Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

Project

Department Fahrzeugtechnik und Flugzeugbau

CG-Travel of Passenger Aircraft

Nicolas Detalle

February 26™, 2010



Hochschule fur Angewandte Wissenschaften Hamburg
Fakultat Technik und Informatik

Department Fahrzeugtechnik + Flugzeugbau

Berliner Tor 9

20099 Hamburg

Germany

in cooperation with:

Ecole Supérieure des Techniques Aéronautiques et de Construction Automobile — Campus Ouest
Parc universitaire de Laval-Changé

Rue Georges-Charpak

F-53061 Laval cedex 9

France

Author: Nicolas Detalle
Delivery date: February 26", 2010

Examiner: Prof. Dr.-Ing. Dieter Scholz, MSME

Supervisor: Dipl.-Ing. Philip Krammer


(c)
Commercial use strictly prohibited.

Your request may be directed to:

Prof. Dr.-Ing. Dieter Scholz, MSME
E-Mail see: http://www.ProfScholz.de

Download this file from:
http://Bibliothek.ProfScholz.de


Abstract

This project deals with the analysis of CG-travel (Center of Gravity travel) of passenger Air-
craft. Knowledge has been gained through a literature research which has helped to under-
stand the relations between the different parameters. On ground, the CG travels because of the
boarding of passengers and the refueling process. Then the cabin layout and the geometry of
fuel tanks have been particularly taken into account. Indeed the position of each passenger
and the volume of fuel loaded strongly affect the CG position. The CG margins have a strong
impact on the horizontal tail-plane sizing. Rather than devel oping a separated tool, it has been
chosen to include it in PreSTo (Preliminary Sizing Tool). It allows investigating the impact of
different inputs on the CG-travel for short, middie and long range airliners with conventional
configurations. By using empirical formulas and a minimal number of input data, the CG
range, the CG margins and the load and trim sheet are given. These results are given with re-
spect to the MAC (Mean Aerodynamic Chord). They are both accurate and easy to obtain.
The computing has been made in a way to alow as many different study cases as possible.
Human engineering has also been an important part of this project: it is not needed to have
particular computing knowledge to use the software, which has been designed as user friendly
as possible. Nevertheless it is to keep in mind that the tool is limited to single deck aircraft
and only consider one level of comfort. At the end a comparison of results for two different
cabin layouts has been carried out. The reference aircraft has been based on the Airbus A320.
Its conventional cabin layout shows 6 seats abreast with only one aisle. Thanks to the tool an
aternative design with 2 aisles has been evaluated. The results given for the conventional
Airbus A320 have been compared to the real CG margins.
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CG-Travel of Passenger Aircraft

Task for a Project

Background

The Center of Gravity (CG) of an aircraft travels according to boarding/disembarking of pas-
sengers, loading/unloading of cargo and refueling on ground or fuel consumption during
flight. As often the case, the fuel is taken additionally from different aircraft fuel tanks. The
calculated CG travel is usually depicted in load and trim sheets. In this way, the required CG-
margin can be determined. During aircraft preliminary design, the required CG margin of the
projected aircraft influences heavily the wing positioning as well as the sizing of the horizon-
tal tail-plane.

Task

The task includes:

e Literature research

e Description of the interrelations between: CG travelling (CG margin), horizontal tail-
plane sizing and wing positioning in aircraft preliminary design

e Gathering of aircraft data in relation to the task performed

e Calculation of the CG travel constrained to aircraft geometry parameters — in general
and on the example of selected passenger aircraft

e Calculation of the CG margin constrained to aircraft geometry parameters in general.
Calculation of the absolute value of the CG margin with respect to the Mean Aerody-
namic Chord (MAC).

The report has to be written in English based on German or international standards on report
writing.
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Glossary

CG margins

The directives for qualification approval JAR 25dPAR Part 25 require that the CG lies in a
range where the safety is assured. The CG margiue to be furnished in the aeroplane
Flight Manual (sedAR 25 2009.

CS 25.27 Centre of gravity limits

The extreme forward and the extreme aft centrealfity limitations must be established for each
practicably separable operating condition. No sliatit may lie beyond —

(a) The extremes selected by the applicant;

(b) The extremes within which the structure is prgvor

(c) The extremes within which compliance with esgplicable flight requirement is shown.

CS 25.1583 (c) Weight and loading distribution

The weight and centre of gravity limitations esistiedd under CS 25.1519 must be furnished in the
aeroplane Flight Manual. All of the following infoation, including the weight distribution limi-
tations established under CS 25.1519, must bsepted either in the aeroplane Flight Manual
or in a separate weight and balance control anddiog document that is incorporated by refer-
ence in the aeroplane Flight Manual;

CG range
The CG range is defined as the distance betweefothard and backward CG margins. It
can be presented in terms of both distance-fromarda@nd percentage of the MAC.

Number of seats abreast
This is the amount of passenger sitting next td edber, or the amount of seats seen in the
cross-section.Goderis 2009

Seat pitch
The seat pitch is the distance between a poinnerseat and the same point on the seat in the
next row. Raymer 1989

Seat width
The seat width is defined as the distance from estrip armrest.

Mean Aerodynamic Chord (MAC)

The MAC is the chord of an equivalent linear tagermantwisted wing, which gives the same
lift and the same pitching moment than the previusy. The aerodynamic center is trans-
versally located on the MAC. The aerodynamic ceoter be determined through the follow-
ing properties: If we take an axis orthogonal te #ircraft plane of symmetry which goes
through the aerodynamic center, then the pitchiognent coefficient of the wing is constant
and independent from the lifTgrenbeek 1983
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Axes of an aircraft

In order to keep some consistence in the many diraes concerning wing geometry that
will be calculated, it is useful to define a cooratie system used for the entire aircraft. Figure
0.1 give a clear representation of the differersaand also gives their name as used in stabil-
ity definition. (Coene 2008

axis of yaw
{vertical)

axis of rofl
[lengitudinal)

axis of pitch {lateral)

Figure 0.1 Axes of an aircraft (based on Startflying 2010)

Dihedral angle

\.l

Figure 0.2 Positive dihedral angle v (Scholz 1999)

Incidence angle

Figure 0.3 Positive incidence angle i, (Scholz 1999)
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1 Introduction

1.1  Motivation

Nowadays engineers and designers have recours&RarCorder to develop new aircrafts in

a shorter time. The aim of the tools is to imprtdwe efficiency and minimize the cost through
using existing databases and automatic calculatismg computers is particularly adapted to
aircraft design, which is an iterative process.ollthas been developed at HAW Hamburg
and is called PreSTo, which stands for Prelimir&egmng Tool. PreSTo is used for education-
al purposes. It gives the possibility for studeiot@apply the presented process for re-disigns
of existing aircraft or notional new ones and leabout the reasons why current aircraft look
the way they doSeeckt 2019 Using Excel and macro level, this tool is redibipful to in-
vestigate the impact of different inputs during gneliminary sizing. It focuses on short, mid-
dle and long range airliners with conventional egunfations.

This project,CG-Travel of Passenger Aircrafdims to develop this tool further. It is one of
the purposes of PreSTo to give the possibilitydiudent projects to use individual steps of
the process of the aircraft design lecture anché&rhandbook data and program them into an
aircraft design tool§eeckt 201D This student project deals also with the biggesearch
project Aircraft design for LOw cost ground Handjiar shortly ALOHA. ALOHA is a joint
research project. The duration is 2 years and 4tmsoinnovative conventional and uncon-
ventional aircraft designs are being investigated avaluated with respect to ground han-
dling. The aim is to reduce ground handling costd as overall DOC(Scholz 2007

The CG position is of major importance during agilit phases. It affects the stability and the
maneuverabilityThus, automatically displaying the load and trineethhas been identified as
an important development. The CG position changemg ground handling processes. Dur-
ing the flight the CG also moves, due to the cornstion of the fuel from the different tanks.
This is the so-called CG travel. The load and shmeet gives the CG-range, which is the main
parameter to calculate the area of the horizoatalNMoreover the boarding of passengers, re-
fueling and cargo loading changes the CG. Considaidifferent cabin layout could lead to
different CG margins, and thus to different horizdriail plane surface area. The new func-
tions that have to be implemented in PreSTo haweaid together with the inputs and out-
puts from earlier design phases. Naturally they el written in VBA and integrated to the
existingMicrosoft ExcelSpreadsheet.
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1.2 Definitions

Load and Trim sheet

As required by JAR, the load and trim sheet is @ynteand balance control and loading doc-
ument which could be incorporated by referencéénderoplane flight manual. (sé&R 25
2009

JAR 25.1583 (c) Weight and loading distribution

The weight and centre of gravity limitations edifted under CS 25.1519 must be furnished in
the aeroplane Flight Manual... or in a separate gigiand balance control and loading document
that is incorporated by reference in the aeropl&tight Manual.

Figure 1.1 shows a load and trim sheet. The loadiiam sheet contains the valid scope for a
combination of aircraft mass and CG position. Tl t€@vel in loading and unloading is also
plotted in the load and trim sheet. The load amd sheet is used for air traffic as well as for
aircraft design.$cholz 199%

300

]
T o MTOW
- 8 j ;
5 Y T —-
- - 'v‘“ &
250} % | \é § 3
L R i [
N \ 4 2
S NS 1 F— — .8
i agh® < \

£
‘*--”..'QM FREIGHT HOLD

200F

TAKEQFF, LANDING

C.G POSITION~PER CENT MAC

i L cemrrrbere, L Il

10 15 20 25 a0 35 4c

G F FORWARD LIMIT . EN ROUTE

150
0

Figure 1.1 Example of a load and trim sheet (Torenbeek 1988)

Figure 1.2 shows the curves displayed in a loadteandsheet clearly. This load and trim
sheet is a good example of such a diagram for ranaéti having six seats abreast, two cargo
holds and three different types of tanks. The logdiectors can be shifted in the load and
trim sheet, but usually the boarding of passenigerensidered first.

The next curves in Figure 1.2 show the cargo Iaadind refueling. Please notice that the
loading sequence is important. When a loading sespués for example: 1. Passengers, 2.
Cargo, 3. Fuel, then the consequence of otherrgagBquences also have to be checked: 1-3-
2, 2-1-3, 2-3-1, 3-1-2. The unloading sequences laéso to be considere&dholz 1999
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weight [kg]

cakgo in fwd hold ! )
b3ggage infrear hold

middle seats frgm fwd o rear
aisle seats fromy fwd to Year

window seats fronmifwd tolrear

moment around reference point (e.g. 25% MAC) [kg x m]

Figure 1.2 Curves composing the load and trim sheet (Trahmer 2006)

Potato curves

Figure 1.3 illustrates the model of boarding. Ttatsg point in the diagram is the Operating
Empty Mass and the CG at Operating Empty mass. dssumed that the passengers firstly
occupy the window seats (A C). After the window seats are full, the seats nexhe win-
dow seats will be occupied (C D) and after that the seats located next to ai3le(E). If

the backward window seats are occupied first, tienweight and the CG move along the
right curve, that is to say for example along ththgA —» B2 - C). In case the forward win-
dow seat are occupied first, then the left curvik ba defined (A- B1 - C) (Scholz 99.
The curves are called potato curves after theppsha

T

— WEIGHT

- 1

Figure 1.3 Boarding of passengers in the load and trim sheet (Torenbeek 1988)
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1.3 Objectives

The tool should deliver accurate results with aimum of input data. The cabin layout and
the dimensions of fuel tanks have to match withtvwdaa be found on real passenger aircraft.
That is why the creation of the tool starts witlertature research, which also helps to under-
stand the interrelations between CG margin, hotadail-plane sizing and wing positioning.
Computing is a big part of this project. The langgias Visual Basic for Applications (VBA)
which is employed in alDffice applications. The running time to get the load &imd sheet
should be kept as short as possible. It is expdotedn in no more than around two or three
minutes. The goal is not to be particularly innox&tbut rather to create reliable and robust
software. Skilful maneuverings should be avoiddie €ode should deal with common loops
and tools used in VBA computation and commentechash as possible to help the under-
standing of computation. It should be kept undedddle and easy to read. Meaningful
names have to be chosen and each function ha#iliooinly one particular task. Small func-
tions have to be written in order to ensure bothid@and efficiency. The different functions
would be stored in the same object, in order tpke®STo easy to maintain.

Human engineering should not be forgotten and @aon-computer minded person should
be able to use the file at the end. For this pwe@rseasy to use man-machine interface has to
be developed. The nekxcelspreadsheet must look like the other spreadsh&etsdy in the
software. Nevertheless it should be possible totinennew functions independently, in order
to conduct tests. The interface is in English.

1.4  Structure of the present report

This report is structured in seven chapters areldppendices as follows:

Chapter 2 describes the boarding of passenger process arlie layout. This chap-
ter explains how the software works to displaypgbtato curves.

Chapter 3 describes the refueling process and the geomettlgeotanks. This chapter
explains how the software works to display the earvelated to the refuel-
ing.

Chapter 4 explains how the curves are finally displayed aftex entire calculation is

fulfilled.



Chapter 5

Chapter 6

Chapter 7

Appendix A
Appendix B
Appendix C
Appendix D

Appendix E

21

describes the CG range obtained and investiga@stact for the design of
the tail.

explains how to install the software and how talduthe calculation.

compares the tool output with expected resultsraativalues taken from the
aircraft A320.

Results from the software using the Airbus A32Quingata.

Load and trim sheet from the Airbus A320 Weight &atance Manual.
Input data for preliminary design of Airbus A320Rmnesto.

Top view of Airbus A320.

This is the CD-ROM containing the Excel tool and gresent report as PDF
file.



22

2  Boarding of passengers

2.1 Cabin layout

The passengers are naturally the first thing toktl@ibout when it comes to ground handling
processes. With freight and fuel they are alsoramater to affect the CGhe cabin layout
both has to satisfy technical specifications andeby the regulations. One of the require-
ments is feasible ground operations. The aim isoard and disembark in a short time. On
airliners the seats are arranged in rows runnimgsadhe fuselage. Most of the time the seats
are forward facing.

Important parameters are seat width and seat pitot seat width varies with the class of ac-
commodation. It is linked to the fuselage width d@neé number of seats abreast. It is defined
as the distance from armrest to armrest. The sieht yaries also with the class of accommo-
dation. It affects the legroom and the thicknesthefseatback, which are important parame-
ters of comfort. The seat pitch is the distancevbeh a point on one seat and the same point
on the seat in the next row.

AISLE
HEWGHT

HEADROOM

Al Y '

SEAT AISLE | PITCH |
1

WIDTH WIDTH
b | ) - I
_ | I
! \\ :
] ] |
Figure 2.1 Important cabin measurements (Raymer 1989)

|increasing comfort level |

427 62" seats
Economy Class NN X
20“ aisles
suness oo (7 CECFY () Sealele
medium range \ f 21% aisle
Business Class A e 54 80" seats
long range m To 23" aisles
4 | - —— — :\1 58% seats
First Class H 4; ﬁ ﬁ % H
I ! ] 25* aisles

. single compartment / bed
Super First Class direct aisle access

Figure 2.2 Seats and aisles width and comfort level (derived from Trahmer 2004)
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High density/
First class Economy small aircraft
Seat pitch (in.) 38-40 34-36 30-32
Seat width (in.) 20-28 17-22 16-18
Headroom (in.) >65 >65 -
Adisle width (in.) 20-28 18-20 =12
Aisle height (in.)} >76 >76 >60
Passengers per cabin staff 16-20 31-36 =50
(international-domestic)
Passengers per lavatory 10-20 40-60 40-60
(407" % 40")
Galley volume per 5-8 1-2 0-1
passenger (ft*/pass)
Table 2.1 Typical cabin and seat measurements (Raymer 1989)

The number of seats abreast leads to the minimunbauof aisles. Aircraft can be described
as narrow-body or wide-body. A narrow-body usuakgals with a single aisle with seats on
either side, with a seats abreast going from 2 6o example on the Beechcraft 1900 there
are only individual seats on each side of the aiBhey are usually short and middle range
airliners, the most famous being Airbus A320 an@iBg 737. When an aircraft shows more
than one aisle it is then described as a wide-lmtyaft. At that time not any commercial
aircraft has been manufactured with more than tisles because it is more efficient to de-
sign the aircraft as a double-decker instead. Atingrto JAR 25.817 the number of seats ab-
reast can theoretically run from 3 to 12 with twsles JAR 25 2009. Practically the smaller
number of seats abreast seen in wide-body airgaftin business class. The Airbus A380
and the Boeing 747 have ten seats abreast in egonlass, typically in a 3+4+3 layout.
Asymmetrical layouts also exist.

3
2 IN4-1191N 22 FT
1‘— PER SEAT

T20IN

OHC DASH 8

Figure 2.3 Examples of seat layout for different aircraft (Roskam III)

A top view of the seat layout is the best way tsuaiize the inside of a passenger aircraft. A
diagram of such seats in an aircraft is calledaihgraft seat map. It indicates the basic seating
layout, the location of the emergency exits, lakatoand galleys.
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Airbus A320 (158 seats)

First Class: Rows 1-2; 8 seats
Economy Class: Rows 11-35; 150 seats

=

SEEIL LT L]

11l iy
e

B FirsiClass Business Class Econamy Class
(@) Gallery (LLavatory (€] Closst & Bagsinet Fiting on Bulkhead
Figure 2.4 Seat map of Airbus A320 (Air China 2010)

2.2 Textbook case

The boarding is defined as the entry of passengjerthe aircraft. Boarding starts with enter-
ing the aircraft and ends with the seating of gaa$senger and closure of the doors. The air-
craft is described as “in flight” as soon as therdaare closed.

Even if airlines rarely require the passengersdart) in a really defined way, there is of
course a most efficient way to board. In the tegkboase passengers will enter the aircraft
and seat first on the seats which are further ¢oailsles. These seats are window seats and
seats in the middle, if they exist. For examplefitst seats to be occupied for a conventional
Airbus A320 will be the window seats at the lefdaight sides. The cabin floor is assumed to
be horizontal during the boarding and disembarkimgesses.

On many aircraft, the rightmost seats have letsighations H, J and K, skipping the letter I.
Another denomination has been chosen in the sadtwiris way the seats always keep the
same denomination. Figure 2.6 are different examplethe seat groups according to the

layout.
Az‘ A ‘ C ‘W

‘W‘C A | Al

Figure 2.5 Seats and aisles denominations for the loading process
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Layout 3+3: Step 1: Group W
Step 2: Group C
Step 3: Group A

W‘A Al

Layout 24+2+2: Step 1: Group W+NM1
Step 2: Group A

W‘C‘A Al

Layout 3+2+3: Step 1: Group WHNM1
Step 2: Group C
Step 3: Group A

C ‘ W

W‘C‘A Al

Layout 3+5+3: Step 1: Group WHNM3
Step 2: Group C+NM2
Step 3: Group A+NM1

JLZ‘ A ‘ C W

Figure 2.6 Loading process and seat groups for different seat layouts

2.3 Equations

Each new passenger sitting will make the CG trangllThe travel depends on the seat loca-
tion, the mass of the passenger and the mass ofttble aircraft (equipments, passengers al-
ready seated and cargo already loaded).

Ami

AxCG = xl'.z_"li (21)

Axcg is the travel of the CG is the algebraic distance from the position of ddded mass
Am to the actual position of the C@y is the mass of the componentt may be noticed that
when passengers board from front to rear the CGmalve forward first. After the row to be
occupied reaches a point backward to the actuatipo®f the CG, then the CG begins to
move backward. It is the contrary when passengeasdbfrom rear to front. It could happen
that the CG does not move if one passenger takataegactly at the actual position of the CG
(casex; = 0).
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weight [kg]

pax 1 vector ﬁr} /
empty weight

moment around reference point (e.g. 25% MAC) [kg x m]

Figure 2.7 Typical Vectors for boarding of passenger at the front of the CG (passenger 1) and
boarding of passenger at the back of the CG (passenger 2) (derived from Trahmer
2006)

myg

m (xWG,LEMAC - xCG,LEMAC) (2.2)
FG

XLEMAc = Xr¢ — XcGLEMac T

Equation (2.2)s to get the distancg emac from the aircraft nose to the leading edge of the
MAC. It is useful to define the wing position. Knowg the MAC it is also possible to get the
distance from the aircraft nose to the CG of theleaircraft.xcg emacis the distance from
the leading edge of the MAC to the CBxc andmgg are respectively the mass of the wing
group and the mass of the fuselage groug. emacis the distance between the leading edge
of the MAC and the CG of the wing group. The laatgmeter is¢g, which is the distance
between the aircraft nose and the CG of the fusejagup.

2.4 Inputs

On Excel the spreadsheets can be adapted to aavide of needs. They can contain buttons,
drop-down menus, listboxes or textfields. Concegrtime present application such possibili-
ties have been used to help the user. The progdsfcan be directly filled. Nevertheless the
information will not be verified by the softwareg & is the own responsibility of the user to

insert correct values.

The aim is to get as much input as possible froenettrlier design stages in order to reduce
the workload of user and minimize the time needeginialyze a new aircraft design. The cells
filled with inputs coming from previous phases eotored in light grey whereas the required

inputs should be typed in white cells. The softwaar not run properly if these inputs are not
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indicated. The number of passengers, the numbseais and the number of aisles can come
directly from the spreadsheet dealing with the cala@sign.

Mumber of passengers Npax | 70 1Ipassenger]
Max. Take-off mass MuTo | 20457 |[kg]

Max. landing mass ML | 19853 |[kg]

Max. zero fuel weight Mgg | 17725 |[I<g]
Operating empty mass Mge | 11073 | (kg
Figure 2.8 Inputs from the preliminary sizing

Inputs from the cabin design are really usefulriow the cabin layout (Figure 2.9). The rows
in the cabin could be located accurately, sincecti®n length, the nose length and the seat
pitch are given.

Cabin length Icabin | 14,750 |[m]
Mose length Inose | 4,00 |[m]
Seat abreast Mea | a |lseat]
Seat pitch Pitch | 0,700 |[m]
Aisles Maictes | 1 |[ais|e]
Rows Mrows | 17.5 |[row]
Figure 2.9 Inputs from the cabin design

The number of seats abreast is the indicator ferctass of accommodation. However the
previous input does not state the number of seatheleft and right sides and in the middle.
The previous design phases do not give more infoomao know how the passengers will
enter the aircraft. For example 9 seats abreasthwkquired a twin aisle configuration, can
be either 3+3+3 or 2+5+2. Such a difference wilcotirse affect the boarding process. The
load and trim sheet directly depends on the pdggilior the passengers to access the seats.
Another input is then needed to get a better dedmiof the seat layout (Figure 2.10). The
number of seats in each group will have to be edtby the user. This way it would be possi-
ble to know exactly which seats will be occupiedtfiassuming that the passengers board
like in the textbook case.
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2 g 2
Group | Group 3 Group 2
W 5 A M1 M2 M3
Exists? YES NO YES NO NO NO
Number 2] 0 2] 0 0 0)

Figure 2.10 Manual inputs to define the seat layout

In order to avoid mistakes a cell indicates if thput matches with the number of seats ab-
reast and the number of aisle previously indicaié@nks to new inputs it is possible to know

the exact number of window seats, cushion seaigsaseats, as well as the number of middle
seats. These numbers are written in a dedicatéet thle macro runs automatically each time

a white cell has been modified.

The passenger data is strictly reduced to the iffagare 2.11), which depends on the flight
range. It is perfectly understandable that tragel&ve heavy luggage when they fly far from
home, because they usually stay longer at therdgigtn place. The dedicated input is the an-
swer of the question “Is the flight short and ma&ldhnge?” and takes either the values “Yes”
or “No”. Only these two possibilities are availaliethe listbox. The average mass of a pas-
senger and luggage are defined in Table 2.2. Tiss wfahe aircraft will be increased by 93.0
kg or 97.5 kg for each passenger seating deperatinge average range. It is assumed that
each luggage is placed at the same longitudinalipwshan its owner. The value to be consi-
dered in the spreadsheet is chosen according ws#rés choice.

Short and middle range Mass passenger WMlpa [ sso ikl
Figure 2.11 Manual input to get the average mass of passenger and luggage
Short and middle range Long range
Passenger average mass 79.4 kg 79.4 kg
Luggage average mass 13.6 kg 18.1 kg
Total 93.0 kg 97.5 kg

Table 2.2 Average mass of passenger and luggage (Derived from Roskam )

In order to calculate the CG travel it is first ded to know the CG position at operating emp-
ty mass. Unfortunately this position has not besnutated in any previous design phase. It is
not the purpose to calculate this position sinee resent project only cares about the CG
travel. Nevertheless originate values are needddfat is the reason why something had to
be done anyway.
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Winggroup mass mue 100000 kel Fuselage group mass meg 70000.0 kel
Distance from CG to LEMAC XcG.LEMAC 250 [%MAC]
Distance from wing CG to LEMAC Xwe,Lewic [ 7 Jm lage length e
Distance from fuselage CG to fuselage nose Xa [ 950 m |Aircratt type @ Tuboprop
G e, reactors onwing
Initial CG MAC CGoamc 50,0 [%MAC] (et reactors on fuselage
Initial CG CGy 0.70 [m]
Mean Aerodynamic Chord Cuac [ oes  im

Figure 2.12 Input dedicated to the estimation of CG position at operating empty mass

The location of the CG at Operating Empty Weighli Wwe determined by using equation
(2.2). The user would have to indicate the masé#seowing group and fuselage group since
they are not given from the previous design phaBes.next manual input i&c Lemacin per-
centage of MAC. This value is really important besmit is actually the abscissa of the point
at Operating Empty weight. For a rectangular wihg tierodynamic center is located at
0.25%MAC. Since the aerodynamic center is the pehdre the pitching moment coefficient
is constant it is usually aimed to place the C®perating Empty Weight on this location.
Xwa,LEmAac IS also to be indicated manuallyg can be found tanks to indications given by
(Torenbeek 1988. The needed information is stored in the spreaeisiThe user simply has
to indicate the aircraft configuration. Admittediye result is not as accurate as it could be,
but the correct value should come from anothergieghase in the future. The development
of a new macro calculating the CG position is aetconsuming work.

2.5 Functions and outputs

Then the boarding of passengers can be simuldtesdalways the first function to run in or-
der to get the load and trim sheet. The first stieghis function is to clean the tables previous-
ly created. It does not really make sense to hawenaber of seats which is not divisible by
the number of seats abreast. One of the spectitatf this software is to give a correct re-
sult with the general cases. Other studies fopHrécular cases can be done to get more de-
tailed results. Then the software will always assuhat the number of passengers is the next
upper number divisible by the number of seats abrea

At the beginning it is assumed that the CG wilv&lain a range from -50 to +150%MAC.
The abscissa values are the first to be writtathentable, with a step of 0.25%MAC between
two values. It means that for each passenger ge@meach group of passenger, depending
on the cabin layout) a precision of 0.25%MAC carabkieved.

Further on the MTOW, MLW, MZFW and OEW are enteirethe table. These curves can be
easily displayed since they are horizontal curveshe loading diagram. These values are
fixed values for a defined aircraft design and ¢hisrno need of any calculation to get the
curves.
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The cabin layout is defined as follows. Each rowseéts is considered after the other. The
last row is considered to be at the most backwasitipn in the cabin, with an offset of 0.1 m
in order to allow the backseat to recline. The G@axch passenger is supposed to be 0.1 m
from the most rear point of the seat. The seahpgadded to the previous position in order
to get the position of the next forward row. It ntag/noticed that the emergency exists, toilets
and galleys are not taken into account.

The curves for the passengers to enter the airangftseat at the first available seat beginning
from the front and beginning from the back areriegéng curves to plot. Indeed they can be
compared to the load and trim sheet with passersitirsy as described in the textbook case.
They are the most critical curves, and then the dascribed by these curves is to be avoided
as much as possible by the airlines. The boardiagess is divided in groups of seats. There
are as many curves to display as groups of sehess@ats will be occupied from the nose to
the rear of the aircraft, or from the rear to tlesen This will give two different curves, which
draw one so-called potato. Once all seats belonirige first group are occupied, then pas-
sengers board to seat on the seats belonging teettend group. These steps continue until
there is not any seat available in the cabin. ThduteLoad_passengers deals with this
algorithm. The number of window seats, aisle saatscushion seats, as well as the number
of seats in the middle are caught from the spresgisilror each group of seat there are one
curve for loading of passengers from front to raad one curve for loading of passengers
from rear to front to be drawn.

The different points correspond to the actual pmsibf the CG in abscissa and the mass of
the aircraft in ordinate. Each row is considerddrahe other and the number of points to dis-
play is equal to the number of seat groups muttpby the number of rows. For example, 3 x
27 rows = 81 points for a single class conventigkighus A320. Since there are two curves
(loading from rear to front and loading from frdatrear), it makes 162 points altogether. The
ways to get the different points of these curvessamilar, only the order of rows to consider
will be different. This difference is taken into caunt thanks to the functions
Load_passengers_front_to_rear andLoad_passengers_rear_to_front.

Each new seat to be occupied will lead to a smael of the CG. This travel is determined
through equation (2.1). At the beginning of thediog process the mass is the operating emp-
ty mass. The mass of the aircraft will be incredsedach new passenger sitting. This gives
the absolute position of the CG measured from tloeadt nose. Knowing the MAC and the
position of the CG at the operating empty mass then possible to get the relative position
of the CG in percent of the MAC. The calculateduesl are stored in arrays.

The next step is to transfer these values intdetkel spreadsheet in order to plot the curves
at the end. The table runs from -50% to +150% efMAC. Since the tool is developed to

evaluate new designs, it may happen that the vateutside these boundaries. In such a
case the boundaries will be automatically extendetthe smaller and higher values needed.
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At the end of the functions the titles of the cohgrare written in accordance with the group
of seat considered. These titles are importantusecthey will be further used to write the le-
gend of the load and trim sheet. Moreover the osay directly refer to the table in order to
get a better idea of the plotted points. The pafiesach potato curve are stored in four differ-
ent columns:

 Seats rear to front rear
» Seats rear to front front
Seat front to rear front
Seat front to rear rear

Where ‘Seats’ can be the following string, depegdin the number of seats abreast and the
seat layout:

« W

« A

« C

e M1

e M2

* M3

W and M1
W and M2
W and M3
A and M1
A and M2
C and M2
C and M1

These names may change after the entire calculaiulfilled, as explained in Chapter 4.
The actual position of the CG and the mass of treadt are stored for the next group of
seats to be considered or as origin for the comgigeling process analysis if the entire
boarding process has been fulfilled.

Even the potato curves obtained at the end arly dated to what can be obtained for a rea-
listic aircraft, there are still limitations to usegeneral tool like the present one. Indeed only
one seat pitch is given, which means that the ckyiout will always be considered with a
single level of comfort. When using the tool ittcskeep in mind that it is limited to single
deck aircraft. This is also the case in the previdesign phases. The last difference between
the software and realistic aircraft is the numifeseats abreast which differs in the tail, com-
pared to the rest of the cabin. Also it may hapie there is no seat in some location be-
cause space is occupied by toilets, galleys cesislr emergency exits.
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3  Refueling

Figure 3.1 Refueling at Helsinki Vantaa international Airport

3.1 Fuel tanks

The wing design of common passenger aircrafts dentd spars and ribs. The stringers sup-
port the wing panels and give the shape of theiaiifhe load carrying material is distributed
over the whole structural chord in conjunction witfo or more spar webs. The fuel tanks are
usually located in the wing box, which lies betwélas front and rear sparBédrry 2008).

Most aircraft fuel systems consist of several tatiks to space, slosh, CG management and
safety reasons. The general layout consists ofbomeore boost pumps that feed the engines
from a collector tank, usually a fuselage tank @thclose to the CG. The fuel can be trans-
ferred from one tank to another by gravity or ugmgnps, depending on the fuel system ar-
chitecture Gavel 2004. There are three main types of fuel tanks; ditscreladder and
integral tanks Raymer 1989. Integral tanks are very widespread in moderrsgager air-
craft.

Due to the complexity of modern aircraft, the looatof the different tanks results of a com-
promise. They are placed to allow a reasonable Cihadgement. The shape of the tank
should ensure that the fuel can be pumped outeotfatik with a minimum of residual fuel.
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Most of the case the previous requirements legdace the tanks in the center wing box and
in the wing box. The size of the tanks of largecraift does not allow refueling by gravity.
Pressure refueling through sealed connectors id. URee desire to keep turnaround times
short gives requirements of high refueling flonesaGavel 2004.

The relation between the CG and the aerodynamitecénvital to the aircraft stability con-
trol. Tanks are usually used during flight to mamaige CG by pumping fuel aft or forward.
Some aircraft, such as Airbus A380, are fitted véthank in the horizontal tail boxGavel
20049).

Looking at diagrams from Aircraft recovery manuagcraft are equipped with different
tanks. The center wing box may be filled with fumhd the tank called center tank. Usually
the major part of the fuel is stored in the wingeTanks which are closer to the fuselage are
referred to inner tanks, while the tanks next ttip are referred to outer tanks. If there is no
separation between the tanks, then the big taskniply named wing tank. There can also be
surge tanks and vent tanks in the wing.

VENT TANK TRIM TANK

SURGE TANK

MO TANE
FEED TﬁNl(S—___\-__V_______' g ..___-" OUTER TANK

WENT TANK

A FL FLEL LINE

FEED TANK 2 MID TANIC SURGE TANK

Figure 3.2 Fuel tanks of Airbus A380 (Airbus 2010)

CENTER T»\NK\ %
OUTER TANK N OUTER TANK
VENT/SURGE TANK
VENT 7GE TANK

_ " ~

2| T

INNER TANK INNER TANK

Figure 3.3 Fuel tanks of airbus A319 (Airbus 2010)
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3.2 Inputs

The inputs to draw the curves concerning the refgadive all the needed information to de-
termine the geometry of the tank. Actually the amlgnual input concerns the positions of the
front and rear spars. The other inputs come athftioe wing design.

Root chord o —m— Kink chord - —— T n i
wingspan b —r—

Fuselage diameter de [m]

Front spar position FSroot 12,00 [%6cr] Rear spar position RSroot [ 6500 Jiseen

Sweep front spar inner  Ags; [1 Sweep front spar outer  Aso [ 20 9

incidence angle i —-a—

dihedral angle r | | kink semi-span i 5.96 [m]

root relative thickness  (t/c) 0,150 [-1 tip relative thickness  (tic) [ 0133 ][] kinkrelative thickness (tich [-1
Figure 3.4 Inputs used for the fuel tank definition

3.3 Definition of tanks in the Excel tool

leading edge

"\ P250
g T
>
a.c.

Ck
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foYe 7

* - Cy
center line} trailing edge

b/2

root fuselage kink tip

Figure 3.5 Geometry of a double trapezoidal wing (Scholz 1999)

All wing tanks for aircraft with trapezoidal wingsd double trapezoidal wings (Figure 3.5)
can be defined properly. The tanks are seen atumedbetween 6 different plane areas. The
eight corners of these volumes are the points ACH), E, F, G and H. The positions of the

points are defined in the coordinate system otdéh&. The point A is always the origin of the

previous coordinate system. The position of eachtp® defined as follows:
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Position along x-axis Position along y-axis Positalong z-axis
A 0 0 0
B Distance between front0 0
spar and rear spar at wing
root
C Distance between frontThickness at wing root xThickness at wing root
spar and rear spar at wingin(-dihedral) cos(dihedral)
root
D 0 -Thickness at wing root xThickness at wing root
sin(-dihedral) cos(dihedral)
E 0.5 x (wingspan - fuselage.5 x (wingspan - fuselaged
diameter) x sin(sweepdiameter)
front spar)
F 0.5 x (wingspan - fuselagé.5 x (wingspan - fuselaged
diameter) x sin(sweepdiameter)
front spar) + distance be-
tween front spar and rear
spar at wing tip
G 0.5 x (wingspan - fuselageé.5 x (wingspan - fuselagerThickness at wing tip
diameter) x sin(sweepdiameter) cos(dihedral)
front spar) + distance be-
tween front spar and rear
spar at wing tip
H 0.5 x (wingspan - fuselaged.5 x (wingspan - fuselageThickness at wing tip
diameter) x sin(sweepdiameter) cos(dihedral)
front spar)
Table 3.3 Definition of the corner positions for the right wing tank

Figure 3.6

Definition of the right wing tank
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For the center tank:

Position along x-axis Position along y-axis Positalong z-axis
A 0 0 0
B Distance between front0 0
spar and rear spar at wing
root
C Distance between fronfThickness at wing root xThickness at wing root x
spar and rear spar at wingin(-dihedral) cos(dihedral)
root
D 0 Thickness at wing root xThickness at wing root x
sin(-dihedral) cos(dihedral)
E 0 Fuselage diameter 0
F Distance between frontFuselage diameter 0
spar and rear spar at wing
root
G Distance between frontruselage  diameter |-Thickness at wing root x
spar and rear spar at wing hickness at wing root xcos(dihedral)
root sin(dihedral)
H 0 Fuselage  diameter | -Thickness at wing root X
Thickness at wing root xcos(dihedral)
sin(dihedral)

Table 3.4 Definition of the corner positions for the center tank

Figure 3.7 Definition of the center tank

To simplify the running of the software and makaseful to evaluate the general design of an
aircraft it has been chosen to consider only twiednt types of tanks. The wing tank is lo-
cated in the wing between the front spar and rear. 8t is assumed that this tank goes from
the wing root to the wing tip. Its upper and lovgerfaces are the skin of the wing. Since the
calculation time is already important it has bebosen to not consider the kink. This would
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have lead to three different types of tanks inst&asvo and actually the front and rear spars
are not affected by the kink on many wing desighs the case on Airbus A320 and Airbus
A340 for example). Indeed, the kink is usually desd as a storage area for the retracted
landing gear. The thickness is considered to deeréaearly from the root to the tip. Then
the upper and lower sides of the wing tanks areplane areas. The center tank also lies be-
tween the front and rear spars along the longitaldaxis, the two wing root ribs along the
transversal axis and the upper and lower skinb@fiting along the vertical axis. The center
tank is then defined exactly as the center wing. Gdre top view of the wing and the tanks
can be seen thexcelsheet (figure 3.8). The view is directly updateldew input is changed
(there is no function to run).

Wing and tanks plan view

—Wingcircumference

Kinkline

Fuselage

Low Speed Ailerons

—

1 ——High Speed Ailerons

FrontSpar Wing tank

Rear Spar Wing tank

FrontSpar Center tank

oW B W R O R L
1
i

o1 2 3 4 5 6 7 B 9 1011 12 13 14 15 16 17 Rear Spar Center tank

Figure 3.8 Wing and tanks plan view

The attachment of the Wing to the fuselage shovesamgles: the dihedral angle (Figure 0.4)
and the incidence angle (Figure 0.5). These arigles to be considered because the top sur-
faces of the fuel inside the tanks depend on tradues.

During the refueling the aircraft is steady and ¢inéy forces acting on the fuel in the tanks
are the weight and the force of the tank actingheniquid particles. Then the fuel top surface
will be orthogonal to the gravity vector. As a liguthe fuel will naturally take the shape of
the tank.

Unfortunately there is no data available concerrthey ribs from the earlier design phases.
These parts naturally occupy a certain volume angig wing, which should be considered in
order to get a better result. This problem is gastlved in the volume calculation because
some elementary cubes will not be considered ag d&snone of its corners is outside the de-
fined tank.
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3.4 Equations

The CG travel is determined through equation (Bréyiously used in Chapter 2.

Ami

AxCG = xi.ﬁ
i

(2.1)

The basic idea to get the CG in a tank is to mdsh tank after the height points

AB,C,D,E,F,G and H have been properly defined.nEglementary volume is a small cube,
which can belong to the fuel tank or not. It hadeéined size along the three different axes.
The position of the small cubes will be comparedht® eight sides of the tank. It would be
possible to sum up the volumes belonging to thk lamrder to get the whole volume of fuel

loaded as a result. The CG of the tank is calcdlafeer knowing the position of the Centers
of Gravity of all elementary volumes through eqoat{2.2).

Xmix;
Xcg = Zm_'rnjc (22)

The fuel is a homogeneous liquid. It is then pdssib calculate the mass of fuel as long as
the volume and the density are known. The most contyrused fuel for commercial aviation
is Jet A-1 which is produced to a standardizedrmatigonal specification. The density of this
commercial aviation fuel ig; = 0,785 kilogram per liter. WitN; the volume of fuel in cubic
meter the mass of fuel is then determined usindaih@ving Equation.

Due to the dihedral angle and incidence angle a&edulse usually the lower side of the tanks
is not orthogonal to the gravity vector, it is regd to use matrix calculation to move from
the aircraft coordinate system into the coordirtetem of the tank. The vecttu, v, w)is
expressed in the aircraft coordinate system andehbtor (u;, v;, w;) is expressed in the tank
coordinate system.

cosi, O sini,]r1 0 0
[Ur Ve Wel=[u v W][ 0 1 0 ”0 cosv —sinv] (2.4)
—sini, 0 cosi,ll0 sinv cosv

3.5 Functions

In order to plot the curves it is needed to get @& position for different volumes of fuel
transferred in the tank. The first tanks to beefllare the wing tanks. Thus the first function to
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run isLoad_fuel_wing_tanks. The second function is calledad_fuel_center_tank and
runs the calculation for refueling the center tafsgart from the definition of the tanks geo-
metry, the two functions have a common way to fithee main difference is actually that the
values obtained at the end of the functi@mad_fuel_wing_tanks are stored because they
will be used as origin values for the functiosad_fuel_center_tank.

The equation of a plane & + bv + cw + d = Q Thus a system of three equations and four
unknowns has to be solved. The parameters to shivesystem are the position of three
points defining the surface along the x-axis, ysaand z-axis. When the positions of three
points A,B and C belonging to the plane are knawen the solutioifa,b,c,d)is given by:

a = (VAb x wAc) - (WADb x VAC)

b = -(uAb x wACc) + (WADb X UAC))
¢ = (uAb x VAc) - (VAb X UAC)
d=-Uaxa-Vaxb-Waxd

with: uAb = Ub - Ua

vAb = Vb - Va
wAb = Wb - Wa
UAc = Uc - Ua
VACc =VcC - Va

wAC = Wc — Wa

The equations of the eight planes ABC, ADH, CDH@&®@BF and EFG are of major impor-
tance because they are useful to test if a poilddated inside or outside the tank. Indeed
each tank is defined as the volume which fulfillstlze following criteria (forward and back-
ward, right and left and under and above are takéme tank coordinate system):

* The volume is backward to the plane ADH
e The volume is forward the plane BCG

* The volume is right to the plane ABC

e The volume is left the plane EFG

* The volume is under the plane CDH

* The volume is above the plane ABF

The gravity vector has to be written in the cooatinsystem of the tank because it allows
much simpler calculation. At the end the CG posifior each tank would be written back in-
to the aircraft coordinate system by multiplying fhosition vector by rotation matrices.

In order to allow the user to have a better ideauahow the tanks look like, it is possible to
plot the tanks in three dimensions. Dedicated fegevgoftware calle@Gnuplotis used for this
purposeGnuplotis a portable command-line driven program that gamerate two- and two-



40

and three-dimensional plots. The source code igrigiged but freely distributed. It can be
easily downloaded from the official website www.giat.info. Plotting the tanks has been
really useful during the development of the sofevir check their geometries. Two text files
are created automatically when the functionsoad_fuel_wing_tanks and
Load_fuel_center_tank run. The text files are named tankW.txt and tabkGind are re-
spectively used to plot the right wing tank and ¢kater tank. Please be sure to write the path
of the folder where the text files should be stamednitial value for the variablgath in the
functioncreate_text_file. The text file is formatted to be used wimuplot the positions
of the eight points A, B, C, D, E, F, G and H anétten in columns. The columns 1, 2 and 3
respectively contain the positions along the x-ayiaxis and z-axis. The date of creation of
the file is also indicated.

B tankC.ixt - WordPad g@@
Fichier Edition Affichage Insertion Format ?
DEHE S0 M B

¢ Tank file from Excel VEA
# 'TankW' stands for Wing tank. 'TankC' stands for Center tank
# Created 22 2 2010

# X T Z
a a 0 #i
1.591655753637305 u} 0 #EB
1.59168878637308 a 0.570096393340535 #C
a a 0.570026399340535 #D
a a 0 #i
u} 2.74064271518742 0 #HE
1.591658578635373085 Z2.74064271515742 o #F
1.59168378637308 2.74064271518742 0.570096392340535  #G
a Z.740642715158742 0.570026392340535 #H
u} 2.74064271518742 0 #HE
Appuyez sur F1 pour obtenir de l'aide
Figure 3.9 Text file created automatically by the software

It is to notice thaGnuplotshould always be launched from the same folderevtie text file

to plot is stored, otherwise the files can not twentl. The plotting can be launched through
command lines, to be written by the user in @@uplotcommand window. The command
set parametric is required to use a parametric plot. The commspdlot takes the
name of the file as parameter. The view can beggmwith the commanset view an-
glel, angle2 will change the orientation of the plot. More ftinas are available in
Gnuplot They can of course be used to improve the disfatare not of major importance
for the present project. More information abouthgssnuplotcan be found in th&nuplot
manual.
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A gnuplot -|Of x

File Plot Expressions Functions General Axes Chart Skyles 3D

Help
Flt:plut| Open | Save | ChDir | Print | PriSc |

F

EHUPLOT

H5-Hindouz wersion 3.5

patchlevel 3.50.1.17, 27 Aug 93

lagt nodif ied Fri Aug 27 05:21:33 GHT 1993

Copyright(C] 1986 - 1993 Thonaz Hillianz, Colin Kelley

Send connentz and requests for help to info-gruplot@dartnouth.edu
Send bugs, suggest ionz and nods to bug-gnuplotBdartnouth.edu

Terninal type set to “windous’
gruplot> zet paranetric

dunny wariable iz t for curves, ufy for surfaces
qruplot> splot "TankH.t=t" uzing 1:2:3 with lines

qruplot> splot "TankCzet output.t=t" using 1:2:3 with lines -
4 3

Figure 3.10 Command lines to plot the right wing tank and the
center tank in Gnuplot

Then comes the simulation of the refueling proppée volume will first be meshed, that is to
say divided in many small elementary cubes. Matligadly a volume is made of an infinite
number of points. That is the reason why enginasesmeshes, which allows to reduce the
amount of data and to get accurate results inivelgtshort running time. A meshed volume
will be defined with a finite number of points. Tldata concerning each elementary cube,
such as the positions along the different axestoied in arrays. In order to limit the running
time it is aimed to mesh with cubes having a pragpee. The size should not be either too
small, because the running time would then be ¢og,l or too big, because the result has to
be accurate at the end. To do so the bigger dissabetween two points of the tank on the
three axes are needed. They are determined byceagyarison since the sides of the tank are
plane areas. It has been chosen to mesh the tathik&@velements along the x-axis, 100 ele-
ments along the y-axis and 20 elements along @edsz-which gives 40000 elementary cubes
altogether. This number always stays the same aad dot depend on the wingspan, thick-
ness or chord. This way the size of the aircraisdaot affect the size of the arrays.

Next is to determine if each elementary cube antbegl0000 is actually inside or outside the
volume occupied by the fuel transferred in the tartkat is the point where the equations of
the different sides of the tank are useful. Moreaves required to get the equation of the top
surfaces of the fuel. The refueling process forhetank will be considered at 20 different

moments, which show 20 different top surfacesslita determine the lower top surface,

which corresponds to the first point to be plotiedhe load and trim sheet and the upper top
surface. All the other top surfaces are obtainecding 1/20 of the total distance between
the lower and the higher top surfaces. Like presfipsaid the fuel top surfaces are all ortho-
gonal to the gravity vector. The equations of tagdaces have the same form like the equa-
tions of any other surfacex+ vy + wz + d = 0 If the coordinate system is orthonormal, then
a plane having as equatiar + vy + wz + d = Ois orthogonal to the vector (u,v,w). It means



42

that the surfaces having as equa(@navityx x x + Gravityy x y + Gravityz x z) + d & with
Gravityi being the component of the gravity vector alorajithxis { can bex, y or 2), are all
orthogonal to the gravitation vector. As a ressilich surfaces are all fuel top surfaces during
the refueling process and getting all of theseasad is simply done through changing the
value of the parameter d. d is minimal or maxinmalthe minimal or maximal values gfy
andz, according to the sign of the gravity vector caoates. The minimal value af y andz
has to be used if the gravity vector is directecklaards, to the right direction or downward.
The maximal value of, y andz has to be used if the gravity vector is directauvérd, to the
left direction or upward.

When all the 20 different top surfaces are definesl possible to evaluate the volume of fuel
loaded and CG position for each of the 20 momdriteee for loops are used in order to con-
sider all the 40000 elementary cubes. Each loop along one axis. An elementary cube is
considered not to belong to the volume of fuel exhd at least one of the following require-
ments is fulfilled (forward and backward, right aeét and under and above are taken in the
tank coordinate system):

» The cube is upper to the top surface of the fued @irdinate of the elementary cube is
upper than the ordinate of the fuel surface)
* The cube is at the left of the face ABCD (the degitthe elementary cube is lower than
the depth of the point on the face which has tineesabscissa and ordinate)
» The cube is higher than the face CDHG (the ordinatbe cube is higher than the ordi-
nate of the point on the face which has the sameisda and depth)
The cube is forward to the face BCGF (the absaé$the point is higher than the ab-
scissa of the point on the face which has the sanlieate and depth)
» The cube is lower than the bottom face ABFE (ttdirate of the cube is lower than the
ordinate of the point on the face which has theesabscissa and depth)
The cube is at the right of the face EFGH (the ldepbtthe point is higher than the depth
of the point on the face which has the same alzseisd ordinate).

If the test leads to the conclusion that the eld¢argrcube has to be considered as a fuel cell,
then the volume of the elementary cube can be atbdiéek volume previously calculated and
its position is added to the arrays, which wilballthe coming calculation of the CG position.
At the end the position of all the elementary cubestaining fuel are stored in the arrays.
The actual CG is then determined through Equat®B)( Since the fuel is a homogeneous
liquid, then the CG can be calculated as the megitipn of the elementary cubes. This is
done by the functiorletermine_centroid, which takes the arrays and the number of ele-
mentary cubes as parameters. The weight is easigrmdined after the density and the vo-
lume are known. The previous steps have to be asthiwith all the 20 considered fuel sur-
faces.
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Concerning the wing tanks only the right wing taskconsidered for the calculation. Since
the aircraft is assumed to be parked on horizgraind and the aircraft presents plane sym-
metry along the longitudinal axis, then the CG tloe left and right wing tank lies on this
plane. The position along the longitudinal axishis same if we consider only the right tank
or the left and right tanks. The weight for the htdnks is simply twice the weight of the
right tank. There is no such consideration to leadhe center tank since the whole center
tank is considered in the functionad_fuel_center_tank.

Knowing the Centre of Gravity position and the miasghe different volumes of fuel loaded,

it is now possible to get the 20 points to be digpd in the load and trim sheet. The CG must
now be written back in the aircraft coordinate egstAt this step the different volumes of
fuel added between two moments of the refuelinggse are simply a certain mass added at a
certain point.

The different CG positions relatively to the MACGearalculated exactly in the same way like
the boarding of passengers. The values are enierib@ Excel spreadsheet and once again
the lower and higher values of the position rektivo the MAC may be automatically ex-

tended if needed.

On the contrary to the loading of passengers whiadws different groups of seats depending
on the seat layout, the columns concerning the targks are always denominated with the
same titles. Indeed it is assumed that the airenaRreSTo is always fitted with two wing
tanks and one center tank.

Load and trim sheet
25000

20000

oading rear to from
rear
15000 0ading re TOn
oading fr rear

——Loading rear to front A

Loading front to rear A

Weight, kg

10000 Wingtank

Central tank

5000

355 45,5 55,5 65,5 75,5 855 955
C.G. Position per cent MAC

Figure 3.11 Refueling curve taking the last point of passenger boarding as origin
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Load and trim sheet
—MTOW
—_— ML

20000 f—— MZFW

—OEW

Forward limit

Backward limit

y

15000 +————— Loading rear to front

Loading front to rear

Loading rear to front W
Loading frent to rear W

Loading rear to front A

Loading front to rear A
Wing Tank (critical point 1)
Central tank (critical point 1)
Wing tank {critical point 2)

5000 +—— Central tank (critical point 2)

o

29,25 39,25 49,25 59,25
C.G. Position per cent MAC

69,25 79,25 89,25

Figure 3.12 Refueling curves taking the two critical points as origins

There are four curves concerning the refueling gsedo display, two curves for each type of
tanks. Indeed at the end of the boarding proces® thre two critical points to consider.
Looking at the figures above it is possible to retrthat the CG limits were 42%MAC and
86.5% MAC in the first case. The forward limit ha®ved to 33.75%MAC in the second
case. The inputs did not change from one casedihan The two critical points can be found
in the spreadsheet. The functiommits_before_fuel runs along the table to get them.
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4 Display of the load and trim sheet

There are still functions to run in order to make toad and trim sheet good looking once all
the points to display are stored in tiecelspreadsheet.

Load and trim sheet Load and trim sheet

4925 5925 e 2925 3925 925 5925
C.G.Position per cent MAC €.G.position per cent MAC

Figure 4.1 Improvement of the display through the function DispTlay

As previously written the table contains values aihrun at least from -50%MAC to
+150%MAC. At the end of the calculation there ammempty rows in the tables because it
is truly possible that the CG travels only in a mm@enaller range (usually it actually travels
between +20% and +60% MAC). Then the first stephisf new function is to delete the rows
which do not contain any information after column E

The functionDisplay also writes new values in the table to avoid encelis. IndeedExcel
can not display a curve if a column is filled wimpty cells between two points to display.
Excel would not bind the points. For example, ia firesent case, only 20 points would be
plotted for the wing tanks instead of a beautifulve. One may think to simply delete the
rows instead of writing new values to avoid disamnbus curves, but ordinate values of
points may be written in some columns. Thus it beesn chosen to fill the empty rows using
linearization. It is possible to use a simple Imzation (Figure 4.2) because there are enough
points perfectly known from the previous calculati@hen the difference is not so big be-
tween a curve with some straight lines between dedfined point and a perfect round curve.
Plotting a second degree curve could have beenbtgskut it unfortunately costs too much
running time for a not much better result.

4 A(xy,y1) is known
B (x,,y4) is known

xis know

Yy v isto find

X2— X _ Y2y

Xg— Xy T Vz—hn

X;— X

vl r= vy — (Ve — Vv
A y=1y—1{y 31)x2_x1

i T i >

xl X x2

Figure 4.2 Basic Equation used to get the ordinates to fill empty cells.
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The axis limits may vary from one study to anothecause the inputs from the earlier design
phases are prior to change. Thus they can notxbd fialues and have to adapt to each new
study. The functiomisplay aims to get the two CG margins and adapts thehgi@phese
margins. The limits for the ordinate will always @d&g for the smaller axis limit and MTOW

+ 5000 kg for the higher axis limit.

Since each left and right curves of the potato esiiare actually made of two different curves,
then changing the colors of the curves is a gooy twamake the load and trim sheet less
messy. This is particularly true for studies deghvith aircraft having bigger number of seats
abreast. IndeeBixcelautomatically plot curves with a different color.

The legend has also to be modified because theravarentries for each left and right sides
of each potato curve. Then one entry has to beetkel@he name of the remaining entry
would also be changed to match with the entiredefiight curve: there is no aim to describe
only one part of the curve anymore.
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5 Impact on the empennage

51 CG margins

The location of the CG is really important for thight capability. The forward CG limit is
responsible for the aircraft maneuverability ane tlackward CG limit is responsible for the
aircraft stability.

The CG has to stay within the envelope plottednenidad and trim sheet. The aircraft can not
be operated if the actual CG is outside this empelo

& ROl MTOW design weig 'l;'.

mament around referencea point (e.g 25% MALC) [Kgx m]

Figure 5.1 CG envelope (Trahmer 2006)

This envelope defines the forward and backward i@@&d respectively from the maneuvera-
bility and stability requirements. The higher pb#simass is the maximum take off mass,
which is the weight at which the pilot of the aaftris allowed to attempt to take ofb¢deris
2008. This mass determines the top of the envelope.tdbl aims to display this envelope,
but is not able to consider cutbacks or flexibigffects at higher weights.

5.2  Function to get the CG margins

The last function run by the software is the fumetiimits. The purpose of this function is
to find the forward and backward CG limits and lot phe two vertical curves corresponding
to these limits.

The function basically runs along the table corgdim theExcelspreadsheet in order to find
the abscissas of the most right and most left pofince the aircraft can not take off with a
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higher mass than the maximum take off mass, thepdmts having higher ordinate than this
mass are not considered.

The tests on each row of the table are simplylkedfithrough if functions.

Load and trim sheet
e AT OV

—MLW

20000 == MZFW
—OEW
— — Forward limit
/ \ Backward limit
15000 / Loading rear to front
// ’-.-‘-—-_ Loading front to rear
Loading rear to front W
gf & Loading front to rear W
Eﬂ - Loading rear to front A
= 10000 Loading front to rear A
Wing tank (critical point 1)
Central tank (critical point 1)
Wing tank (critical point 2)
5000 Central tank (critical point 2)
0
29,25 39,25 49,25 59,25 69,25 79,25 89,25
C.G. Position percent MAC
Figure 5.2 Load and trim sheet from the tool with the forward and backward margins
RESULTS: @
CG-range Ax 52,75 % along the MAC
Forward limit 33,75 %eMAC
Backward limit 86,5 %MAC
Figure 5.3 Final results

5.3 V-Diagram

The present tool does not include the functionalftplotting the so-called V-diagram. Never-

theless the final results are of great use to oeter the required horizontal tail area, which
can be done thanks to the V-diagram. The V-diaged®s the maneuverability and the stabil-
ity into consideration. The function of the empegmas to create yawing and pitching mo-

ments. The horizontal tail is responsible for thming, the stability and the maneuverabili-

ty around the axis of pitch. There are other methtoccreate a pitching moment, but the most
common is to deflect the horizontal tail. The anéshis part is the parameter which most af-
fects the pitching moment.


info
Presented results contain errors.
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The requirements on maneuverability and stabiigdl both to a required dimensionless hori-
zontal tail are&y /Sy;. The two straight lines are plotted on a commagyidm, which is the
V-diagram (Figure 5.4). The required CG ramge comes directly from the load and trim
sheet and will lead to the minimal acceptable vaiu&; /S, (Scholz 1999. The smaller is
the CG range and the smaller can be the horizteatalvhich also means an aircraft less ex-
pensive to manufacture and easier to maintain.

Limit of
05 manewverahility
Sy
=
0,41
Limii of
0.3 stahility
MMinimal e
required r"i’r
horizomial 0.2
tail area : :
01 Static margin \\{‘
_.;’
04—
-02 -01 [§] gy 02 03
Ko Xar
Newtral point of the [P
wing-fuselage combination

Figure 5.4 V-Diagram (derived from Hafer 1993)
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6 How to use the software

The installation can be done properly through capg paste of the Excel file. The only pre-
requisite is thaExcel 2003 is installed on the computers which will the software. At the
beginning this tool has been developed to rucxecel2003. The compatibility with previous
versions ofExcelcan not be guarantied. Please copy and pastédhvetiere it is wished to be
stored. It is recommended to keep the originaldgea back-up file, which contains the origi-
nal settings. The file can be renamed without aeplem.

Once all the inputs values are entered two diffebettons can be used to run the calculation
and get the load and trim sheet. The first buttdhomly lead to the plotting of curves con-
cerning the boarding or disembarking process. Bhiton can be useful to get intermediate
results. Indeed the refueling process calculatemmrein up to 4 or 5 minutes and it would be
useless to wait such time if the user only carespibtato curves. The second button is dedi-
cated to run the entire calculation.

Load and trimsheet calculation { passengers only)

Load and trimisheet calculation

Figure 6.1 Buttons to launch either the passenger loading calculation or the whole calculation

In some extent the functions linked to the two dmstare the main functions of the applica-
tion. The first button but will make the functionsad_rassengers andbisplay running in a
row. Clicking on the second button will launch thetire calculation through the following
functions:

+ Load_Passengers

» Limits_before_fuel

» Load_fuel_wing_tanks
» Load_fuel_center_tank
* Display

e Limits
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Load and trimsheet calcuation (passerigens only)

Load and trim sheet

—MTOW

—_—MLW
MEZFW

—OEW

-Forward limit

Backward limit

——Loading rear to front

——Loading front to rear
Loading rear to front W
——Loading front to rear W

——Loading rear to front A

——Loading front to rear A

555 65,5
C.G. Position per cent MAC

Figure 6.2 Results given from the short calculation (passengers only)

— oW

— W
MZEW

—

‘Forward limit

Backward limit
——Loading rear to front

——Loading front to rear

Loading rear to front W

———Loading front ta rear W

= Loading rear to front A
——Loading front to rear A
——Wing tank {critical point 1)

~—Central tank {critical point 1)
——Wing tank {critical paint 2
~———{Central tank {critical point 2}

48,25 58,25 £9,25
C.G. Position per cent MAC

Figure 6.3 Results given from the entire calculation
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7  Examples

7.1 Impact of the aircraft configuration

If the cabin is equally balanced over the MAC tlahloading vectors are nearly vertical
(Trahmer 2006). It should give a moderate CG range (lower valfigx). That is one of the
reasons why most of the passenger aircraft argmesiwith engines under the wing instead
of engines attached to the fuselage tail.

If the cabin and cargo hold are more forward th&# 2f the MAC, then all loading drives
the CG forward Trahmer 2006). This can be seen for most cases of aircraftriggegngines
on fuselage.

fuel

CONFIGURATION 1

| passengers

CONFIGURATION 2

o

CONFIGURATION 3

BASENGETE

Figure 7.1 Impact of the aircraft configuration
on the CG travel (Torenbeek 1988)
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Figure 7.2

Impact of the aircraft configuration in the Excel tool

On Figure 7.2 the plotted potato curves show thpeeted shapes. Loading situation for air-
craft configuration with engines on fuselage spseihd CG from aft at empty weight to for-
ward when fully loaded. It is the contrary if thecaaft is fitted with engines under the wing.
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7.2  Airbus A320 design in PreSTo

The new tool extends the program PreSTo one stélpefu It is now possible to get the load
and trim sheet of a completely new design. Thelresun be generated really fast thanks to
the functionalities already included in PreSTo.

Comparing the results given by the tool and the lmad trim sheet from aircraft manufactur-
ers is a way to validate the computing. The refegeaircraft would be Airbus A320 because
this aircraft is Airbus's best-selling aircraftdate and it is operated by many low cost com-
panies. The Airbus A320 is designed as a single aiscraft with a 3+3 layout.

WIC JAJAlTJAJC W

Layont 343 Step L: Group W
Step 2: Group O
Step 3: Groap A

Figure 7.3 Cabin layout A320 conventional design

The first design phases already included in Pre8illallow generating the data to generate
the load and trim sheet of an aircraft which idlyesimilar to A320. The tool gives the possi-
bility to get an idea of the load and trim sheeswéh an aircraft, even many design values are
still unknown. The only values given are presentedppendix C. The main cabin of A320
can accommodate a maximum of 179 passengers ighadensity layoutAirliners 2010).
According toRaymer 89the smaller seat pitch is 30 in. Since the progcamonly consider

a single level of comfort, the best is to run istivay.

Thanks to PreSTo the values for MTOW, MLW, MZFW a0&W are easily determined
when the design point is properly chosen. Beford@yweg the validity of the new functions,

it is required to check the validity of the datseif. The values from the first design phases
(preliminary sizing, fuselage and wing design) @@enpared to values from the multidiscipli-
nary aircraft design tool PrADO adéne’s 08-09 Then it is time to use the new functionali-
ty of PreSTo. The inputted values can be seehainle 7.1 The output can be compared to
the real values iTable 7.2 The results from PreSTo are presentedppendix A and the
real values can be read in the load and trim shegppendix B.
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Mumber of passengers Neax 179 [passenger] |Airliners 2010
Max. Take-off mass myro 74208 [kal PreSTo (previous design phase)
Max. landing mass [y B5155 [kal PreSTo (previous design phase)
Max. zero fuel mass mae 58129 [kql PreSTo (previous design phase)
Operating empty mass mop 41482 [kal PreSTo (previous design phase)
Cabin length T cabin 28.095 [m] PreSTo (previous design phase)
Nose length Those 5 24 [m] PreSTo (previous design phase)
Seat abreast [ B [seat] Airbus
Seat pitch Pitch 0,762 [m] Raymer 89
Aisles Waicies 1 [aisle] Airbus
Rows W rows 298 [row] Own calculation
Seats group 1 3 [seat] Airbus
Seats group 2 0 [seat] Airbus
Seats group 3 3 [seat] Airbus
Short and middle range Yes Appendix C
Wing group mass mws 24180,0 kgl Own calculation
Fuselage group mass meg 75801.9 kg] Own calculation
Distance from CG to LEMAC X CG.LEMAC 12.0 %MAC] Measure on top view drawing
Distance from wing CG to LEMAC X Wi, LEMAC 1,29 m] Measure on top view drawing
Distance from fuselage CG to fuselage no XFG 17.30 m] Measure on top view drawing
Initial CG MAC CG g-mac 12,0 %MAC] Measure on top view drawing
Initial CG CGy 15,91 m] Measure on top view drawing
Mean Aerodynamic Chord Cuac 4,190 m] PreSTo (previous design phase)
Engines on Wing Airbus
Root chord cr .00 [m] PreSTo (previous design phase)
Kink chord Cy 5.50 [m] PreSTo (previous design phase)
Wingspan b 339 [m] Jane's 08-09
Tip chord c; 1,50 [m] PreSTo (previous design phase)
Fuselage diameter d; 4.00 m] Measure on top view drawing
Front spar position FS roor 13,00 Yocr] Measure on top view drawing
Rear spar position RS roor 59,00 %cr] Measure on top view drawing
Sweep front spar inner Lesi 27,00 ° Measure on top view drawing
Sweep front spar outer Lrso 27.00 ° Measure on top view drawing
incidence angle i 2,78 ° PreSTo (previous design phase)
dihedral angle G 450 i PreSTo (previous design phase)
kink semi-span Y .26 m] PreSTo (previous design phase)
root relative thickness (t/c) - 0,190 - PreSTo (previous design phase)
tip relative thickness (t/c) 0,123 - PreSTo (previous design phase)
kink relative thickness (t/c) i 0,123 - PreSTo (previous design phase)
Table 7.5 Inputted values A320 conventional design
Output Real value
CG rangeAx 52.25%MAC 32%MAC (flight)
Forward limit 10.009%MAC 13 to 19%MAC
Backward limit 62.25%MAC 36% to 45%MAC
Table 7.2 Comparison between outputted values and real values A320 conventional design (see
Figure B.1)

S

7.3 Alternative Airbus A320 design in PreSTo

Six seats abreast can lead to several cabin laywhish all abide by the regulations. On sin-
gle aisle passenger aircraft there is no choicethadseat layout will be 3+3. It is getting

much more complicated when considering more thatasle: the seat layout can be 2+2+2,
1+4+1 or even unsymmetrical 1+2+3 among othersnk$i#o the tool it is possible to easily

evaluate an alternative design. It is aimed to ffritie new design will help to minimize the

CG travel.


info
Presented results contain errors.
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WA | Al

Laveout 2+2+1: Srep 1: Group WL
Step I: Group A

Figure 7.4 Cabin layout A320 alternative design

Once all the data concerning the classic desighirbus A320 are entered, it takes only few
seconds to modify it to take the new cabin layatd account. The only input to modify is the
number of aisles Mjes Two aisles are entered instead of one and théauof seats per seat
group is given to match with a 2+2+2 layout.

Output
CG rangeAx 53.75%MAC
Forward limit 8.50%MAC
Backward limit 62.25%MAC
Table 7.3 Outputted values A320 alternative design

7.4  Comparison of results

In order to validate the software, it is neededotuk first at the results for the A320 with a
conventional design. The outputs is rather closth¢oreal values for the forward CG limit,
but show 209%MAC difference for backward CG limitidforward limit is given as 10.00%
MAC and the backward limit has been determinededB.25% MAC. If we consider the
limits in flight, then the difference with the reahlues are only 3%MAC in the first case.
From theExceltool the CG may move along 52%MAC, which is quigeto the real value of
32%MAC. That means the tool may lead to a biggeizbatal tail area than necessary. The
difference can be blamed on the fact that the gmlénd lavatories are not considered by the
software.

The best advantage to design the A320 as a twie p@&ssenger aircraft would be a shorter
turn around time because the passengers can Hmtéeaaccess to their seat. This is actually
the reason why the load and trim sheet containg twd potato curves instead of three. Also
a twin aisle aircraft would allow a better comfort.

Unfortunately, when looking at the results giventbg software for the alternative design, it
seems that two aisles do not help to reduce ther&@e. Indeed two aisles allow more
people to seat at the same time and this makelower potato curve a bit wider. Then the
CG range drops from 52.25%MAC to 53.75%MAC. Thipims that the alternative design
would probably require a bigger horizontal tail, igthmay penalize the entire aircraft per-
formances. Moreover having two aisles would reqgaitarger fuselage. This will badly affect
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the wetted area and the aerodynamic propertiesolitputted values concerning the alterna-
tive design can unfortunately not be compared toraal value, since not any twin aisle A320
has been ever built.
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Summary

This project deals with the analysis of CG-Travighassenger Aircratft.

The first goal was to conduct a literature reseanabrder to understand the interrelations be-
tween the CG margins, the horizontal tail-planéngiand the wing positioning.

The passenger loading has also a great impaceah#ss distribution along the longitudinal
axis. Thus, the different possible cabin layouteehbeen studied. The relation between the
seats layout, the number of aisles and the boaafipgssengers has been explained. It has a
direct impact on the load and trim sheet, and rpogeisely on the potato curves.

The refueling has also been considered. Indeedutig¢anks geometry, the wing sweep, the
dihedral angle and the incidence angle make ther@lling during the refueling process.
Different aircraft have been considered in ordeairtalyze the geometry of their fuel tanks.

Rather than developing a separated tool, it has bkResen to include it in PreSTo. This al-
lows investigating the impact of different inputs the CG travel for short, middle and long
range airliners with conventional configurationbu$ a new spreadsheet has been included in
PreSTo. Input values dedicated to the drawing efldlad and trim sheet need to be given by
the user. The new functions have been developddtha language VBA. The tool can give
the CG range and the CG margins after only few tesmnning. The results could be really
useful for the next design phases, such as thgrdesithe tail. The results are given with re-
spect to the MAC.

A calculation has been conducted for a referenaeadi based on the Airbus A320. Two ca-
bin layouts have been considered. The Airbus A328 single aisle aircraft with 6 seats ab-
reast (conventional design). The alternative designch has been evaluated, is a twin aisle
aircraft with the same number of seats abreast.résgts have been the load and trim sheet
and the CG margins. Looking at these results wecoaclude that the tool works properly
even some output values are closer to the redléy bthers. This can be blamed on the fact
that the galleys and lavatories are not considbyethe software. Also the geometry of fuel
tanks can rarely match the exact geometry. Inddgwdearlier design phases draw the wing
geometry, but they do not give any indication abspdrs and ribs. A statistical research to
compare the results given by the tool and loadtandsheets from the aircraft manufacturers
would allow judging the results in a more objectivay.
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Appendix A Results from Airbus A320 Study in
PreSTo

A.1 Results A320 conventional design (Single ais3e 3)

RESULTS:
Load and trimsheet calculation {passengers only)
CG-range Ax 52,25 % along the MAC|
Forward limit 10 %MAC Load and trimsheet calculation
Backward limit 62,25 %MAC
Load and trim sheet
80000 +— 1 ——nmow
I — W
—— MR
70000 —— S
Farward limit
s Backward limit
= Lozding rear to front
Lozding frantta rear
50000 - Lozding rear tofront W
= Lozding frantto rezr W
= Loading reartofront
5 40000 <
@ Lozdingfronttarear ¢
=
Lozding rasrto front A
30000 —— Loading fronttarear &
Wing tank [erit
Central tank [critical point 1)
20000 —— "
Wing tank (critical paint 2)
Cantral tank [critical paint 2
10000 +—
Q T T T T T T
6,75 16,75 26,75 36,75 46,75 56,75 66,75
€.G. Position per cent MAC

Figure A.1 Results A320 conventional design

A.2 Results A320 alternative design (Twin aisle 2+2)

RESULTS:
Load and trim sheet calaulation {passengers only)
CG-range Ax 53,75 % along the MAC|
Forward limit 8,5 %MAC Load and trimsheet calculation
limit 62,25 %MAC
Load and trim sheet
80000 +— 4 —— mTow
—
N i
70000 -— =
= Forward limit
0000 Backward limit
Lozdingrearto frant
Lozding front to rear
50000 Loading razrto front W znd M1
= Lozdingfrontto resr W and M1
= Losdingrasrto front &
& 40000 — 2
@ Lozdingfrontta rear A
H
Wingtank [eritical point 1)
30000 — Central tank [critical paint 2]
Wing tank [critical point 2)
Central tank [criticsl paint 2]
20000 —
10000 ——
0 : - :
5,75 16,75 26,75 36,75 46,75 56,75 66,75
€.G. Position per cent MAC

Figure A.2 Results A320 alternative design
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Appendix B Load and trim sheet of Airbus A320
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Figure B.1
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Appendix C Input data for preliminary design of
Airbus A320 in Presto

» Payload: 150 passenger plus 5674 kg cargo

» Design range: 3273 km atdd= 0.76; fuel reserves: domestic

» Take-off field length: 2195.7 m

* Landing field length: 1906.4 m

* Wing aspect ratio: 9.396

* Engine by-pass ratip of the CFM-56 engines: 6.0

» Specific fuel consumption c of the engines: 16.18(Ns)

* The operating empty mass accounts to 55.9 % ahtiremum take-off mass
e The maximum landing mass accounts to 87.8 % offlwe@mum take-off mass
* Maximum lift coefficient at take-off: 2.57

* Maximum lift coefficient at landing: 2.57

» Lift independent drag coefficient: 0.025

» Oswald efficiency factor during cruise assumedda®85

* Relative wetted area: 6.474.

« Equivalent surface friction coefficiet; = 0.003

e All calculations have to be accomplished at 0 ftLMSA conditions
« Certification basis: FAR Part 25
* Fuel density: 800 kg/m?3

S


info
Presented input data contain errors.
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Appendix D Top view of Airbus A320

PrADO copyright by IFLTY Braunschweig Deutschland

Figure D.1 Top view of Airbus A320 out of PrADO (Heinze 2004)
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Appendix E CD-ROM

This is the CD-ROM containing the Excel tool and gresent report as PDF file.
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