread('El95_GOVDE.txt');

xxXxX=AAA(:,1)/0.3048;

yyy=(AAA(:,2)-AAA(1,2))/0.3048;
AAA2=textread ('E195 SOL KANAT.txt');

xxx2=AAA2 (:,1)/0.3048;

yyy2=(AAA2 (:,2)-AAA(1,2))/0.3048;
AAA3:textread('El95_SAG_KANAT.txt');
xxXx3=AAA3(:,1)/0.3048;
yyy3=(AAA3(:,2)-AAA(1,2))/0.3048;
AAA4:textread('El95_KUYRUK.txt');

xxx4=AAA4 (:,1)/0.3048;

yyy4=(AAA4 (:,2)-AAA(1,2))/0.3048;

Soptimized aircraft top view

LLF=par(l,17);

SSS=par(l,2);

ARR=par(1,3);

SSSh=par (1, 6);

ARRh=par (1,10);

SSSv=par(1,7);

ARRv=par (1,14);

LLT=par(1,8);

bbb=sqrt (ARR*SSS) ;

bbbh=sqgrt (ARRh*SSSh) ;

bbbv=sqgrt (ARRvV*SSSv) ;

%$graphic coordinates

xxx1l=xxx*LLF/max (xxx) ;
yyyll=yyy*dfl/ (max (yyy) -min(yyy));
xxx44=xxx4*LLF/max (xxx4) ;
yyy44=(yyy4) *bbbh/ (max (yyy4) -min (yyy4)) ;
XxXX22=(xxx2-min (xxx2) )+ (min (xxx44)-1LLT) ;
yyy22=yyy2*bbb/2/ (max (yyy2) -min (yyy2)) ;
Xxx33=(xxx3-min (xxx3) )+ (min (xxx44)-LLT) ;
yyy33=yyy3*bbb/2/ (max (yyy3) -min(yyy3));

h(:,1)=plot (handles.axes2,xxx,yyy, 'b',xxx2,yyy2, 'b',xxx3,yyy3, 'b',xxx4,vyyy4,
'b', 'LinewWidth',2);

% hold(handles.axes2, 'on')

h(:,2)=plot (handles.axes2,xxx1l,yyyll, 'r',xxx22,yyy22, 'r',xxx33,yyy33, 'r',xx
x44,yyy44,'r', 'LineWidth', 2);

hold (handles.axes2, 'off"'")

% set(h(:,1), 'Color','b")

set(h(:,2), 'Color',6'k'")

xlabel (handles.axes2, 'length (ft)');ylabel (handles.axes2, 'span (ft)"');
axis (handles.axes2, [0 120 -60 60])

% legend(handles.axes2,h (1, :), {'EMBRAER 195', 'OPTIMUM
DESIGN'}, "location', 'eastoutside') ;
grid(handles.axes?2, 'on')

figure (1)

plot (xxx,vyyy, 'b',xxx2,yyy2, 'b',xxx3,yyy3, 'b',xxx4,yyy4, 'b', 'LineWidth', 2);
hold('on")

plot (xxx11l,yyyll, 'r',xxx22,yyy22, 'r',xxx33,yyy33, 'r',xxx44,yyy44,'r', 'LineWi
dth',2);

hold('off")

% set(h(:,1), 'Color','b')

$ set(h(:,2), 'Color','k")

xlabel ('"length (ft)');ylabel('span (ft)"');

axis ([0 130 -60 60])

% legend(handles.axes2,h(1,:), {"EMBRAER 195', 'OPTIMUM
DESIGN'}, "location', 'eastoutside') ;

grid('on'")

$SEMBRAER E-195 side view
AAA2]l=textread ('E195 YAN.txt');

[zal ind]=min (AAA21(:,1));

kal=AAA21 (ind, 2) ;

xxx21=AAA21(:,1)/0.3048;

yyy21=(AAA21 (:,2)-kal)/0.3048;
AAA22=textread('E195 DUS KUYRUK.txt');

xxx212=AAA22 (:,1)/0.3048;
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yyy212=(AAA22 (:,2)-kal)/0.3048;
AAA33=textread ('E195 WING BOX.txt');
xxx215=AAA33(:,1)/0.3048;
yyy215=(AAA33(:,2)-kal)/0.3048;
Soptimized aircraft side view
xxx213=xxx21*LLF/max (xxx21) ;
yyy213=yyy21*dfl/ (max (yyy21l)-min (yyy21));
xxx214=xxx212*LLF/max (xxx21) ;
yyy21ld=yyy212*bbbv/ (max (yyy212)-min (yyy212));
xxx216=xxx215-max (xxx215) +tmax (xxx212)+LLT;
yyy2le=yyy215*dfl/ (max (yyy2l) -min (yyy21l));
$plot (handles.axes4,xxx21,yyy2l, 'b',xxx212,yyy212, 'b',xxx215,yyy215, 'b', 'Lin
eWidth', 2);
% hold(handles.axes4, 'on')
plot (handles.axes4,xxx213,yyy213, 'k',xxx214,yyy214, 'k',xxx216,yyy2l6, 'k','Li
neWidth',2);
hold (handles.axes4, 'off"')
xlabel (handles.axes4, 'length (ft)');ylabel (handles.axes4, 'height (ft)"');
axis (handles.axes4, [0 120 -20 30])
grid(handles.axes4, 'on')
figure (2)
plot (xxx21,yyy2l, 'b',xxx212,yyy212, 'b',xxx215,yyy215, 'b', 'LineWidth', 2);
hold('on'")
plot (xxx213,yyy213,'r',xxx214,yyy21l4, 'r',xxx216,yyy216,'r', 'LineWidth',2);
hold('off")
xlabel ('"length (ft)');ylabel ('height (ft)"');
axis ([0 130 -20 30])
grid('on'")
%$gadecode function converts binary chromosome
%$to contionus variables
function f=gadecode (chrom,lo,hi,bits)
% chrom = population
lo = minimum parameter value
hi = maximum parameter value
% bits = number of bits/variable
[M,N]=size (chrom) ;
nvar=(length (lo) /M) ;

oe

oe

oe

number of variables

quant=(0.5."((1l:max (bits)) ")) ; % quantization levels
quant=quant/sum (quant) ; % quantization levels normalized
t=0;
for j=l:nvar
k=t+1;
t=t+bits(1,73);
£(1:M,3)=(chrom(1l:M,k:t)*quant (1:bits(1,5))).*(hi(j,1)-1lo(3,1))+1lo(j,1);
end

function [f,W pay,W crew,W Fuel,WE,L D cr,L D 1t,L D al,df]=TOW (x)
$TOW function is the objective function that will be optimized.
$Max. take off weight is divided into 3 main parts:
% Payload and crew, empty and fuel weight.

$PAYLOAD & CREW WEIGHT

%175 1lbs per person + 30 lbs baggage

global crewl

crew=crewl;

global paxl

pax =paxl;

W _pay = (pax*175 + pax*30); % [1lbs]
W _crew = (crew*1l75 + crew*30); $[1lbs]
$PARAMETERS

%stall speed

global Vstalll

Vstall=Vstalll;

%all variables

Clmax=x(:,1); S=x(:,2); AR=x(:,3); t c r=x(:,4); taper=x(:,5); Sht=x(:,6);
Svt=x(:,7); Lt=x(:,8); sweep=x(:,9); ARht=x(:,10); sweepht=x(:,11);
sweepvt=x(:,12); CT TT=x(:,13); ARvt=x(:,14); t cvt=x(:,15);
Nen=x(:,16); Lf=x(:,17); T W=x(:,18);

$wing loading

W _S=(0.5%0.0024* ((1.688*Vstall).”2).*CLmax); $[lb/ft"2]
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SFUEL WEIGHT

%$Mission profiles:

%engine startup/warm up

Wl W T0=0.99;

Staxi

W2 W 1=0.99;

%$Take - off

W3 W 2=0.995;

%Climb

W4 W 3=0.98;

%Cruise

$from table 2.2

%Range

global R crl

R cr=R crl; % [nm]
$Altitude

global hll

hl=h1l1; S[ft]
%$Density

rhol=(0.002377* ((1-7* (10" (-6))*hl)"~4.21)); $[slug/ft"3]
$Temperature

T=15-6.5*h1*0.3048/1000; C]

T2=(T + 273.15) * 9/5; % [R]

%Sound of speed

%288K = 518.40°R

$R=1716 ft-1b/slug/°R

a=sqrt (1.4*1716*T2) ;

%Cruise Mach number

global M crl

M_cr=M_cr1;

V_cr=M cr*a*0.3048/0.51; % [kts]
%Specific Fuel Consumption

global ¢ _j crl

c_j cr=c_j crl; %$[1bs/1bs/hr]
$Lift Coefficient

CL cr=W_S*W1 W TO*W2 W 1*W3 W 2*W4 W 3./(0.5*rhol* ((1.688*V _cr)."2))
%0Oswald Effiiency Factor

$Raymer s.299 p.157 e.12.50

e=abs (4.61*(1-0.045* (AR."0.68)) .* ((cos (sweep*pi/180)).70.15)-3.1);
K=1./ (pi*AR.*e);

%$Drag Coefficient

$Sexposed= Sref - cr*wf,

%according to excel data Sref mean=94.80; cr mean=5.42; Wf mean=3.48
%$s0 approximately Sexp=%20Sref (raymer s.150 p.83) (1-0.2=0.8)

oe

Cfe=0.0030; % (raymer s.280 p.140) (Civil Transport)
CD0=Cfe* (0.8*(1.977+0.52*(t_c r))) ;

CD_1=CDO + K.*(CL cr.”"2);

$Prandtl Compressibility Correction

CD_cr=CD 1/sqgrt(1-M cr*M cr);

L D cr=CL cr./CD cr;

W5 W 4=1./exp((R _cr*6076.12)/(V_cr*1.688)*(c_j cr/3600)./L D cr);
$Loiter

global E 1tl

$Loiter time

E 1t=E 1tl;

%average value - 0.85 Raymer s.17 table 3.3
c_j lt=c_j cr*0.85; % [1bs/lbs/hr]
% raymer square root of 0.866 equals to 0.93.
V_1t=V cr*0.93;

$Lift coefficient

CL 1t=W S*W1 W TO*W2 W 1*W3 W 2*W4 W 3.*W5 W 4./(0.5*rhol* ((1.688*V_1t)."2))
%Drag Coefficient

CD 2=CDO + K.*(CL _1t."2);

CD_1t=CD 2/sqrt(1-M cr*M cr*0.93*0.93);
$Fines ratio

L D 1t=CL 1t./CD 1t;

W6 W 5=1./exp(E lt*c j 1t./L D 1t);

% Descent
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W7 W _6=0.98;
% Fly to alternate

%$Range

global R _all

R al=R all; % [nm]

SAltitude is taken 10000 ft for fly to alternate.

h2=10000; S[ft]
rho2=(0.002377* ((1-7* (10" (-6))*h2)"4.21)); $[slug/ft"3]
T3=15-6.5*h2*0.3048/1000; 3 [C]

T4=(T3 + 273.15) * 9/5; % [R]

$R=1716 ft-1b/slug/°R,

%$288K = 518.40°R

alt=sqrt(1.4*1716*T4);

$Fly to alternate Mach is taken 30% of the cruise Mach number
M al=M cr*0.3;

V_al=M al*alt*0.3048/0.51;

%$Aircraft will burn fuel more than cruise.

c j al=c j cr*l.5; %$[1bs/1bs/hr]

$Lift coefficient

CL al=W S*Wl W TO*W2 W 1*W3 W 2*W4 W 3.*W5 W 4.*W6 W 5*W7 W 6./(0.5%rho2* ((1
.688*V_al) ."2));

$Drag coefficient

$Compressibility Effects Neglected due to M is lower than 0.3
CD 3=CDO + K.*(CL al."2);

CD_al=CD 3;

%$Fines ratio

L D al=CL al./CD al;

W8 W 7=1./exp(R _al/V_al*c j al./L D al);

% Landing and taxi

W9 W 8=0.992;

$Fuel fraction

MEf=W1l W TO*W2 W 1*W3 W 2*W4 W 3*W5 W 4.*W6 W 5*W7 W 6.*W8 W 7*W9 W 8;
% trapped fuel and oil

Mtfo=0.005;

W _tfo=(W_S.*S).*Mtfo;

W_F used=(1-Mff).*(W_S.*S);

W Fuel=W F used+W tfo;

SEMPTY WEIGHT

$flight controls, APU, hydraulics, electrical, furnishing,air
conditioning, $handling gear are not calculated.
$Wing Span

b= sgrt (AR.*S) ;
%$Ultimate load factor
Nz= 1.5*2.5;

%Control surface area to lifting surface area: %25 wing area
Scsw_r= 0.25;
%$Not moving h.tail

Kuht= 1;

%$fuselage width at horizontal tail intersection
Fw= 10; Sft]

%Horizontal tail span

Bh= sgrt (ARht.*Sht) ;

%$Elevator to tail ratio

Se sht= 0.25;

%wing weight

wing=0.0051* ((W_S.*S*Nz) .”(0.557)).*(S.7(0.649)).*(AR."(0.5)) .*(t c r.” (-
0.4)).*((1+taper).A(O.l)).*(cos(sweep/57.3).A(—l)).*((S*Scsw_r).A(O.l));
$horizontal tail weight

ht=0.0379*Kuht* ( (1+Fw./ (Bh)) .” (-
0.25)).*((W_S.*S).70.639)*(Nz"0.10) .*(Sht.”(0.75)) .* (Lt." (-

1)) .*((0.3*Lt.”~(0.704)) .* (cos (sweepht/57.3)) ." (-

1)) *((1+Se_Sht)"0.1) .* (ARht.” (0.166));

$vertical tail weight

vt=0.0026* ((1+ CT_TT).”(0.225)).*((W_S.*S) .7 (0.556))*(Nz"0.536) .* (Lt." (-
0.5)) .*(Svt.”(0.5)) .*(Lt.”(0.875)) .* (cos (sweepvt/57.3) ." (-

1)) .*(ARvt.” (0.35)).*(t_cvt.”(-0.5));

%no cargo door

K door=1;
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%$landing gear mounted on fuselage
Klg=1.12;

%$Number of seats at a row

global Nseatl

Nseat=Nseatl;

%one seat width

global w_seatl

w_seat=w_seatl; s [ft]
% aisle width
global w aislel s [ft]

w_aisle=w aislel;

% fuselage depth

df=(Nseat*w seat+w _aisle)*1.25; Sft]
%$distance between two seat

global pitchl

pitch=pitchl; Sft]

% fuselage length without radom and cone.

L=pax/Nseat*pitch; $[ft]

% fuselage cone length roskam part 2 p. 122

Lfc=3*df; S[ft]

% fuselage radom

Lfn=Lf-Lfc-L; S[ft]

$fuselage wetted area

Sf=0.75*pi*df*Lfn + 0.72*pi*df*Lfc + pi*df*L; s [ftr2]

Kws=0.75* (1+2*taper) ./ (1+taper) .* (b) . *tan (sweep/57.3) . /LE;
$fuselage weight [lbs]
fus=0.328*K_door*Klg* ((W_S.*S*Nz)."0.5) .*(LE£.”~(0.25)) .*(S£.7(0.302)) .* ((1+Kw
s).”0.04).*((L/df)~0.10);

$main landing gear weight [lbs]

%Torenbeek pdf s.283

mlg=40+0.16* ((W_S.*S) .~ (0.75))+ 0.019* ((W_S.*S))+1.5* (10" (-
5))* ((W_S.*S) .7 (1.5));

$nose landing gear weight [lbs]

%Torenbeek pdf s.283

nlg=20+0.10* ((W_S.*S)."(0.75))+ 2* (10" (=6))* ((W_S.*S) .~ (1.5));
% engine weight (lbs)

% ailrcraft estimation in interactive design process-Torenbeek
global Wel

We=Wel;

Wprop=1.357* (We) . *Nen;

Wnac=0.055* (T_W) .*Nen;

Wprop_ sys=Wprop+Wnac;

% surface controls weight torenbeek s.283

Wsc=0.64* ((W_S.*S) .~ (2/3));

%$kerosene weight

rho _ker=50.4; $1b/ft"3

$fuel volume

VE=W Fuel/rho ker;

$number of fuel tanks

Nft=8;

%$fuel system weight-torenbeek s.286

Wfu sys=80* (Nen+Nft-1)+ 15*(Nft.”0.5).*(VE£.”70.333);

% pneumatic system weight

starter=49.19* (Nen*We/1000) ."~0.541;

%anti - ice system weight

Want ice =0.002* (W_S.*S);

%handling gear weight system

Whg=0.0003* (W_S.*S);

%uninstalled avionics

UAV=1500; $1lbs

avionics=1.73* (UAV"0.983);

WE=wing + ht + vt + fus + mlg + nlg + Wprop sys + starter + avionics + Wsc
+ Wfu sys + Want_ice + Whg;

$%$CONSTRAINTS

%Tank Volume

VF=0.54*(S.”2)./b .* (t cr) .* (l+taper + taper.”2) ./ ((l+taper) ."2);
$Tail Volume Coefficient

$root chord [ft]
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Cr=2*3./(b.* (1l+taper));

%mean aerodynamic chord [ft]

mean c=Cr*(2/3).* (l+taperttaper.”2) ./ (l+taper);
% vertical tail volume coefficient
vv=(Lt.*Svt) ./ (b.*S);

% horizontal tail volume coefficient

vh=(Lt.*Sht) ./ (mean c.*S);

global gl 11

global gl 111

gl 1111=-W S/gl 11+1;

gl=gl 1111*gl 111;

global g2 111

g2 1111=-wing./ht+1;

g2=g2 1111*g2 111;

global g3 111

g3 1111=-fus./wing+l;

g3=g3 1111*g3 111;

global g4 111

g4 1111=-Lfn;

gd4=g4 1111*g4 111;

global g5 111

g5_1111=—Lf/L+1; % Roskam Part - 2 P.122- 11.86
g5=g5 1111*g5 111;
global g6 11

global g6 111

g6 11ll=vv/g6 11-1;
g6=g6_1111*g6 111;
global g7 11

global g7 111

g7 1111=vh/g7 11-1; % Raymer p.64
g7=g7_1111*g7_111;

global g8 111

g8 1111=-VF./Vf +1;

g8=g8 1111*g8 111;

global g9 111

g9 1111=-(W_S.*S)./(WE + W pay + W crew + W_Fuel)+1;

g9=g9 1111*g9 111;

global gl0 11

global gl0 111

gl0_1111=W S/gl0_11-1;

gl0=gl0 1111*gl0_111;

global gll 11

global gll 111

gll 1111=-vh/gll 11+1; % Raymer p.64
gll=gll 1111*gll 111;

global gl2 11

global gl2 111

gl2 1111=-vv/gl2 11+1; % Raymer p.64
gl2=gl2 1111*gl2 111;

p=(le+5)*(gl.”"2)....

+(le+l)*(g2.72)....

oe

Raymer p.64

+(le+3)*(g3.72)
+(le+l) * (g4."2)
+(le+3)*(g8.72)
+(le+3) * (g5.72)
+(le+3)*(g9.7%2) ....
+(le+2) *(gl2.72) .
+(le+3)*(g6.%2 + g7."2)
+(le+2)* (gll.”2)....
+(le+5) * (gl0."2);
WE=WE+p;

f=WE + W_pay + W_crew + W_Fuel
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