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Abstract

This report presents the application of the aitalakign software PreSTo (Rneinary Szing
Tool) to the re-design of a regional transport aitcrhe conducted work steps comprise
aircraft design point definition, preliminary aiadt sizing, conceptual design of the aircraft
components fuselage, wing and tailplane and tha egport as well as the first work steps
with the aircraft design software suite CEASIOM (Quuterised Environment for Aircraft
Synthesis and Integrated Optimisation Methods). fidference aircraft for the aircraft re-
design is the regional turboprop aircraft ATR 72haa range of 500 NM (926 km) at a
maximum payload of 8.1 t. The software statusediep@are PreSTo 3.3 (December 2010)
and the CEASIOM version v2.0 (CEASIOM 100 R90).

The results obtained during the course of thisgatoghow that a good and promising start has
been made towards a tool chain for a streamlinexfadi design and investigation from the
very initial preliminary sizing (PreSTo) to airctatability and control simulation and beyond
(CEASIOM). However, at the time of writing this @p still much additional work stays
necessary in order to optimize and simplify the kiray process over both programs and to
yield trustworthy results. Inside PreSTo currerdggveral aspects of aircraft design such as
engine definition are not treated yet, so thatratal aircraft design with many data lacks
must be exported to CEASIOM (AcBuiler). In consegtes much user interaction is
necessary for model refinement. But also regarthegapplication of CEASIOM much work
stays necessary to help the user apply the softwamneectly. Presently, one must have
detailed knowledge on CEASIOM and the softwarecstme in order to operate the program
correctly. The user information given in the useeifaces as well as in the available tutorials
is very limited and partly wrong or outdated. Frahis report’s author’s view it is very
advisable for the developing teams of PreSTo and\SIEM (at least AcBuilder) to
interchange knowledge and experiences with theespanding software tools, e.g. in the
form of a user/developer workshop.
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1 Introduction

1.1 Motivation and Aim of the Work

This report aims at illustrating the combined aqgion of the aircraft design tools PreSTo
and CEASIOM. Both aircraft design programs were ellgyed separately. Discussions
between the users and developers of these toolsuervghowed that a possibility for a data
exchange or at least data export from PreSTo to &6M is desirable. PreSTo offers the
user the possibility to generate new aircraft desiguickly and easily with much assistance
of the tool during the selection and determinatbrinknown aircraft parameters. The depth
of the design and investigation capability of PreSTowever is limited. CEASIOM, in
contrast, is capable of many aircraft investigatiaf greater fidelity but requires a basic
parametric aircraft description to start from, hatv to create such an initial aircraft layout is
not treated within the scope of CEASIOM. Hence,ide=s the pure description of the
individual work flow, the aim of this report is identify areas for future work in order to
develop an integrated aircraft design softwarerchBine software versions used for the work
presented in this report are PreSTo 3.3 (Decemb&f)2and the CEASIOM version v2.0
(CEASIOM 100 R90).

1.2 Work Structure

This report is split up into five sections treatthg individual aspects of the conducted study.

Section 2  introduces the aircraft design software PreSTothadCEASIOM software suite
as well as the reference aircraft for the preseatedaft design investigations.

Section 3  describes the preliminary sizing and conceptualeaggn based on the selected
reference aircraft to illustrate the work with PfeS

Section 4  describes the data export from PreSTo to CEASIOM @esents the necessary
user interaction during the first work steps inSBeASIOM.

Section 5 collects the most important findings throughout @pplication of CEASIOM
and delivers suggestions for the previous work @8FPo, CEASIOM in general
and the individual CEASIOM software components.



1.3 PreviousWork and Additional I nformation

The Preliminary Sizing Tool PreSTo evolved from #iecraft design research project “The
Green Freighter” (GF, seéecholz 2010) that was conducted under the lead of the Hamburg
University of Applied Sciences (HAW Hamburg) frone@mber 2006 to April 2010. During
this project several designs of regional and lcamge freighter aircraft were set up and
investigated using PreSTo. One of the first reportshe development of PreSToSeeckt
2008, in which a Boeing B777 is re-sized and additiomalphasis is given to the fuselage
design. The investigation steps presented in tip@rrewere the first extensions to the
previously existing preliminary sizing tool from MA Hamburg, which in the meantime has
become PreSTo. Many further student projects frofWHHamburg and partner universities
followed and contributed additional extensions be tool. These projects on individual
aspects of the improvement of PreSTo were supehiigethe author of this report. The
project reports are available for download fré@cholz 2010a. Previous applications of
PreSTo were presented e.g. on the German Aerosfmaderences 2009 and 2010 in Aachen
and Hamburg and the ICAS Congress 2010 in Nigeokt 2009a, Seeckt 2010, Seeckt
2010a).

Regarding the work with CEASIOM the author of tiheport has been in contact with the
CEASIOM community since 2007 or CEASIOM version #8e actual state of the work with
CEASIOM including user feedback, findings and swigas for future work were e.g.
presented on a CEASIOM users meeting in Liverpodpril 2009 Geeckt 2009). Moreover,
the author tutored the master theBmster 2010 at HAW Hamburg that deals with the
application of CEASIOM to the re-design and modifion of an Airbus A320. For further
information on the application of CEASIOM beyonek thcope of this report especially this
project is recommended to the reader.

2 Toolsand Reference Air cr aft

2.1 PreSTo

The Aircraft Préminary Szing Tool PreSTo is a spreadsheet application for thekquic
preliminary sizing and conceptual design of tramspaocraft. PreSTo has been developed at
the Hamburg University of Applied Sciences (HAW Hamg) and follows the aircraft
design process as taught in the aircraft desigiidedy Prof. Dieter Scholz¢holz 2010b,

see Figure 2.1). Detailed information on PreSTaiien on the PreSTo-websit&cholz
2010c); moreover, a simplified version for the standaloconceptual design of aircraft
fuselages and cabins is available for downloadether
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PreSTo consists of a set of Microsoft Excel workst®f which each one treats an individual

design step. Figure 2.2 shows an example screenothot PreSTo user interface. White cells

mark required user input. Grey cells indicate dal®d data, and the command buttons in the
presented cutout link to worksheets containingstieal data on real aircratft.

| 1) Requirement;' |
v

|2) Trade-off studies |

i 4
|3) Aircraft configuration |
v

|4) Propulsion system |

¥
|5) Preliminary sizing |
v

|6) Cabin, fuselage |
¥

|7) Wing, ailerons, spoilers |

Le
A ol

|8)  High-lift system
!

|9) Tailplane |
¥

|10) Mass and balance

I

|11) Stability and control l—
v

|12) Landing gear |
v

|13) Polar, Glide ratio, take-off mass l—

!

|14) Performance |
]
—| 15) Operating costs |
v
|16) Three-view drawing |
Figure 2.1 Aircraft Design Process
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Figure 2.2 PreSTo Preliminary Sizing User Interface (Section Take-Off Shown)
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Stepslto4

The aircraft design process starts with the detation of the Top-Level Aircraft
Requirements (TLARS) posed to the new aircraft taade-off studies with existing aircraft in
order to establish the desired market niche (Stegrsd 2). Subsequently, the aircraft designer
has to make the general decisions of which cordigom the aircraft shall be built in (tail-
aft/unconventional) and which type of propulsionstem shall be used (jet/turboprop)
(Steps 3 and 4).

Step 5

In Step 5 follows the aircraft preliminary sizinghe preliminary sizing is the core part of
PreSTo and is based on a set of Microsoft Excelksiwets used for the aircraft design
lecture at HAW HamburgStcholz 2010Db). Inside PreSTo an empirical propeller efficiency
model is used to express the propeller efficierpgy which is needed for the preliminary

sizing of propeller-driven aircraft. The first réisof the preliminary sizing is the aircraft

design point. It is expressed in terms of

, ...m kg
« Wing loading—"™© | == | and
99T, [m}

P W . . .
« Power-to-mass ratie->— {k_} in case of propeller-driven aircraft or
Myro g

. . T . : : ,
* Thrust-to-weight ratio—>— [—]ln case of jet-driven aircraft.
MTO

For this purpose, the five major requirements

Landing field lengths, ., ,

Take-off field lengths,, ,

Climb gradient after take-off (second segmesit)y,,, ).

Climb gradient after missed approasih(yMAPP) and

Cruise Mach numbeM .,

are expressed as functions of wing loading andstHo-weight ratio (resp. power-to-mass
ratio in case of propeller-driven aircraft) and pgogether in one matching chart (see
Figure 2.3). As PreSTo treats the design of civdnsport aircraft the Certification
Specifications CS-25 of the EASAASA 2010) and the FAR Part 25 of the US American
FAA (FAA 2011) are used as certification bases.

From the matching chart the aircraft design pasntdad. The design point must fulfill all
requirements simultaneously, i.e. it must lie abthesline of each requirement and left of the
landing field length requirement. In first prioritysmall thrust-to-weight ratio is chosen (i.e.
small engines), and in second priority a large woagling is chosen (i.e. a small wing).
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Power-to-mass
ratio

Landin
Ro o ’
Permissible region
rrl/ITO

Cruise flight Design.-point

2nd segment

Missed approach

v

Wing-
Muto loading

Sw

Figure 2.3 Example Matching Chart

After the determination of the aircraft design pdhre new aircraft is sized. For this purpose a
reference mission is used that defines how muclopdym, has to be transported over
which design rangeR and with which reserves (international fuel ressrvloiter time,
distance to alternate airport). The results ofp@iminary sizing design step are

* The maximum take-off mass, operating empty massnadmum landing mass of the
aircratft,

The amount of fuel required for the given referemission,

* The wing are and

The required take-off power (resp. thrust in cagetaircraft) of the engines.

During the whole preliminary sizing process therft was regarded as a point mass. This
changes in the following Steps 6 to 9 in whichalreraft components are sized.

Step 6

The first aircraft component to be dimensionedhe fuselage including the cabin. The
fuselage is sized first as this step may occur peddently from the following aircraft
components. The maximum number of passengers toabsported is used in combination
with comfort standards and the mentioned certificatequirements to obtain a fuselage cross
section and a cabin layout. Moreover, in case treadt design shall feature a lower deck
cargo compartment different cargo containers maydisplayed to check for geometrical
integrity of the designed fuselage cross secti@tails on the implementation and work with
this PreSTo component are giver@nderis 2008 andSeeckt 2008.
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The initial value for the determination of a fuggdadiameter and cross section is determined
by a statistical relationship between the numbegrasisengers and the number of seats per seat
row (‘seats abreast’)s,. From this value a cabin diameter is determinecbimbination with

the dimensions of a standard passenger, seat aitthaisle width. The subsequent steps
during fuselage design are the definition of a walength and layout including the
arrangement of the seat rows as well as additepede for exits, lavatories and galleys.

Step 7to 8

Design Step 7 contains the sizing and shaping efwiing according to the cruise Mach

number requirement. The shaping includes suggestionwing parameters such as wing

sweep, wing taper ratio and relative airfoil thieks and the selection of an airfoil from a
catalogue of currently 122 airfoils. Moreover, fiestimations of the aileron size and position
are prepared by means of the so-called ailerommwe]wvhich is defined as the sum of aileron
areas times their lever arms. In Step 8 ‘High-lift¢ high-lift devices are sized and positioned
based on the required lift coefficied®, used during the preliminary sizing. The methods

used in these design steps are taken from theatimesign lectureScholz 2005, Scholz
2008) as well as further handbooks on aircraft desidhowie 2005, Raymer 1999,
Torenbeek 1988, Roskam 1990). Details on the implementation of the design st&@ging’
and ‘High-lift’ into PreSTo are given i@oene 2008.

Step 9

Design Step 9 ‘Tailplane’ deals with the sizingloé stability and control surfaces in different
levels of accuracy ranging from quick statisticahntlbbook methods Stholz 2005,
Howe 2005, Raymer 1999, Torenbeek 1988) to the application of the stability and control
data compendium DATCOM published by the US Air oklight Dynamics Laboratory
(Hoak 1978).

The geometric definition process of the horizorgad vertical tails is very similar to the
process of the wing description. As first step tiser selects a general arrangement of the
tailplane: conventional, T-tail or H-tail. Afterwds, the sizes and positions of the horizontal
and vertical tails are estimated using the volunethiod as in case of the ailerons earlier. Also
the airfoils of the horizontal and vertical stabgiis may be selected from the airfoil catalogue.
Details on the setup of this design step can bedauCoene 2008.

Step 10to 16

The following steps 10 and 11 contain the calcatatf the aircraft's masses and its flight
performance and stability and control charactesstNow that the aircraft masses, its center
of gravity (CG) and the angles of attack duringetalf and landing are known the landing
gear may be sized and positioned in Step 12, amd aihcraft’'s flight performance
characteristics are determined in Steps 13 andA$4the last steps of the aircraft design
process the resulting operating costs are deteth{®ep 15). When finally all requirements
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are met drawings of the fuselage cross sectionndapout and a three-view drawing as well
as tables of the aircraft’'s parameters and operalticharacteristics are prepared in Step 16.

Data Export

PreSTo offers the possibility to export resultdudher aircraft design or CAD programs in
order to display, analyze or improve the PreSTaltesThe possible programs for data
export are PrADO, CEASIOM and CATIA V5. Details tre data preparation for the export
of data to the individual programs are givenLiothra2009 (PrADO), Lenarczyk 2009
(CEASIOM) andPommers 2010 (CATIA V5, Figure 2.4).

Figure 2.4 Display of a PreSTo-Result in CATIA V5 (Pommers 2010 )

2.2 CEASIOM

CEASIOM (Computerised Environment for Aircraft Sigasis and Integrated Optimisation
Methods) is a MATLAB-based aircraft design softwatgte developed for flight mechanical
and aeroelasticity investigations of aircraft dasigery early in the aircraft design process.
CEASIOM comprises the modeling and analysis ofdheraft geometry and flight control
system and derives information about the aircradisses and loads, stability and control
characteristics, flight performance and the aittsaferoelastic properties (see Figure 2.5).
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Figure 2.5 CEASIOM Virtual Aircraft Simulation Model (CEASIOM 2010)

The program package as well as basic user guidéseoimdividual tools (except for AMB
and FCSDT) is available for download from the CEABI websiteCEASIOM 2010a.

CEASIOM consists of seven individual design todsBuilder, SUMO, AMB, Propulsion,
NeoCASS, SDSA and FCSDT) that share one integratedaft model stored in xml data
format.

AcBuilder

AcBuilder (Aircraft builder) is the central airctamodeling tool. In this tool the aircraft
geometry is modeled parametrically and the baswadt mass estimations are performed for
later use in the following tools. The aircraft mbdata are stored as xml-file (see Figure 2.6).

<root xml_tb_version="3.2.1" idx="1" type="struct " size="1 1">
Figure 2.6 xml-Data Example

Figure 2.7 shows the AcBuilder user interface. Rnleft side the current aircraft geometry is
displayed. In the upper right part the user seletiich possible aircraft components shall be
included in the current model (e.g. one or two wingrhe lower right window of the
AcBuilder user interface displays the actual aiftcgeometry parameters and calculated
results (e.g. wing aspect ratio from wing area spah).
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(2] AcHiriider - [model] EJ@

Project View Geametry el ights & Balance  Technology Help

Figure 2.7 AcBuilder User Interface

AMB

The Aerodynamic Model Builder (AMB) controls the ladation and display of the
aerodynamic aircraft characteristics such the apveént of lift and drag over angle of
attack. The user may currently choose between tmethods. These are the vortex lattice
solver Tornado, the empiric program Digital DATCOM the US Air Force and the CFD
flow solver EDGE of the Swedish Defense Researobngyg FOI. In case EDGE is to be used
as CFD solver a CFD mesh must be prepared usingpthe&SUMO (see below) previously.
Tornado and DATCOM do not require a detailed mésins these solvers may be run directly
after AcBuilder. Figure 2.8 shows the AMB user ifaee. The upper left part depicts the
simplified aerodynamic aircraft model or a selecéedodynamic plot. The upper right part
shows which necessary data are already loadedAiit®; below, the three calculation tools
DATCOM, Tornado (labeled “Potential Solver”) and GB are controlled and started.
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Figure 2.8 AMB User Interface

Propulsion

The Propulsion tool calculates engine performarata dver Mach number and altitude that
are required for the following tool SDSA (see Fg&.9). The user interaction is limited to
the input of the desired calculation nodes in teofmglach number and altitude (in km).
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01 015 02 025 03 035 04 0.45 o0s 0.55 06
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Figure 2.9 Propulsion User Interface
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SDSA

SDSA (Simulation and Dynamic Stability Analysis)asflight simulation tool of the actual
aircraft design. The tool uses the data genetate®MB and Propulsion and uses the aircraft
geometry defined in AcBuilder. Using SDSA the diibiand control characteristics of the

current aircraft design may be displayed and asdgsge Figure 2.10).

Alrcraf it Simulation  Stability FCS  Performance Options ~ Qutput  Help
Alfitude range:  H min [m] [0 Hmax r]: [6000 Hstep [m] [1000 _ LoR-closedlom | START stahility analysis
Pilotin the Loop Pich Roll aw
Airspeed range: Vmin [ms]:[80.0 ymax(miel:[150.0 Vistep [ [20 "
BAS Piteh Roll s
One airspeedialtitude case:
G e it
arspesa (i frooe IOl |
Aileron deflection for roll rate test [deg]: [30.0
Atitude [m]:[1000 Airspeed type: ® TAS O CAS W
Pilot opinion Boundaries for Roll Rate Evaluation Stability Criteria
3 Stability Characteristics
Roll Acceleration [rad/s*2] e
Tim Results

Cooper-Harper

o0 dagls T Pilot Assessment Rating
~ 38 20 Class
Class| v j
1wy =
Not identified Roll Mode Mation
Phugeid
s Shart Periad
1 o g Duteh Rall
T Roll
5.5 donss el
Sy Roll-gpiral

Stablity Ciiteria - Roll Rate

01 . Pilat Opiriian -
0.1 1 LA
f grid.
Roll Mode Time Constant [sec]
Background Fiting

Wihite: @ 2 Defauft ETn data g

‘DATCOM | Data from: CACEASIONMceasiom 1100-v2_0\ProjectsiB7 47wersion1SECISD -Jul-2010.xml
Figure 2.10 SDSA User Interface

NeoCASS

NeoCASS (Next generation Conceptual Aero-Struct@aling) performs the aeroelastic
analysis of the current aircraft design. It uses diefined aircraft structure in combination
with the occurring aerodynamic loads to identifyjpibal modes of static and dynamic
structural deformation. The Figures 2.11 and 2H@&nsthe NeoCASS user interface and an
exemplary NeoCASS result.

[ LOAD NeoCASS project ] — Solver Input Data - — Enabled Solvers
— Initizl Sizing Input Data [ Ret. vaues | [ setings |
[ Cipen aircratt ] [ EDIT ] [ GEHERATE ]
|_openstates | | emir | l ASSEMBLY |
— Read Analysis Input Data
[ RUN GUESS ] | open smarTcep | [ EiT |

Figure 2.11

NeoCASS User Interface
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Vibraton meda 7 - Froq O 97829 Hr

Figure 2.12 Exemplary NeoCASS Result (Pester 2010)

SUMO

SUMO (Surface Modeling Tool for Aircraft Configuramns) is a mesh generator required for
higher fidelity CFD analyses of the actual aircradtsign (within the CEASIOM package:
EDGE). Under normal conditions and if the user asiséied with the simplified aircraft
geometry defined in AcBuilder (especially nose isejtthe CFD mesh may be generated
directly. Figure 2.13 shows the SUMO user interface
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Figure 2.13 SUMO User Interface

FCSDT

The Flight Control System Designer Toolkit (FCSD$)intended to support the user in
designing the aircraft flight control system andatiow for an assessment of the flight control
system reliability. In the CEASIOM version undenlgithis report (CEASIOM100 R90) this

tool is still in preparation and only very limitgdapplicable. It is not treated any further in
this report.

2.3 Reference Aircraft

The reference aircraft for the studies presentethisireport was selected to be the ATR 72
(see Figure 2.14). The ATR 72 is a stretched vergsibthe ATR 42. It is built in T-tail
configuration and driven by two Pratt & Whitney PV7F turboprop engines with four- or
six-blade propellers dependant on the aircraftivardt features a double-trapezoid wing in
high-wing configuration with constant-chord innerdatapered outer sections. As high-lift
devices double-slotted flaps are used. Most ofs#endary structure is manufactured from
composite materials, summing up to 19 percent efaverall structural mas&TR 2005).
The aircraft’s technical key characteristics amasarized in Table 2.1.
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Figure 2.14 ATR 72 (Wikipedia 2010 )

Table 2.1 ATR 72 Key Characteristics (Jackson 2008 , ATR 2003, ATR 2003a)
Characteristic Symbol Unit Value
Length I m 27.2
Wing span b m 27.1
Wing area Sy m?2 61
Wing aspect ratio A - 12
Engine take-off power Po/Ne kw 2,051
Typical number of passengers Npax - 72
Operating empty mass My t 11.9
Maximum payload Mp, t 8.1
Maximum zero-fuel mass Myz¢ t 20
Maximum take-off mass Myro t 22
Maximum landing mass My, t 21.35
Take-off field length SrorL m 1,290*
Landing field length Sl m 1,067*
Typical cruise Mach number M r - 0.41

* ISA, SL

The characteristic flight missions of the ATR 72 awllected in Table 2.2. The mission
‘Range at Maximum Payload’ (8.1 t of payload ov€@0S\M range) was selected as the
reference mission for the following aircraft invigstions.
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Table 2.2 ATR 72 Characteristic Missions (ATR 2003a)

Mission Payload Range

Range at maximum payload 8.1t 500 NM (926 km)
Range at maximum fuel 51t 1,830 NM (3,390 km)
Ferry range ot 2,150 NM (3,980 km)

3 Preliminary Sizing and Conceptual Design with
PreSTo

This section presents PreSTo, its structure andppdication to the preliminary sizing and
conceptual design of a propeller-driven regionatraft. The aircraft designs in this section
are all treated as ‘all-new’ designs, which medrad the aircraft parameters are determined
freely without restrictions from e.g. an aircradtrily concept.

3.1 Preliminary Sizing

As selected in Section 2.3 the reference aircoafthe application of PreSTo is the ATR 72.
The TLARSs that result from this selection are liste Table 3.1.

Table 3.1  Preliminary Sizing Top-Level Aircraft Requirements (TLARS)

TLAR Symbol Unit Value

Range R km 926

Number of passengers Npax - 72

Additional freight Mearco kg 1400

Cruise Mach number M - 0.447

Take-off field length (ISA, SL) SrorL m 1,290

Landing field length (ISA, SL) S m 1,067

Second segment climb gradient sin(yzhd) - Acc. 1o CS-25 and

FAR Part 25

Acc. to CS-25 and

Missed approach climb gradient sin(yMAPP) FAR Part 25




23

3.1.1 Determination of the Aircraft Design Point

An aircraft's design point in terms of wing loading,,;,/S, and power-to-mass ratio

Po/Myro in case of propeller-driven aircraft is determirgcthe following five TLARS:

Take-off field lengths, ¢,

Landing field lengths, .,
« Second segment climb gradiesin(y,, )

» Missed approach climb gradiesiln(yMAPp)

Cruise Mach numbeM ;.

The requirements are processed successively irséciton and put together in one matching
chart per aircraft from which the aircraft desigoints are read. Detailed descriptions of the
process and the equations applied can be fouSdholz 2005, Seeckt 2008 andNita 2008.

Landing Field Length

The landing field length requirement determinesaximum value of the wing loading and
consequently a minimum size of the wing accordmgdquation 3.1. The necessary input data
are the required landing field lengt)._, the maximum landing lift coefficien€, ,, , the

relative air densityo, the fraction of maximum landing to maximum také-mass
m,,. /Myro @nd a statistical landing factds, that describes the braking capability of an
aircraft.

mMTO - mML/SN = kL ljj-Bl-':L,L ELFL (3 1)
SN mML/mMTO rnML/rnMTO

The maximum landing lift coefficien€C,_,, is estimated as 2.4, which is a typical value for

conventional aircraft featuring a high-lift systaming double-slotted flaps and no leading
edge high-lift devices (sd2ubs 1954). The relative air densityg in the actual case is 1 as all

investigations are performed for sea level condgioThe fraction of maximum landing to

maximum take-off mass,, /m,, is 0.97 based on the original ATR 72’s maximum Iagd

and maximum take-off masses. The landing fadtolis estimated as 0.137 kg/m?3 based on
the investigations of the ATR 72 presentedliri 2008.

These input values lead to the following maximumguioading of

m kg

—MT0 < 362~ (3.2)
m
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Take-Off Field Length

The take-off field length requirement delivers animum relation of power-to-mass ratio to
wing loading. This relation is described by thepgl@ of the line of the take-off field length
requirement in the matching chart. In case of ptepaircraft the propeller efficiency has to
taken into account, see Equation 3.3.

a= kro V, L9

- (3:3)
STOFL ry |:q:L,TO Ij7P,TO E/E

Inside PreSTo an empirical propeller efficiency mode used to express the propeller
efficiency 77, which is needed for the preliminary sizing of peber-driven aircraft. This
model is based on propeller efficiency curves giveMarkwardt 1998. The given curves
were transformed into Equation 3.4 in the studeojept\Wolf 2009 which was supervised by
the author of this report.

70 = (09001~ 00002 ) ct - (24 = (3.4)

It can be seen that the propeller efficiency isregped as function of the airspeédand the
so-called propeller disc loading which is defined as

= P (3.5)
olp, 5

The corresponding input units for the empirical EguaB.4 are kwW/m for the propeller disc

loading and m/s for the airspe®d. In Equation 3.5S; is the propeller disc area. Figure 3.1

shows plots of the propeller efficiency developmewver airspeed for different propeller disc

loadings. The correlations between the given cuares the functional values are of good

accuracy; the average lie within a range of 0.B.5% percent.
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Propeller Efficiency
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Figure 3.1 Propeller Efficiency Versus Airspeed and Propeller Disc Loading

The still missing parameters for the determinatbslope a are the lift coefficient in take-
off configuration C ., the take-off safety speed, and the statistical take-off correlation

parameterk,,. C ;, is estimated (based obubs1954 and Nita 2008) as 2.1.V, is

calculated as

K /s C
V, =120 3R o Lt (3.6)
13 Ciro

The correlation factok,, of the ATR 72 is taken froriti 2008 as k., = 225m®/kg. For

the maximum wing loading defined by the landinddiieength requirement this leads to a
required power-to-mass ratio of

I:)TO > a.Ij’T‘IMTO
S,

Myro
(3.7)
> 0514k—g3 uTo
m S,
It follows:
Pro 5186V (3.8)

Myro kg
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Second Segment Climb Gradient

The second segment is defined as the flight segbegintning after the complete retraction of
the landing gear and ending at an altitude of 4@ND. During this segment the certification
documents CS-25 and FAR Part 25 require a minimlimbcgradient with one engine
inoperative (OEI)sin(y2nd) of 2.4 percent for twin-engine aircraft. The settgegment climb

gradient requirement delivers a minimum value f@ power-to-mass ratio. It is calculated
according to Equation 3.9.

Po _ N Eﬁl +Sin(V2nd)jE'V2—g (3.9)
-1 ETO

P,2nd

In this equation the glide ratio is determined loy&tion 3.10:

E=—=—L= (3.10)

The required parasite drag coefficie@t,, as well as the Oswald efficiency facter are

estimated using typical values of civil transportiaft given inScholz 2010b. This leads to a
C,, of 0.038 ande= 0.7. For the aspect ratié\ the original ATR 72's value oA =12 is

used. It follows a glide ratio in take-off conditioof E;; = 123. The propeller efficiency
during the second segment,,, is calculated as 0.698. The required power-to-nass

results as

(ij > 157 (3.11)
mMTO 2nd kg

Missed Approach Climb Gradient

The missed approach climb gradient requiremeralsutated similarly to the second segment
climb gradient requirement and also delivers a mimh value for the power-to-mass ratio.
The differences to the second segment climb gradesuirement lie in a different aircraft

configuration, a lower aircraft mass and a lowequieed climb gradiensin(y,,..») of 2.1

percent OEI. In case of the missed approach tips thae regarded as fully extended and, for
certification according to FAR Part 25, the landiggar is extended, which produces

additional drag. In this configuration the aircimfaerodynamic performance (glide ratio) is

worse than after take-off. On the other hand netfthl maximum take-off mass has to be

accounted for but only the maximum landing massadnsequence, Equation 3.9 changes to
Equation 3.12:
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R .
LCHL - 1 (7 [ LT g Y29 (3.12)
MAPP
mMTO nE _1 MAPP MTO ”P,MAPP

Using standard data for parasite drag predictiomfgcholz 2010b gives aC, , of 0.051, the
values of Oswald efficiency factor and aspect rddanot change to the second segment climb
gradient requirement. The glide ratio during misapgroach decreases K =111, which
causes a minimum power-to-mass ration of

(iJ >150 W (3.13)
Myro MAPP kg

Cruise Flight

The cruise flight requirement delivers a minimunhatien of power-to-mass ratio to wing
loading for different altitudes at the requirediseuMach number. For this purpose the values
of maximum wing loading and minimum power-to-maasior at the actual altitudé are
calculated using Equations 3.14 and 3.15.

Myro (h) - CL,CR M éR D(AIR Ep(h) (3_14)
Sw 29
r:TO ()= poee ) (3.15)
MTO % EECR iy P,CR
TO

In Equation 3.15 the power decrease with risingualé has to be taken into account. The
model for this decrease is based on the Pratt &Wg#hiPW120 turboprop family, which is
used on the ATR 72. Its development is presentadiii 2008. Equation 3.16 shows the
derived correlation.

P
“CR = 1883[M . [ %% (3.16)
I:)TO

Moreover, the glide ratio in cruise flight configion is needed. This value is found using
Equation 3.17.



E = 2B , in which (3.17)
CL,CR+ 1
CL,MD CLCR
CL,MD
C
ter 1 . (3.18)

The value of cruise speéd.; to minimum drag speed,,, was chosen as 1.15, which is a

realistic value, as aircraft are operated at high@eeds than their minimum speed for
economic reasons. The maximum glide rafg,, is found using a statistical correlation of

the aspect ratid\, the ratio of wetted area to wing ar8g.,/S,, and a correlation factdt; :

A
E,. =k O—2 3.19
{so/s, (3:19)

The chosen input values fér. and S,.,;/S, arek. = 12918 and S,;/S, = 6.1 (Raymer
1999, Scholz 2005, Nita 2008). The resulting maximum glide ratio &,,,, =181. From this
maximum value follows a glide ratio during cruidigtit of E_; = 174.

A following iteration of cruise speed, cruise aitle and propeller efficiency delivers the
cruise flight conditions in terms of speed andtadke and leads to the matching chart and
aircraft design point. The iteration starts withestimated cruise altitude of 7,000 m and is
improved in three iteration loops. For this purpdsst, the cruise speed is calculated from
the local speed of sound and the cruise Mach nunel@irement.

Ver = ah) M (3.20)

This enables a new determination of the ratio afser power to maximum take-off power
P../P (Equation 3.16), the propeller disc loadihg (Equation 3.5) and a new propeller

efficiency 77, (Equation 3.4). Investigations have shown that thgise speed iteration

converges very fast and that three iteration stighser sufficiently accurate results. In the
present case, the last iteration step changestisecspeed by only 0.04 percent. The cruise
flight conditions result a$i.; = 7668 @BNndV.; =138m/s (269 kt).
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Matching Charts and Aircraft Design Points

The results of the five recently treated TLARs lgadthe matching charts presented in

Figure 3.2. The determined aircraft design pointeims of wing loading and power-to-mass
ratio results as.

e Wing loading: LU 362k—g2 and (3.21)
Sy m

« Power-to-mass ratio: Pro :186ﬂ . (3.22)
mMTO kg

It becomes apparent that the original ATR 72’sraftcdesign point is met in good accuracy
((mMTO/SN)ATWZ = 361kg/m2 ’ (PTO/mMTO)ATR72 :186W/kg)
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Figure 3.2 Preliminary Sizing Matching Chart
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3.1.2 Sizing

From the aircraft design point determined in thevjpus section the fuel requirement,
masses, engine power and wing area are calculati ifollowing. In first instance, the fuel
fractions of the individual flight segments are etatined. A flight segment fuel fraction
describes the ratio of aircraft mass after a flgggment to the aircraft mass before the flight
segment.

The cruise flight fuel fractiorM . . is calculated from the Breguet range equationgithe
required flight rangeR, the propeller efficiencyy,.,, the glide ratioE.,, the (power-)

specific fuel consumption of the engines and tlavigational acceleration :

E
R:’W—mm(ﬂj _ (3.23)
cg m,

As in this step the exact distances of take-offnlo] descent and landing are not known the
full required range is regarded as cruise fliglstahce. The power-specific fuel consumption
for the kerosene version is taken frodita 2008 as 198 mg/Wh. It follows a cruise flight fuel
fraction of M . ., = 0967.

Next, the fractions for the fuel reserves are datedl. In case of the ATR 72 these account
for 87 NM distance to an alternate airport and 4B loiter time at continued cruise. Extra
fuel according to FAR Part 121 does not have ttaken into account as this range does not
belong to the flight category ‘International’. TBeeguet equation with respect to endurance
is given by

(E
t= Mm(ﬂj . (3.24)
CaVer m,

The resulting fuel fractions for the reserves aodef time are M. .= 0994and
M FF LOITER — 0987.

The fuel fractions for the missing flight segmeringine start”, “Taxi”, “Take-off”,
“Climb”, “Descent” and “Landing” are not calculataddividually but estimated based on
data of existing aircraft published Roskam 1990 with one modification: The fuel fractions
for the flight segment “Descent” is set to 1. Asnti@ned earlier, the cruise flight segment
comprises the complete required flight range, asidgufuel fractions smaller than 1 would
account for these flight segments twice. In caseké-off and climb this is acceptable due to
the increased power setting and fuel consumptionthiie descent, however, where the power
setting is significantly reduced compared to crdigght this would cause too high values of
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fuel consumption. The resulting fuel fractions aalected in Table 3.2. This table also
includes the resulting values for a complete stahdbght, all reserves, the total fuel
requirement and the total mission fuel fraction.

Table 3.2 Flight Segment Fuel Fractions

Flight Segment Symbol Value
Cruise M e cr 0.967
Reserves (distance to alternate airport) M FFALT 0.994
Loiter time M e Lomer 0.987
Engine start M e e-starT 0.990
Taxi M e 1ax 0.995
Take-off M 10 0.995
Climb M cis 0.985
Descent M e pes 1
Landing ML 0.995
Standard flight M so 0.943
All reserves M e res 0.966
Total M - 0.911
Mission fuel fraction M 0.089

rnMTO

Aircraft Masses, Wing Area and Engine Power
The fuel fraction values enable the final calcaatiof the preliminary aircraft parameters
such as maximum take-off mass, wing area, requureldvolume and required engine power.

All determined results are collected in Table 3.5 .

The maximum take-off mass is calculated using Egqn&.25.

Myro = (3.25)

In this equation the ratio of operating empty massaximum take-off mass is still missing.
This value is determined based on real ATR 72 data,. /m,,;, = 0541. The mass of one

passenger including baggage is estimated as 93 kg.

The maximum take-off mass results &g, = 21@onsequently, the maximum landing
mass and operating empty mass resultngs = 212t and m,. = 118t Moreover, the

aircraft requires a fuel mass aof ., = 22t (\/F’REQ =28 m3). A feasibility check whether
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the maximum landing mass is larger than the suropafrating empty mass, payload and
reserve fuel mass (Equation 3.26) is positive:

mML 2 rnOE + mPL + mF,RES ) (326)

The wing area isS,, = 605 m?, and the aircraft requires a maximum take-off poraéing of
P, =4068kW or P, =2034KkW per engine.

Preliminary Sizing Results

The following Tables 3.3 to 3.5 list the determirredults of the aircraft preliminary sizing
process. Figure 3.3 shows the respective PreSTiomseincluding a comparison to the
original values of the reference aircratft.

Table 3.3 Preliminary Sizing — Cruise Flight Conditions
Parameter Symbol Unit Value
Cruise glide ratio Ecr - 17.4
Power-specific fuel consumption c mg/(Wh) 198
Cruise speed Ver m/s (kt) 138 (269)
Cruise altitude her m (ft) 7,668 (25,160)
Table 3.4 Preliminary Sizing — Aircraft Design Points
Parameter Symbol Unit Value Original ATR 72
Wing loading Mhiro kg/mz 362 361

S
Power-to-mass ratio Pro W/kg 186 186

mMTO




33

Table 3.5 Preliminary Sizing — Aircraft Parameters

Parameter Symbol Unit Value

Max. take-off mass Myro t 21.9

Max. landing mass My t 21.2

Operating empty mass Moe t 11.8

Payload my, t 8.1

Max. zero-fuel mass my,-r t 19.9

Standard flight fuel mass Mes1p t 1.95

Reserves fuel mass Meres t 0.74

Required fuel mass Mereo t 2.24

Required fuel volume Vereo m3 2.8

Wing area Sy m2 60.5

Take-off power Po kW 4068

Engine take-off power Proe kW 2034
Aircraft data Comparative data
Max. take-off mass myro [ 21675|[kg] Max. Take-off mass myro [ 22000](kg]
Max. landing mass muL [ 21218[kal Wax. landing mass L [ 213s0|kal
Operating empty mass mgg [ 1183y Operating empty mass mae [ 11807]ikg)
Payload mpL [ a0kl
Max. zero-fuel mass muze [ 19931][kg]
Mission fuel fraction, standard flight me [ 1948]jka Mission fuel fraction, standard flight me [ o000|(kg]
Fuel mass, required Meeq | 2243|kg]
Fuel mass, all resarves Mees | 74|[kal
Fuel volume, required Veea | 280|Im3
Wing area sw [ eog[m e > ing area sw [ el
Take-off power Piro [ 406d[kw]
Take-off power of OME engine Porofme | 2034][kw] T-O power of ONE engine Poro/me [ 2051|(kw
Nurnber of engines nE [ 2l

Figure 3.3 Presentation of the Preliminary Sizing Results in PreSTo
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3.2 Conceptual Design of the Fuselage

This section describes the work steps inside Pre®Tachieve a principle geometric
description of the aircraft fuselage. ...

Configuration of Classes

The first step during fuselage design is to defseat classes. PreSTo offers up to three
different classes: Economy Class (YC), Business<I8C) and First Class (FC). In this
work, all 72 passenger seats are treated as Ecor@@ags seats. These seats shall be
positioned in four seats abreast rows with a singtidle aisle.

Cross Section

For fuselage cross section definition the seat@astenger dimensions have to be entered to
construct a cabin cross section around a seat Aswnput values typical data for aircraft
seats and a typical so-called “95 % American Maeg used Scholz 2010b, M ontar nal
2010, see Table 3.6). Based on the original ATR 72netadeck compartment is not defined.
Details on the definition of a lower deck companminean be found irBeeckt 2008 and
Montarnal 2010.

Table 3.6 Passenger, Passenger Seat and Cabin Aisle Dimensions
Parameter Unit Value
Passenger mid shoulder height, sitting m 0.7
Shoulder breadth m 0.53
Eye height, sitting m 0.87
Head-to-wall clearance m 0.06
Shoulder-to-wall clearance m 0.04
Cushion width inch 18
Cushion height position m 0.42
Cushion thickness m 0.14
Armrest width inch 2
Backrest height m 0.59
Seat length inch 25
Aisle width inch 20
Aisle height inch 79

In combination with a height-to-width ratio of tifeselage of 1 the given values lead to the
following fuselage cross section dimensions andcsk@-igure 3.4).
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Table 3.7 Fuselage Cross Section Dimensions

Parameter Unit Value
Ratio of cabin height to cabin width - 1
Floor lowering from horizontal symmetry m 0.72
Fuselage inner height m 2.76
Fuselage inner width m 2.76
Fuselage thickness m 0.1
Fuselage outer diameter m 2.97
Floor thickness m 0.1

Figure 3.4 Fuselage Cross Section Sketch

Cabin Floor Plan

For the definition of the cabin floor plan the reged amount of passenger seats are positioned
in twin-seat rows plus additional space for exitsl @abin monuments such as galleys and
lavatories. As in the previous sections the origiAdR 72 acts as baseline design and
example for this work step. Figure 3.5 shows acdgpATR 72 floor plan in 72 passengers
configuration. As PreSTo only offers the two cailmionument types “Lavatory” and “Galley”
the storage compartment inside the original ATRare represented by additional galleys.
Figure 3.6 shows the way of positioning seat raex#s lavatories and galleys inside PreSTo
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using drop-down menus. Figure 3.7 shows the fldgan pf the tentative regional aircraft as
re-modeled using PreSTo.

/2 pax at 30" pitch
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Figure 3.5 Original ATR 72 Cabin Floor Plan
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Figure 3.6 Cabin Floor Plan Definition Inside PreSTo

Fuselage Outer Contour

The outer contour of the fuselage is defined byftiselage cross section diameter plus a nose
and a tail cone. The sharpness ratios of thesescargedefined by their length-to-diameter
ratios. The cones are x-wise positioned by offsdties between the most forward (resp. aft)
cabin installation and the beginning of the indatl cone. Figure 3.7 shows the final
definition of the cabin floor plan and the fuselameer contour. Table 3.8 collects the related
input values. The total fuselage length result87a85 m.
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Figure 3.7 PreSTo Cabin Floor Plan and Fuselage Outer Contour

Table 3.8 Fuselage Outer Contour Definition

Parameter Unit Value
Nose length-to-diameter ratio - 15
Nose offset m 1

Tail length-to-diameter ratio - 2.6
Tail offset-to-diameter ratio - 1
Cabin length m 19.14
Total fuselage length m 27.35

3.3 Conceptual Design of the Wing

The wing parameters area, aspect ratio and spae amgady been defined during the
preliminary sizing of the aircraft. There, also trertical wing position has been determined;
in this example “High Wing” has been selected. His tsection dealing with the worksheet
“Wing” a refined geometric description is prepar@ideSTo offers the possibility to include
one kink in the wing top view. Asymmetric wing skeapabout the x-z-plane cannot be
defined.

Sweep angle

As reference chord wise position the 25%-line isdug’he wing sweep is defined by the user
for both wing segments inside and outside the kmalsition. For user guidance sweep
suggestions from literature are presented witheesfo the cruise Mach number (see e.g.
Figure 3.8). Moreover, this PreSTo section offers automated design options: a) to create a
straight leading edge from wing root to tip anddyesign a perpendicular intersection of the
wing trailing edge and the fuselage. Based on tiggnal ATR 72 the inner and outer sweep
angles are set to 0° and 1°.
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Raymer: Sweep suggestion (Outer wing)
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Figure 3.8 Wing Sweep Suggestion

Lift and chord distribution

In the next step, the wing taper ratio and the ipatec kink position are defined. Again,
some user guidance is provided based on aircraiguiditerature and in relation to the
previously defined wing sweep angle The wing tapéo is determined as 0.419 based on the
real ATR 72. This value lies between the suggestioiHowe 2005 and Torenbeek 1988
(see Figure 3.9). The spanwise kink position ist@d1.39; for this parameter no suggestions
from literature are given.

Taper ratio suggestion
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Figure 3.9 Wing Taper Ratio Suggestion
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At the end of this section the principle wing plamh is already defined (see Figure 3.12).
The baseline wing geometry parameters are collectédble 3.9.

Table 3.9 Wing Geometry Parameters

Parameter Unit Value
Root chord m 2.73
Kink chord m 2.73
Tip chord m 1.14
Spanwise kink position (from symmetry axis) m 5.25
Aspect ratio inner trapezoid - 2.76
Aspect ratio outer trapezoid - 8.49
Wing area inside fuselage m2 8.1
Wing area inner trapezoid m2 20.56
Wing area outer trapezoid m2 31.81

Dihedral angle, wing twist and incidence angle

The dihedral angle is set to 0° as for the orighiBR 72. As wing twist -3° (from root to tip)
is selected. This value has no influence on furdadculations inside PreSTo but is important
for further investigations with e.g. CEASIOM (seec8on 4). Figure 3.10 shows the sketch
of the aircraft in front view.

N

-1 /

a

VA

Figure 3.10 Front View Sketch

Airfoil selection

The wing airfoil (one for the whole wing) is seledtfrom an airfoil catalogue. At the time of
writing this report this catalogue encompasses di#ils. Based on the real ATR 72 the
profile “NACA 23018 is selected (see Figure 3.1The geometric description of the original
ATR 72 airfoil is not disclosed.
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Select: Airfoil
| Maca 23018 |
Wing airfoil
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Figure 3.11 Wing Airfoil Selection

Ailerons

For aileron size and position suggestions are giteethe user based on data presented in
Howe 2005. However, for this project values are selected #éna based on the real ATR 72.
PreSTo offers the design of additional high-spatxtans as used on e.g. the Airbus A310.
This type of ailerons is not used on the origindIRA72 and in this project. Table 3.10
compares the selected data to the suggestionsteF&gli2 shows the resulting wing sketch
including the aileron.

Table 3.10 Aileron Data and PreSTo Suggestions

Suggestion based

Parameter Unit on Howe 2005 Original ATR 72 Value
Total aileron area m2 3.51 3.75

Aileron midpoint span position - 0.4 0.435

Relative aileron span - 0.33 0.25

Relative aileron chord - 0.25 0.35

Fuel volume estimation

Based on the prepared wing sketch and airfoil sele@ first estimation of the fuel tank
volume is performed. For this estimation it is ased that 54 percent of the wing chord may
be used for fuel storage. Moreover, the complete\iiom centerline to wing tip is included
in this estimation. It follows a total fuel tanklume of about 8.7 ms3, which, at a fuel density
of 0.8 kg/dm3 corresponds to 7 t of fuel. The gradimaximum fuel mass of the ATR 72 is
smaller (5 t) because the fuel tanks do not extermd the complete wing span.
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High-Lift System

PreSTo offers the design of trailing and leadingestigh-lift devices. For the leading edge
the user may select between leading edge flapssiatsl No leading edge high-lift device
may be selected as well. This is also the casth®re-design of the ATR 72, as the original
aircraft features no leading edge high-lift devices

List of selectable trailing edge high-lift devicesmprises the flap types Plain Flap, Split
Flap, Slotted Flap, Slotted Fowler Flap and Do#ilgted Flap. The ATR 72 features double
slotted flaps. The inner flaps extend from shorsmie the fuselage-wing intersection to the
wing kink and the outer flaps from the kink to tinaer edge of the aileron. Parametrically
expressed this means relative spanwise positior&1df, 0.39 and 0.74. The relative flap
chord is 0.3 (see Figure 3.12).

Wing plan view

Wing circumference

-2 —25% chordline

Kinkline

Fuselage

Low Speed Ailerons

———FLAP inner wing

2 [ FLAP mid wing

Figure 3.12 Wing Planform Including Aileron and Flaps

3.4 Conceptual Design of the Tailplane

The ATR 72 is the stretched version of the ATR 4#ch features the same tailplane. This
causes that the tailplane of the ATR 72 is printypaversized — due to the longer fuselage
and consequently longer tailplane lever arm, thessof the vertical and horizontal tail could
have been reduced. However, because of a reducedigtion effort both aircraft version
feature the same tailplane. For this project thaams that the suggestions given to the user
for tailplane design do not correspond to the adtthe original ATR 72. As this re-design
project is geared to the ATR 72 this aircraft'sadate used. PreSTo offer three types of
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tailplane configuration: Conventional, T-Tail andTidil. Based on the original ATR 72 the
T-Tail configuration is selected.

Horizontal Tail and Elevator

The values of the ATR 72 for the horizontal taineénsions correspond well to the PreSTo
suggestions based @&@cholz 2005, Raymer 1999 andRoskam 1990. The selected values as
well as the PreSTo suggestions are listed in Taldlé. Figure 3.13 shows the sketch of the
horizontal tail planform and elevator.

Table 3.11 Horizontal Tail Data and PreSTo Suggestions (based on Scholz 2005, Raymer 1999
and Roskam 1990)

Parameter Unit PreSTo Suggestion  Selected Value
Aspect ratio - 6 6
Sweep angle ° 6 6
Taper ratio - 0.39...1.0 0.39
Dihedral angle ° 0..12 0
Incidence angle ° 0..-3 -2
Relative elevator chord - 0.25 0.25
Elevator inner edge position - 0.05 0.05
Elevator outer edge position - 0.45 0.45
Elevator
0 1 2 3 4

Figure 3.13 Horizontal Tail Planform Including Elevator

As the horizontal tail airfoil the NACA 0010 is seted (see Figure 3.14).
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Select: Horizontal tail airfoil

MNACA 10 ~|

Horizontal tail airfoil

Figure 3.14 Horizontal Tail Airfoil Selection

Vertical Tail and Rudder

Also the data of the vertical tail and rudder cep@nd well to the suggestions made by
PreSTo based on aircraft design literatirayfmer 1999 andRoskam 1990). The suggestion
and selected values for vertical tail and ruddefindmn are compared in Table 3.12.
Figure 3.15 shows a sketch of the vertical tailudng the rudder. As for the horizontal tail
the NACA 0010 airfoil was selected for the vertital.

Table 3.12 Vertical Tail Data and PreSTo Suggestions (based on Raymer 1999 and
Roskam 1990)

Parameter Unit PreSTo Suggestion  Selected Value
Aspect ratio - 08...17 1.2

Sweep angle ° 0..45 35

Taper ratio - 032...1 0.6

Dihedral angle ° 0 0

Incidence angle ° 90 90

Relative rudder chord - 0.32 0.32

Rudder lower edge position - 0.1 0.1

Rudder upper edge position - 0.9 0.9
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Figure 3.15 Vertical Tail Including Rudder

4 Data Export to CEASIOM

The working process inside CEASIOM starts with argetric description of the new aircraft
design in the CEASIOM-module AcBuilder. Many of tregjuired aircraft parameters such as
fuselage length and wing position have already lgermined inside PreSTo and can be
exported to CEASIOM. As stated earlier, CEASIOMauiee xml-data format consisting of
one line for each parameter including parameterendi@d size and the respective value (see
Figure 2.6). Inside PreSTo the required AcBuildgout data are prepared and listed in a
separate Excel worksheet named “CEASIOM”. Wherea dstalready available the PreSTo
data are used, modified to fit to the AcBuildergraeter definition if required and collected
in individual data lines and blocks (see Figure).4Moreover, it is assured that all data use
dots instead of commas as decimal separators $m @aGerman Excel country settings). All
data are rounded to three decimals.
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[Vellow cells mark data that contain default data as they are required by AcBuilder (CEASIOM) but not defined
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<hroat>
Export Data to CEASIOM (AcBuilder)
180

l;igure 4.1 PreSTo-Worksheet “CEASIOM”

Data that have not been determined by PreSTo yelh as the nose and tail cone angles of
the fuselage, are filled with default values andked in yellow to inform the user about the
preliminary status of these data. Example: As tical wing positioning inside PreSTo is
performed by selecting one of the positions highgvor low-wing, these concrete positions
are translated to CEASIOM as default z-positiorugal They are set to 0.95 for the high-
wing position and 0.1 for the low-wing position édeigures 4.2 to 4.4).

For data export a macro is started by clicking temmand button “Export Data to
CEASIOM (AcBuilder)” that collects the actual inpdata in the “CEASIOM” worksheet
down to the cell containing the end statement ¢40odhen the user defines a filename and
target folder, and an xml-file is created.

4.1 Aircraft Modeling with AcBuilder

The CEASIOM module AcBuilder consists of four inpséctions for the user aircraft
definition:

Geometry/Components,
Geometry/Fuel,
Weights & Balance and
Technology.

The required work process for a correct aircrafiiniteon is described in the AcBuilder
startup-window:

* 1- Run Geometry => Components (Make sure flappasent for S&C)
* 2- Run Geometry => Fuel
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* 3- Run Geometry => Geometry

* 4- Run Weights & Balance => Weights & Balance

* 5- Run Weights & Balance => Centers of gravity

* 6- Run again Weights & Balance => Weights & Bala(aweeck the automatic generated
values)

7- Run Technology => Technology

8- Export XML

* 9- Close

Note: The investigations of CEASIOM underlying théport as well as previous studies with
CEASIOM have shown that it is very important foe thser to follow the specified workflow.
Changes in the order of the executed modules agimgisnodules cause inconsistent data in
the created xml-file. Such errors inhibit the fenmtluse of the aircraft model in the following
CEASIOM modules, and the aircraft definition habéorepeated.

4.1.1 Datalmport from PreSTo

Inside the “Geometry/Components” section the usay uhefine up to ten different aircraft
components:

* Fuselage,

* Wing 1,

* Wing 2,

» Horizontal tail,
* Vertical talil,

* Engines 1,

* Engines 2,

» Tailbooms,

e Canard and

» Ventral fin.

For direct data import from PreSTo only data fanrfof these components can be provided:
fuselage, wing 1, horizontal tail and vertical .t&kpecially regarding engine definition two
facts are worth mentioning:

1.As engine definition is currently not being executeithin PreSTo the integrated
workflow using PreSTo and CEASIOM comes to a stepehAt this stage, engines
have to be defined and the user is not offeredsapyport by PreSTo yet.

2.Although turboprop engines may already be seleatedngine type inside CEASIOM
(although nowhere explained to the user; see belmepeller engines cannot be
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displayed and defined by the user. The engine iiefinsections are focused on the
specification of jet engines. In how far turbopmppropeller engines in general may
be investigated in the following design modulesas specified.

Fuselage

The geometry of the fuselage is defined by 15 patara such as the vertical position of the
tail and nose tip (defined as angles in the x-mg)avertical and horizontal fuselage
diameters and the total fuselage length. From tpasametric and explicit input data further
detailed explicit aircraft dimensions such as tkagths of the nose and tail cones are
calculated. All of the required input data are pded by the PreSTo export file. However,
some data are set to default value so that, eegndke and tail tips are always located at the
vertical position of the maximum fuselage thickness

Wing

The wing definition section uses about thirty paggens such as area, span dihedral, leading
edge sweep, etc. to describe a wing with a maximafitwo kinks. For winglet, flap, aileron,
slat and fairing definition additional parameters ased. In this context it is important that
the kink positions and the flap and aileron posgi@are not independent. In AcBuilder the
flaps always extend from the wing root to kink 2s@the aileron positioning occurs relative
to kink 2. Position 0 means from kink 2 outwardssifon 1 means from wingtip inwards,
and position 2 means centered between kink 2 andtipi In consequence, also for aircraft
with no or only one kink in the wing plan two kinksust be defined. In case kink positions
and flap and aileron positions of a reference aiftcdiffer these differences cannot be
included into the AcBuilder model. With respecthe connection of CEASIOM to PreSTo it
is important that PreSTo allows for only one wirigkkbut a completely free positioning of
ailerons and flaps. Moreover, in PreSTo also inthdagh-speed ailerons could be defined
that could not be modeled with AcBuilder.

The airfoil sections used at the wing positionstr&mk 1, kink 2 and tip are selected from a
list of available airfoil definition files. Hencehe airfoils used have to be defined in simple
(non-xml) first so that in the AcBuilder geometmyput section their complete filenames
including file type ending (e.g. B747100_0303spat).ccan be selected by the user. The
airfoil geometry files must be stored in the CEABIGolder ...\CEASIOM\ceasiom100-
v2_0\Geometry\airfoil. This file must contain parmtnic geometry data of the airfoil upper
and lower contour as given in the following examiN&CA 23018):

1 0.0019
0.95 0.0132
0.9 0.0239

0.8 0.044
[.]
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0.05 0.0692
0.025 0.0529
0.0125 0.0409

0 0
0.0125  -0.0183
0.025 -0.0271
0.05 -0.038
[.]

0.9 -0.0194
0.95 -0.0109
1 0

Some additional control parameters such as “Refereonvention” and “Configuration
[0,1,...]" have to be defined by the user for a carn@ing definition. However, the exact
meanings and influences of these parameters (dsasv@lirther ones from various definition
sections) are not explained in the AcBuilder GUhdaalso the AcBuilder help file
“AcBuilder-tutorial.pdf” (Lahuta 2010, available from the CEASIOM installation folder
...\CEASIOM\ceasiom100-v2_0\Documentation\AcBuildés) incomplete and incorrect in
some cases.

Horizontal and vertical tail

The definitions of the horizontal and vertical $aglre principally similar to the definition of a
wing. The differences are that only one kink maydeéined and that only an elevator or
rudder are the only possible trailing edge deviteside PreSTo it is not possible to define a
kink in the horizontal tail or twist of the staladirs. The elevator and rudder are positioned as
centered between stabilizer roots and tips.

Weights & Balance

In the weights & balance section the user has tineleat least 17 mandatory aircraft
parameters concerning the aircraft cabin and pgssestcommodation. Moreover, about 100
additional mass properties of different system comnemts can be defined. In case no user
input is given AcBuilder estimates these valuesmuatically.

Import Result

The result of the data export from PreSTo to AciBerilis shown in Figure 4.2. It can be seen
that the geometries of the fuselage nose anddag @are much simplified. Most importantly

the apexes of the cones are not moved in z-directio consequence the tailplane, though
positioned correctly, is not connected to the fagel Also the geometry of the vertical tail is
simplified. The two kinks of the original ATR 72\We&anot been modeled in PreSTo.
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Figure 4.2 PreSTo Result Imported into AcBuilder — 1

Figure 4.3 shows the aircraft cabin of the re-desigATR 72. The cabin definition is of
acceptable quality for the estimation of the positof the overall center of gravity. The only
problem and inaccuracy lies in the position offtlgit deck. Inside AcBuilder the flight deck
is regarded as part of the aircraft cabin (redsseafigure 4.3).

Figure 4.3 PreSTo Result Imported into AcBuilder — 2

4.1.2 Aircraft Model Modification

The initial geometry requires a manual modificatiohthe tail geometry to connect the
tailplane to the aircraft fuselage. The value “pil” of the fuselage is set from 0° to 5° to
rise the tail tip of the fuselage. In addition veat and horizontal tail are moved forward
(values “apex_locale” of vertical tail and horizahtail set from 0.887 and 1.005 to 0.85 and
0.968).
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As engines are currently not treated in PreSTo #ieyadded manually to the aircraft model
in order to further analyze the aircraft with tledldwing tools and generate a complete data
set. It was selected:

» Layout_and_config: 0 (=slung in vicinity of tixeng)
* Propulsion_type: 1 (= turboprop tract®uélles 2010))
* Thrust-to-weight ratio: 5.5 (assumption; at ARrkax. take-off thrust)

As mentioned earlier it is not clear for the ugernigines selected to be propeller engines are
really treated as such inside CEASIOM. Figure 4mws the aircraft geometry after
modification. It can be seen that the propelleesrant being displayed.

Figure 4.4 Aircraft Geometry after Modification

The AcBuilder section “Geometry -> Fuel” offers thessibility to specify different fuel tank
volumes and masses. Figure 4.5 shows the data &R 72 re-design.
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Fuel

Fuel tanks definition
Wingbo: definition

Parameters

Pararmeter IInit Walue
Maximum_fuel_in_wings kg a000,0
Maximum_fuel_in_auxili... kg N 1]
Maximum_fuel_in_centr... kg N 1]
Maximum_fuel_weight ko a000,0
Fuel_to_MTOW _at_maxi... kg 2000,0
Outhoard_fuel_tank_span ([0-1] n7
Wing_fuel_tank_cutouwt_... N 1]
Unusable_fuel_option 443
Assumed_fuel_density kafm™3 0,809
Incr_weight_for_wing_ta... N 1]
Centre_tank_portion_us... 25,25
Increment_for_centre_t... N 1]
Fore_fairing_tank_length ([0-1] n4a
Aft_fairing_tank_length  [0-1] n4a
Aft_fuse_bladder_length N 1]
Increment_for_aux_tanks N 1]
Aux_wing_spar_loc_root ([0-1] N 1]
Figure 4.5 Specification of Fuel Tanks and Masses

4.1.3 AcBuilder Results

Geometry

Based on the data exported from PreSTo and the aharser input AcBuilder calculates
overall geometric aircraft data such as the meandgaamic chord (MAC) of the wing
(Geometry -> Geometry (output), see Figure 4.6sEhout values can be checked by the
user and are calculated correctly for the preseamngle.

Parameters

Parameter dnit | Walue
taper_ratio
planform_AR
Weighted_area m*2
LE_sweep eq.
MAC Im

relative_apex
Orig_root_chrd_at_ac_CL
Half_chord_sweep eq.
Quarter_chord_sweep eq.
non_dim_MAC_y_bar
Weighted_aspect_ratio
mean_thickness

Figure 4.6 Overall Geometric Results
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Weight and Balance

For the following flight mechanical CEASIOM modulése geometry data have to be
combined with mass properties of the aircraft modéle corresponding AcBuilder weight
and balance section is very comprehensive and matayled system and component masses
may be specified by the user. From these input o\aaall aircraft masses are calculated by
the tool automatically during the center of graiBG) estimation. The way this is performed
or the methodologies applied are not specifiedhea tiser interface or in the available
CEASIOM documentation. Moreover, the non-modifieersion of CEASIOM 100 R90
delivers partly significantly wrong numbers for tbeerall aircraft masses. In the present
example the maximum take-off mass of the ATR 72bdagference aircraft is estimated as
600 t; the real value is about 22 t. (Note: Thislhyem is known to the software developers,
and a corresponding software patch is availabledmvnload and installation from the
CEASIOM websiteCEASIOM 2010a).

Technology
The technology section of AcBuilder generates nof@l the following CEASIOM modules

for aerodynamics and aeroelasticity investigatiditee generated structural beam model and
the aerodynamic panel model are shown in Figur@dd/4.8.

Figure 4.7 Structural Beam Model
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Figure 4.8 Aerodynamic Panel Model

4.2 Geometry Export to SUMO

Figure 4.9 shows the result of the geometry exfporh AcBuilder to SUMO. The generation
of a surface mesh could be performed for (differemsions) of the present aircraft model,
but the resulting mesh always resulted as faukye @xamples of error messages in Figures
4.10 to 4.11). Moreover, if the engine layout aodfguration was selected as 1 (meaning
on-wing nacellePuelles 2010) the position of the engines inside SUMO was es@npletely
different to the one specified in AcBuilder. Due ttee faultiness of the different surface
meshes, it was not possible to generate a volunsh rfe detailed CFD analyses using
SUMO. The Figures 4.12 and 4.13 show exemplary SUWGr messages.
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Figure 4.9 SUMO Aircraft Model and Surface Mesh

et Diagnosis
)
Surface mesh is not closed {or mulkiply connecked) at

edge 49202 of deqgree 3 between verkex 16149 and vertex 16254,
Location: 13.464, -5.224, 1,321

Figure 4.10 SUMO Example of Surface Mesh Error Messages — 1

e -
){ Mesh generation succeeded E]

Mesh details
Topology nok closed
Triangles AE373
Wiertices 33140
Wetted area 404,507
Yalurne 527.99

Sawve surface mesh| | Wolume mesh

Figure 4.11 SUMO Example of Surface Mesh Error Messages — 2
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# Volume mesh generation failed.

! "1 TetMesh: :readTetgenFaces() cannot find walid Face file header.

Figure 4.12 SUMO Example of Volume Mesh Error Messages — 1

rﬂ{ Generate volume mesh w

Tetgen setkings

Farfield radius 160,73
Farfield refinement 3 $
Farfield triangles 1280
Tek radius/edge ratio 1,400 :
[] Min dihedral angle g
Max bt volume *0RE
Split boundary triangles [ ] verbose output
Locate betgen binary [ Browse,,
Tetgen aukpuk

Path: 3 WCEASIOM ceasiom100-
w2_0jGeometry/SUMO/bin/tetgen-1.4.3 exe
tetgen -pql.400a2088.000 started...
Qpening
C DOKIME 1 fakandard (LOKALE~1 ) Temp/sumakvi 18103, smesh,
Constructing Delaunay ketrahedralization.
Delaunay seconds: 0,375
Creating surface mesh,
Recovering boundaries,
Error: Invalid PLC! Two subfaces intersect.
Lst (#45272): (22753, 15449, 35069)
2nd (#57719%: (35070, 35621, 36055)
Praogram stopped.

tetgen terminated with error 3.

Modes 1]
Boundary triangles
Tekrabhedra

Call ketgen Interruptk

Figure 4.13 SUMO Example of Volume Mesh Error Messages — 2
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4.3 Aerodynamic Investigation with AMB

For simplified aerodynamic investigations of thecaft model based on DATCOM and the
potential solver Tornado it is possible run AMB hatit detailed surface and volume meshes
generated by SUMO. However, the defined and diggayeometry of the present ATR 72
example from AcBuilder could not be used to gemesal ornado geometry (see Figures 4.14
and 4.15). An explanation of what/where the wromgut parameter is/are is not given to the
user. The source code is also not available toigkee to check in a debug mode.

??? Error using ==x avd
Input to 3VD must not contain Nall or Inf.

Error in ==> gcond at 40
= = swdid);

Error in ==> golverS at 54
results.dvcond=cond (w2) ;

Error in ==> golwverloopS at 625
[results] =solwverd (results, state, geo, lattice, ref) ;

Error in ==> tornadowrapZ at 123
solver loops (acproject. AME. tornadorun. results, jobtype, JID, acproject . AME, tornado. lattice, state, geo, acproject. AME. Cor
3o lving

Error in ==» C:\CELSION)ceasiowmlO0-v2_ 0% Aerodynamics' AMBYCall Tornado.p>Call Tornado at 133
Error in ==» C:\CELSIOMceasioml0O0-v2_ 0% Aerodynsmics' AMBY AME.p>plot_tornado_call at 543

2?27 Error while evaluating uicontrol Callback

% 5> | I~

Figure 4.14 Example of MATLAB Error Messages (AMB: GEO TORNADO) — 1

??? Error using ==> load
Unsble to read file NACAZ3015: No such file or directory.

Error in ==> flattice setupi:>=loped at 1090
A=load(char (foil) ]

Error in ==> flattice setupirgeometryld at 679
[X 1 5,lemwa_1 5 tot]=slopedifoil(l,1,1)); %element inboard camber slope

Error in ==> flattice setupirgeosetupls at 165
[C W N2 Pl=geometryld(geo.fnx (s, t),geo.nyis, L) ,geo.nx (s, L) ;...

Error in ==> flattice setupi at &0
[lattice,ref] =geocsetuplsigea) ;

Error in ==» C:\CEASIOM)ceasiowl00-vwZ 0% Lerodynsmicsh AMBEYCall Tornado.prCall Tornado at 94
Error in ==» C:YCEAZION)ceasiowlO0-vi_0%Aerodynsamicsh ANE)AME.p>plot_tornado call at 543

??7? Error while evaluating uicontrol Callback

Figure 4.15 Example of MATLAB Error Messages (AMB: GEO TORNADO) — 2

When using DATCOM as AMB aerodynamics solver thiewdated results for the aircraft

model underlying this report lead to the chartsspnéed in Figures 4.16 and 4.17. It can be
seen that that the tool calculates minimum dragesabf about 0.02 for the whole aircraft at
about -2° to -3° angle of attack, and a maximunuealf about 0.065 is determined for about
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11° to 12° angle of attack (Figure 4.16). Theseltesand especially the overall shape of the
graph are clearly unrealistic. The same is truethe development of the lift coefficient
shown in Figure 4.17.

Drag Coefficient

Angle of Attack (Deg)
Figure 4.16 AMB Drag Coefficient Result (DATCOM)

1.4 T T T

Lift Coefficient

Angle of Attack (Deg)
Figure 4.17 AMB Lift Coefficient Result (DATCOM)
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5 Findingsand Future Work

This section collects the most important findingshsas software errors and problems during
the application of the tools that should be treadedng the future work on PreSTo and
CEASIOM.

PreSTo

» Some data collected in sheet CEASIOM do not retervariable names but cell
positions. Thus, changes in the worksheets mayeoatmng links!

» Some AcBuilder input data are not defined in Pre$gb(e.g. engines (!) or fuselage
and vertical tail geometry). Thus incomplete AcBeil data input set.

» Geometry of fuselage nose and tail cone simplifiéo.nose shape, apexes in standard
(center) position.

» Cabin attendants and attendant seats not treatee8ilo yet.

» Geometry of vertical tail simplified. No kinks.

* In sheet “High-lift” it is not possible to selettat no flaps shall be designed.

* In cell Wing D54, automatic calculation deleted.

* Error in name definition in sheet “Tailplane_I"'didence angle is called "dihedralV";
direction of an incidence angle not defined

» Seats abreast and seat pitch: value of Economy Giken

» Orthographic mistakes (e.g. ‘outter’ in sheet ‘Hage’, Capitals throughout many
sheets)

CEASIOM general
* Although turboprop engines may already be seleatedngine type inside CEASIOM

propeller engines cannot be displayed and defineth® user. The engine definition
sections (AcBuilder) are focused on the specificatof jet engines. In how far
turboprop or propeller engines in general may bestigated in the following design
modules is not specified in any CEASIOM documentati

It is important to store the central xml-file afsch individual tool to avoid calculation
errors.

Errors and/or contradictive information on units tbe entered between
xmlFileDefinition and AcBuilder GUI (e.g. Target eqating_ceiling m vs. FL)

Once a project has been selected or created betliening of a CEASIOM session the
user cannot switch to different project but haseiart CEASIOM.

Errors occur without explanation to the user wihpalnameter causes (might cause) this
error.

Aircraft designs with two wings may be defined igBuilder but not investigated any
further from that module.
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AcBuilder

* The investigations of CEASIOM underlying this refpas well as previous studies with
CEASIOM have shown that it is very important foethser to follow the specified
workflow. Changes in the order of the executed nexlor missing modules cause
inconsistent data in the created xml-file. Suclorsrinhibit the further use of the
aircraft model in the following CEASIOM modules,cathe aircraft definition has to
be performed once more.

* Help file (AcBuilder-tutorial.pdfLahuta 2010 in folder ...\CEASIOM\ceasiom100-
v2_0\Documentation\AcBuilder) incomplete, no defomn of input data

» With respect to the connection of CEASIOM to PreSiTes important that PreSTo
allows for only one wing kink but a completely frpesitioning of ailerons and flaps.
Moreover, in PreSTo also inboard high-speed ailemuld be defined that could not
be modeled with AcBuilder.

» Flaps can only extend between root and kink positio. e. at the flap end, there must
be a kink.

 Partly wrong units required in user input section

* Different units of user input (e.g. sometimes @dmetimes %),

* Input data partly parametric, partly related totsir(e.g. aileron span in m although
everything else is defined parametrically): ailespan says [m], but must be [-]

» Total operating ceiling and cabin altitude definégslo why also max. pressure
differential?

» The flight deck is treated as part of the cabin.

* The weight and balance section does not work ctiyrellanual input data are not
accepted.

» Orthographic mistakes (e.g. in AcBuilder input sattCapitals)

SUMO
» Generated surface mesh faulty
» Generation of volume mesh not possible
+ Different engine positions to those in AcBuildefrl@lyout and configuration is selcetd
asl)

AMB

 DATCOM results are unrealistic under certain caods#. E.g. the investigation of a
modern supercritical airfoil leads to a positiveazkft angle (sed”ester 2010).

* Problem with self-defined airfoils although exacthe same input format as available
template files and realistic contour.

» The defined and displayed geometry from AcBuildanrmot be used to generate a
Tornado geometry.

» Orthographic mistakes (e.g. in AcBuilder input sattCapitals)
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Summary and Conclusions

The connection of PreSTo and CEASIOM for a usemnfilly tool chain from aircraft
preliminary sizing to aerodynamic investigation amghulation appears promising due to the
possibility of data exchange in the form of an Xild- However, before this tool chain
becomes reality and offers the potential for réialiand trustworthy results both software
sides need extensions and improvements. Thus, Her combination of PreSTo and
CEASIOM a close collaboration of the developingmeaand a previous information
exchange, e.g. in the form of a developers worksappears advisable.

In the current state PreSTo allows the user toessgth or set up new conventional aircraft
designs from initial TLARs posed to the tentativewnaircraft. The determination of an
aircraft design point in terms of wing loading goalver-to-mass or thrust-to-weight ratio is
followed by a stepwise definition of the individualrcraft components starting with the
fuselage, wing and the tailplane. As a detailedirengspecification is currently not

incorporated into PreSTo yet, this important dedeature cannot be exported to CEASIOM
yet. Moreover, a constant workflow from PreSTo toBAilder with minimized user input

inside CEASIOM, for example, makes it necessaryntbude mandatory AcBuilder data

already into PreSTo. Furthermore, such an earlarpater definition would significantly

reduce the amount of error sources and reasof@HASIOM and/or Matlab software crashes
compared to the current state.

At the time of writing this report there are stilany inaccuracies, such as the lift and drag
results of AMB, and difficulties regarding the et application of CEASIOM (version v2.0
or version 100 R90). Here additional and/or new tis@rials would be helpful. The current
documentation is partly rough and incomplete odatdd. Currently, it is mandatory for the
user to have detailed knowledge on the individuatioles of CEASIOM and their way of
working in order to operate the program corredtgr a user not personally involved in the
development of CEASIOM this makes the workflow cdicgied and unclear.

In the CEASIOM version underlying this report thespibility to investigate propeller aircraft
has been principally prepared but cannot be regaadecomplete or final. Propellers are not
displayed inside the AcBuilder aircraft model, ahd required input data are focused on jet
engines. In how far the CEASIOM module Propulsionld already account for the engine
characteristics of a propeller engine over speeatl @dtitude (e.g. development shaft power
instead of thrust) is not specified in the docuragan. Within the scope of this report the
engines, although selected to be turboprop engapgeared to be handled as jet engines.
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