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This paper provides a historical summary of theodgnamic design of transport aircraft wings duritihg past 35 years at Empresa
Brasileira de Aeronautica (EMBRAER) and descrilfesn the application standpoint, the evolutiontué theoretical and experimental
techniques and tools used.

Beginning with the EMB110 Bandeirante and procegdiith the EMB121 Xingu, the EMB120 Brasilia, CBAM2ctor, ERJ145
family and now with the EMBRAER 170 family, theae been a progressive shift from empirical and &fired analytical design
techniques to CFD methods of ever increasing cdipiasi In the experimental field, more advanceddtiinnel test facilities and
techniques have also been progressively employethatoh the increased complexity of the computatior@hods.

1. Glossary
L: aerodynamic lift force

Aspect ratio: ratio between the square of the vgipgn NACA: National Advisory Committee for Aeronautics
and the wing area (USA)
BTWT: Boeing Transonic Wind Tunnel NASA: National Air and Space Administration (USA)
CBA: Cooperacédo Brasil-Argentina - Brazil-Argentina  NLR: Nationaal Lucht- en Ruimtevaartlaboratorium -
Cooperation National Aerospace Laboratory (Netherlands)
CTA: Centro Técnico Aeroespacial - Braziian ONERA: Office National d'Etudes et de Recherches
Technical Aerospace Center Aeroespatiales - National Office for Aerospace
CD: Drag coefficient = D/qS Research and Studies (France)
CFD: Computational Fluid Dynamics Overlap: amount of superposition (in planform view)
CL: Lift coefficient = L/qS between the flap or slat and the wing main element,
CLmax: maximum lift coefficient usually measured in percent of the local wing chord
D: aerodynamic drag force Parasite drag: drag due to skin friction plus press
DNW: Duits-Nederlandse Windtunnels - German- drag (other than induced or wave)
Dutch Wind Tunnels q: dynamic pressure =g¥?2

Drag creep: slow increase in drag as the Mach numbe RANS: Reynolds-Averaged Navier-Stokes equations

is increased, usually caused by the presence ok wea S: wing reference area

shock waves Sweep angle: angle formed between a convenient
Drag rise: rapid increase in drag as the Mach nunsbe spanwise wing reference line (e.g. leading edgd)am
increased, usually caused by shock-induced boundary axis perpendicular to the fuselage centerline

layer separation Taper ratio: ratio between the wing tip chord te th
FAMA: Fabricaciones Argentinas de Material  wing root chord

Aeronautico TsAGI: Central Aero- and Hydrodynamics Institute
Fowler Flap: type of flap that increases the wihgrd (Russia)

when deflected UWAL: University of Washington Aerodynamics
g: acceleration of gravity Laboratory (USA)

Gap: size of the slot between the wing main element V: freestream velocity

and the deflected flap or slat, usually measured in Wave drag: pressure drag associated to the entropy
percent of the local wing chord generation at shock waves

Induced drag: pressure drag caused by the geneddtio p: air density

lift
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2. Introduction

The transport aircraft market, particularly theilcirliner segment, is highly competitive. Factstgh as load carrying
capability, performance characteristics, acquigitmd maintenance costs determine the overall esicnappeal of the
aircraft to the market and its ultimate commersiatcess from the manufacturer's standpoint. Amboget factors, the
aircraft performance is dependent on the aerodynaimaracteristics, which in turn are strongly ieficed by the wing
design.

This paper presents a condensed history of thalmeamic design of transport aircraft wings durihg past 35 years
at Empresa Brasileira de Aeronautica (EMBRAER),ecing the aircraft that had their development catagal. It also
briefly describes, from the application standpothg evolution of the theoretical and experimetgahniques and tools
used. It should be noted that the aerodynamic desfign aircraft must also extend to the other comepts such as the
fuselage, tail, nacelles and pylons. In this papewever, only some of the major aspects relatedinng design will be
directly addressed.

Beginning with the EMB110 Bandeirante (which adybkgan its development as the IPD/PAR 6504 pt@ge€TA),
and proceeding with the EMB121 Xingu, the EMB12(adilia, CBA123 Vector, ERJ145 family and now withet
EMBRAER 170 family, there has been a progressivé Bbm empirical and simplified analytical desigachniques to
CFD methods of ever increasing capabilities. In ¢xperimental field, more advanced windtunnel fesilities and
techniques have also been progressively employethtoh the increased complexity of the computatiorethods.

3. General considerationsin wing aerodynamic design

It is not the aim of this paper to provide a fullsdription of the aerodynamic design processescataia, but some
considerations about this subject may be usefgiwe a general picture of their complexity. Refemn 1 and 2 provide
more detailed information on this subject. Transpacraft wings are designed to meet a set ofidisttiplinary technical
requirements which cover aerodynamic performanoepyssion, stability and control, weight, structsir@eroelasticity,
systems, production techniques, etc. In princiglerequirements are equally important and a chamgay one of them
(for instance, structures) could lead to significeonsequences for the attainment of another (fgtance, aerodynamics).
Optimal overall design will always involve a comprige between these requirements. Hence, the emolatid the final
aerodynamic configuration of an aircraft wing aetetimined by several factors, only one of whicagsodynamics itself.

With this in mind, but narrowing the discussioreircraft performance, some typical requirements wilhaffect wing
aerodynamics are:

- Take-off and landing field lengths - these usually constrain the minimum wing aredithe type of high lift devices
(e.g. slats and flaps) employed. A larger wing aed more efficient high lift devices allow opecatifrom smaller airports
with higher payloads and more fuel.

- Cruise speed - The cruise speed requirement is associatecetortiise aerodynamic drag. Lower cruise drag can be
achieved by reducing the airfoil thicknesmsd reducing the wing area (decreasing parasi) @rad increasing wing span
(decreasing induced drag). At transonic speedsrlalnag is also achieved by increasing the wingegvangle (decreasing
wave drag). Note that some of the solutions forroumg cruise speed conflict with those for miniiniz field length.

- Range - Range can be increased by a combination of levireg drag and higher wing internal fuel volume t&lthat
the requirements for lower drag (smaller wing) aigher fuel volume (larger wing) are also confhcti

- Stability and controal - Stability and control requirements place somenls on the practical wing planform shapes.
Wings with large taper ratios (small tip chord @spect to the root chord) may provide low drag \th structural weight,
but could present undesirable control charactesistiose to the stall. Likewise, large wing sweegles reduce the
transonic drag but could also lead to control potd at the stall.

- Aerodynamic buffet margins - Aerodynamic buffet is a low frequency airframibration usually caused by shock-
induced flow separation at transonic Mach numblelsally, the aircraft should have sufficient masife.g. up to 1.3g
vertical load factor) in terms of lift generatingpability to be free of buffet during level flight a turbulent atmosphere
and during typical maneuvering flight. Unfortungiethe wing profile types that are less prone tffdbumay have some
undesirable drag creep characteristics.

In the next sections, some specific aspects oivthg design of EMBRAER aircraft and associated $auid methods
will be presented.
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4. Design and analysistoolsfor wing aer odynamic design

A brief description of the aerodynamic design tdbkst have been used for wing design at EMBRAER facus on its
application and usage, is given below.

4.1. Empirical/Theoretical tools

Some of the most important theoretical tools that ia use or have been used during the design dBREAMER
transport aircraft wings are described below. Theypresented in increasing order of fidelity ofiflrepresentation and,
for a given level of fidelity, in increasing capktlyi of handling complex geometry. It should be ewthat, during the
several phases of wing design (conceptual stugiediminary design, detailed design), differenteisvof capability and
‘response time' are needed. Thus, during conceptudies, a simple empirical or 2D panel method meayide the
information needed with the required accuracy, evlit detailed design, a full-aircraft Navier-Stokeslysis may be
necessary. So, even with the availability of mapable codes (but more costly in terms of hardwaceoverall response
time needed to generate the grids, run and prakegsssults), some of the older and simpler methextsin in use.

Some of the codes presented below possess anardesgn capability; that is, they can determiregbometry of the
body for a given pressure distribution. Many ofrthieave also been linked to numerical optimizatimutines.

Empirical methods

Empirical methods provide very quick estimatesngpartant design parameters early in the designegsocThey are
based on previous aircraft data, usually from windel and flight tests. The data can be interpdlatgng theoretically
expected variations obtained from very simple ptaismodels. Typical examples would be cruise dnag) law-speed
maximum lift coefficient estimates for conceptuabign studies. References 3, 4 and 5 are good ¢esumipcompilations
of empirical/experimental data for aerodynamic gesi

2D panel methods (single- and multi-element airfoils)

2D panel methods are based on the Laplace equaibential incompressible flow). When coupled wathboundary-
layer code, they can be useful to predict initiahfseparation. These methods can be used fonpnaliry low-speed airfoll
design and for definition of the type of the higft-flevice needed. In EMBRAER, this tool has beepesseded by a 2D
Euler method with coupled boundary layer, but thegb method is still used in the inverse mode toatm the airfoil
geometry.

3D pane methods

3D panel methods are also based on the Laplac¢i@gualthough limited to incompressible attachémf, the ability
to handle virtually any geometry using only a scefgboundary) grid makes the method very usefuledficient. It is used
to evaluate the aerodynamic interference and légtdhlition between the several aircraft componéats. influence of the
fuselage, pylon and nacelle on the wing design)eilVboupled with a boundary layer code (3D or 2fi)-it is a very
powerful tool for high lift device design. In thase of transonic aircraft, the final design mustessarily be validated by
more capable tools, but the overall 'picture’ & tlowfield and associated aerodynamic interfergpdblems may be
obtained very early in the design process. Figaresd 2 provide an example of the surface gridd ngake shape and
pressure distribution results using an early 3DePprogram. Figures 3 and 4 provide the grid, retbwake shapes and
pressure results for the current Panel program ayagdlby EMBRAER. Reference 6 provides a thorougstdgtion of
various formulations of 2D and 3D panel methods.
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Figure 2. Early 3D panel method pressure distritbutesults (CBA123 model).

Figure 3. Up to date 3D panel method mesh (EMBRAER model).
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Figure 4. Up to date 3D panel method pressureildision and wake shape results (EMBRAER 170).
2D full potential methods

These methods are based on the full potential Ematvhich allows for flow density variations andow
discontinuities. The discontinuities (velocity addnsity jumps’), although originating from a pdi@n(isentropic and
irrotational) equation, can be associated for rakengineering purposes with shock waves anésseciated wave drag.
These methods are used for transonic airfoil degigey are usually coupled with a boundary layefecsince fairly small
airfoil 'effective geometry' changes (caused keylibundary layer displacement thickness) can ledalitly large changes
in the flow (surface pressure distributions) ahs@nic speeds. In EMBRAER, this tool has also mgrerseded by a 2D
Euler method with coupled boundary layer. Referehpeovides more information on the full potentizéthod.

3D full potential methods (wing alone)

Transonic wings are usually swept back to redueesffective Mach number normal to leading edgeyltieg) in lower
wave drag. Although simple 'effective’ Mach numberrections are still used for preliminary 2D ailfiesign, the non-
linear nature of transonic flow and the swept wasdf-induced upwash along its span require a 3Ehotefor more
refined analyses. EMBRAER used an inviscid wingpal full-potential method to design some of itemift, but this has
been superseded by a wing-fuselage full potent&thod with boundary layer correction.

3D full potential methods (wing plus fuselage)

Besides the self-induced upwash, wings are stranflyenced by the presence of the fuselage antabedary layer.
EMBRAER currently employs a full potential wing plfuselage method with coupled boundary layer &igdetransonic
transport wings. The boundary layer equations abeed by a finite-difference 3D method that prowdée increased
fidelity necessary for transonic design. This mdtbhan also be coupled with an inverse design neodul

2D Euler methods (single- and multi-edement airfoils)

The Euler equations, as opposed to the full pateatjuation, can properly handle strong flow disicmities (shocks).
In this manner, they provide more precise resuliewlocal supersonic regions attain higher Maambrers within the
transonic flow. Additionally, although the Euleruadions are inviscid, the artificial viscosity ihet numerical method
represents quite well the wake of the airfoil. Tisispecially useful when a multi-element airfsilanalysed, as the method
will automatically compute physically meaningful keashapes for each element as part of the solutiva. potential
method, the wake shapes would have to be presciibttk input or be obtained by an iterative soltiThe 2D Euler
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method is used by EMBRAER for transonic single @atrairfoil and for low-speed multi-element airfaihalysis and
design. The method is coupled with a 2D integrairatary layer code.

3D Euler methods, 2D Navier-Stokes (RANS), 3D Navier-Stokes (RANS)

The Reynolds-Averaged Navier-Stokes equations epnesent most of the flow phenomena of practictdrést
associated with complex aircraft configurationstHis respect, they could easily handle the araysd design of transport
wings in the transonic and in the low-speed, hifihdeparated-flow regimes. Their disadvantaggs lisually on the long
times involved in preparing suitable computatiogiadls and solving the equations themselves. Hotis phenomena are
not important for a particular case, the viscosédy be set to zero and an Euler analysis can berpexd on a coarser grid
in a considerably reduced time.

EMBRAER employs a 2D/3D RANS/Euler code for dethiknalyses of complex geometric configurations sagh
wing plus pylons and nacelles. Figures 5a and 8bgmt an example of this application. Transonigyleindesign is also
performed with the 3D Euler and N-S code. 2D asedyare also performed for airfoils in situatiomere large separated
regions are present, such as an airfoil with aajegal spoiler.

Figure 5a. CFD pressure distribution results fargypylon-nacelle configuration (EMBRAER 170)
Initial configuration with wing upper surface shazkused by pylon-wing interference.

"

Figure 5b. CFD pressure distribution results fargmpylon-nacelle configuration (EMBRAER 170)
Refined configuration with pylon-wing interferensieock eliminated.
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Euler and Navier-Stokes formulations are continlyolbising developed and refined for many applicatidrReference 8
provides a detailed introduction to the subject.

4.2. Experimental tools

In spite of the large advances in CFD in the p@syé&ars or more, the windtunnel remains a very iaob tool for
aircraft development. The overall time cycle fazamnplete windtunnel test campaign is long, typicaitluding from 3 to
6 months for model design and construction, fromegk to 2 months for testing and from 1 week todhths for analysis
of the results. However, once the model is in timél and the test is under way, a huge amourgryfprecise data can be
generated very quickly, far exceeding the curremilmination of speed and precision of CFD methods.

While CFD can provide qualitative results that dam used for wing design optimization, up to now lyothe
windtunnel can provide reliable absolute values fagny aerodynamic parameters. In other words, Ck3 pn
optimization procedure can reliably find a minim@ama maximum even if its absolute is not known @@y, while the
windtunnel can provide a more precise absoluteevaBoth types of information (minima/maxima and aises) are
needed for a successful wing design.

It should be noted that many types and subtypeasirofels exist with varying degrees of size, spesghbility and
usage cost. The following paragraphs describe sofye types of tunnel that have been used by EMBR&ERansport
wing design.

Subsonic constant total pressure windtunnels are one of the most traditional types of tunnelse around the world.
They operate close to the ambient atmospheric yessvhich usually means that the test Reynoldsbeuns much
smaller than full scale. This imposes some lindtagi on the types of test that can be performedemires theoretical or
empirical corrections to the results. However, tiaeg comparatively inexpensive to operate and tdrpsovide very
useful information during all phases of the aeraugit wing design. This type of tunnel has been used least one phase
of the design of every EMBRAER transport aircrdfattreached production status. The TA-2 at CTA&#v José dos
Campos (figure 6) and the UWAL at the University@ashington in Seattle, USA (figure 7) are typieshmples that have
been used by EMBRAER.

Figure 6. Subsonic constant total pressure tumséHEMB120 Surface oil flow visualization at CTA.
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Figure 7. Subsonic constant total pressure tunB&J145 at UWAL.

Subsonic pressurized windtunnels can control the pressure and hence the densttyecdir in the tunnel. The small
size of the test model can thus be compensatedebiptreased air density in order to obtain fudlledReynolds numbers or
at least to obtain a sufficiently high Reynolds fyemto minimize the theoretical corrections. Thérertunnel is (or is
within) a pressure vessel. The process of pressgrihe tunnel, running the test and depressuritiig allow model
configuration changes makes it more time consuraimgj costlier than a subsonic atmospheric tunnelveder, the test
results are usually much more precise and clostretdull scale values. This type of tunnel hasnbeged by EMBRAER
during the 170 design. The ONERA F1 at Toulouse/Mauin France (figures 8 and 9) is an example bkauic
pressurized windtunnel.

Figure 8. Subsonic pressurized tunnel test - EMBRAEO half model at ONERA F1.
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Figure 9. Subsonic pressurized tunnel test - EMBRAEO full model at ONERA F1.

Transonic constant total pressurewindtunnels are, as the name implies, capable of reachingdspe®responding to
Mach numbers close to unity. In a constant totekgure transonic tunnel, the Reynolds number iseseas the Mach
number is increased. This adds additional effd@sneed to be compensated for during the analf$iee results, as Mach
and Reynolds effects are mixed in. This type ofn&lnwvas used during the development of the ERJTAB. BTWT
(Boeing Transonic Wind Tunnel) at Seattle, USArissaample of transonic constant total pressure twimtkl.

Transonic pressurized windtunnels are capable of changing Mach numbers at constaghdtds numbers. The
pressurization and density are progressively deerkas the Mach number is increased in order to Regnolds constant.
The Reynolds number can usually be kept higher thanld be possible with an atmospheric tunnel, mining the
necessary theoretical corrections to the resutemsbnic pressurized windtunnels have been us&MBRAER since the
EMBRAER 170. Examples of transonic pressurized windels are the DNW/HST in Amsterdam, Netherlafigsies 10
and 11) and the TsAGI T-128 in Moscow, Russia.

Figure 10. Transonic pressurized tunnel test - EMBR 170 at DNW/HST.
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Figure 11. Transonic pressurized tunnel test - EMBR 170 at DNW/HST - Front View.

5. A brief history of EMBRAER transport aircraft and the evolution of their wing design

A brief description and history of EMBRAER transpaircraft wing aerodynamic development is givetote Table

1 provides a summary of the wing aerodynamic caoméitions and the tools used in their design.

Table 1 - Summary of Embraer Transport Aircraft Wing Aerodynamic Configurations and Associated Design Tools

Aircraft Cruise Wing n High Lift DeV}(.:es Theoretical Methods Windtunnel Tests
Leading Edge Trailing Edge
EmB-110 |Straight-tapered unswept 5:#: Iiuflc[ixtllaerd e::ip e
. \wing, NACA 5-series profiles None N ) Empirical Low-speed testing at CTA and in France
Bandeirante . kinematics with external
23016 root, 23012 tip
support brackets
Double slotted flap , fixed
EMB-121 |Same wing as the EMB110, vane, circular arc . "
Xingu with reduced span None kinematics with internal Empirical Low-speed testing at CTA
tracks
Straight-tapered unswept Double slotted Fowler flap, Extensive low-speed windtunnel test campaign
EMB-120 |wing, NACA 5-series profiles None fixed vane, moveable Empirical, Lifting line. 2D panel method to improve root |(CTA).
Brasilia 23016 modified at root, lower shroud, internal profile CLmax characteristics 2D profile+flap and 3D full aircraft tests. Hinge
23012 tip tracks moment tests for ailerons
2D panel method coupled with optimization procedure
for cruise. 2D multi-element panel method for flap Extensive low-speed windtunnel test campaign
Double slotted Fowler flap, ) . . - . " N "
Compound taper, unswept y design. Transonic 2D profile design using linearized full [(CTA) and Argentina
CBA-123 h . ! fixed vane, moveable N N N 5 . " . .
Vector wing with advanced profiles None Jower shroud?. internal potential equation with cartesian coordinates coupled  |2D profile+flap and 3D full aircraft windtunnel tests.
based on NASA MS-series . with boundary layer calculations. 3D panel method for  |First transonic windtunnel test campaign (BTWT)
tracks : N . . .
design of other elements of the configuration (engine for an EMB aircraft.
pylon and rear fuselage)
2D multi-element panel method for flap design.
ERJ-145 with Straight-tapered unswept Double slotted Fowler flap, [ Transonic 2D profile analysis and design using
overwin wing, modified in chord and None fixed vane, moveable linearized full potential equation with cartesian Low-speed windtunnel testing at CTA. Transonic
wing span in respect to the lower shroud, internal coordinates. 3D full potential wing design method. 3D  [testing at BTWT with blown nacelles
engines
EMB120 wing tracks panel method for wing-nacelle-fuselage interference
analysis
) Double slotted Fowler flap, 2D mult_l-element_panel me_thod for flgp des_lgn.
ERJ-145 with |Compound taper, swept y Transonic 2D profile analysis and design using . . .
. y . e fixed vane, moveable . - . . N X Low-speed windtunnel testing at CTA. Transonic
underwing |wing with transonic airfoils None : linearized full potential equation with cartesian N
N > lower shroud, internal testing at BTWT
engines designed by EMB tracks coordinates. 3D full potential wing analysis method. 3D
panel method for pylon/nacelle design
2D multi-element panel method for flap design.
ERJ-145 with Compound taper, swept Double slotted Fowler flap, | Transonic 2D profile analysis and design using
rear fuselage wing with transonic airfoils | Fixed leading |fixed vane, moveable linearized full potential equation with cartesian Low-speed windtunnel testing at CTA. and UWAL.
selag designed by EMB. Winglets | edge droop |lower shroud, internal coordinates. 3D full potential wing analysis method. 3D |Transonic testing at BTWT. Hinge moment tests?
engines . s "
present in some derivatives tracks panel method for pylon/nacelle design. 3D Euler / NS
solver for winglet design
2D multl-elemel_'lt Eule_r methoq th COUPIEd boundflry Low speed windtunnel testing at CTA and UWAL.
Double slotted Fowler layer for transonic profile and high lift device analysis . . f
Compound taper, swept i . y I . Low-speed, high-Reynolds testing with half model
y . N flaps with moveable main [and design. 3D full potential wing analysis method. 3D .
EMB170/175 |wing with transonic airfoils Slats at ONERA and DERA. Low-speed, medium-Rey
: : and aft elements. External [panel method for pylon/nacelle design, slat and flap N N .
designed by EMB. Winglets supports detailed design. 3D Euler/NS solver for wing-pylon- testing with full model at ONERA. Transonic,
PP an- . . 9Py constant Reynolds testing at DNW/HST and TsAGI
nacelle analysis and winglet design
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EMB110 Banderante

The Bandeirante is a hon-pressurized twin turbopiogaft with a 15-19 passenger capacity (figuze The design of
the Bandeirante began as the IPD/PAR 6504 projaingl the late 1960's at CTA (Centro Técnico Aepaegal) of the
Brazilian Ministry of Aeronautics, to provide the&ilian Air Force with a light transport aircraft replace obsolescent
aircraft then in service. The prototype first flighccurred in 1968. The project was transferreEMBRAER when the
company was founded in 1969 and the first delivdrihe initial production version was in 1972. Ryotion ended after
almost 500 aircraft had been delivered to seveilitany and civilian customers around the world.eTtype remains in
service in Brazil and abroad.

Figure 12. EMB110 Bandeirante.

The EMB110 has straight tapered unswept wings. Wing profiles were selected from the NACA 5-seriéamily
with 16% relative thickness at the root and 12%khéss at the tip. No geometric twist was employée high lift devices
consist of double slotted, fixed vane flaps thaeed in a circular arc motion supported by extesw@ésors. The wing
aerodynamic characteristics were evaluated by étapimethods and were later validated and refitedugh low-speed,
low-Reynolds windtunnel testing performed in Frafm®totype) and in CTA (series production version)

EMB121 Xingu

The Xingu is a pressurized twin turboprop aircraith a 5-9 passenger capacity (figure 13). Fingthfl occurred in
1976 and production amounted to around 100 aitcfafé aircraft remains in service with civilian @ness / executive)
and military operators (Brazilian and French Aird¢es and French Navy). The Xingu was intended tehkefirst and
smallest member of a family of aircraft with up26-30 passengers, to be achieved through progecselage stretches
and a new wing. However, market analysis indicated a larger fuselage diameter would be necedsarg 30 seat
aircraft, which led to the EMB120 Brasilia.
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Figure 13. EMB121 Xingu.

The aircraft uses the Bandeirante wings with clippps mated to a new fuselage and tail surfacegeduce drag in
cruise, the flap support scissors were replaceadteynal tracks at the inboard and outboard flagsen

EMB120 Brasilia

The Brasilia is a twin turboprop with a 30 passengmpacity (figure 14), designed to meet primatilg regional
aircraft markets of the USA and Europe in the eafg0's. The design began in the late 1970°s amdirdt flight was
performed in 1983. Initial deliveries were madel885. Around 350 aircraft have been produced aedybe remains in
service around the world.

Figure 14 .EMB120 Brasilia.
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The EMB120 has unswept wings without geometricttvilitie absence of twist allowed for some simplifa in the
structural design and production methods with \@mnall penalties in induced drag due to the faiighraspect ratio and
relatively low wing loading. Additionally, the absee of twist had little practical effect on maximdift capability, since
propeller slipstream and torque effects defined lihmting stall characteristics. As is typical inamy commercial
transports, good stall characteristics are guaedritg artificial means such as stick shaker arlt gtisher systems.

During the initial design, in order to achieve Istructural weight, the wing was intended to hawtraight taper from
root to tip and to use NACA 5-series profiles witB% relative thickness at root and 12% at theHipwever, windtunnel
tests showed that the aerodynamic interference dagtvthe thick root airfoils and the fairly narroWaonel between
fuselage and nacelle produced premature flow separat high angles of attack, reducing the maxiniifincoefficient.
The root airfoil was then modified by a leading edztension that reduced the local relative thiskn® 16% without
changing the front wing spar position and the wingsion box. With this modification, the wing acopd a subtle
compound taper. The inboard panel leading edgedetised by a line that ran from wing root to thatistin with 16%
relative thickness on the original wing. This inlsb#aper, however, extended only from the fuselagthe nacelle. The
wing outboard of the nacelle remained unchanged.rdbt profile modification was analysed and vakdaby a 2D panel
method, probably the first time such a method wslun an EMBRAER design.

The flaps are of fixed vane, double slotted Fowjee, supported at their ends by internal trackstt@ lower surface
of the rear part of the wing torsion box there im@veable shroud that moves up when the flapsxdemded, preventing
flow separation on the gap between wing and flagh mmproving maximum lift. Extensive low-speed windhel test
campaigns were performed at CTA during the EMB12€igh.

During the prototype flight tests, some regionfl@is separation were noticed in the partially deféal ailerons during
climbs simulating the loss of one engine with takieflaps deployed. To avoid the increased drag@ated with the
separated flow, a small wing fence was placed batvilap and aileron, and a row of vortex generat@ee placed along
the span in front of the ailerons.

CBA123 Vector

The CBA123 was conceived as an advanced pressuvizedurboprop for 19 passengers (figure 15).skdithe same
nose and cross-section of the EMB120 Brasilia,viitht a shorter center fuselage plus a new rearldgeeand tail. The
engine nacelles with pusher propellers were mouategylons on the rear fuselage. The innovativefigoration (for a
turboprop aircraft) would offer higher speeds agakls of comfort when compared to existing aircoithe same capacity.
The aircraft was developed together with ArgensnieAMA and reached the flight test stage, with pvototypes being
flown during 1989-1990. Ultimately, the market feeen for the aircraft (higher speed and comfort,associated with
increased cost and passenger fares) did not maer@nd the aircraft did not go into productionowéver, many
production techniques and the engineering know-tieveloped for the CBA123 were later used during@Rd145 design.

Several interesting problems and solutions to #redynamic integration of the engines and pushepglers to the
fuselage were found during its development, busehare unfortunately outside the scope of this papewever, one of
the indirect consequences of the engine positiatha need for a compound wing taper, dictatedhbyneed to retract the
landing gear legs into the inboard wing. To minienuise drag, the wing area was fairly small dreddspect ratio was
large. The small wing area required more advancaefilgs to provide higher lift coefficients with dnwithout flaps
extended. The profiles were modified and optimizzdEMBRAER from the new NASA MS-03XX (Medium Speed)
profiles, using a 2D panel method coupled with @tinoization routine. This was the first applicatioh a numerical
aerodynamic optimization technique to an EMBRAERcraift. These profiles attained high maximum liftefficients
through the use of fairly thick and rounded legdedges and a larger amount of camber at thengjaddge when
compared to ‘conventional' NACA 5 or 6-series #sfcA 3D panel method was used to optimize wingtor low overall
drag at high subsonic speeds. Also for the firsetithe flaps were designed using a multi-elemBrp@nel code. The flaps
were divided in 3 panels per each semi-wing tovafior adequate lateral control in the event oflufa or asymmetric
deployment of any of the panels (a certificatioguieement). The flaps, following the experiencepofvious EMBRAER
aircraft, were of the double slotted, fixed vaneetyvith internal tracks.
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Figure 15. CBA123 Vector.

The CBA123 was the first EMBRAER design to be teste a transonic windtunnel, besides the usual dpeed
windtunnel tests at CTA and Argentina. Although #ieraft normal cruise (up to Mach=0.58) was fasta turboprop, it
did not quite reach the transonic regime. Howewertification requirements asked for demonstrat@fnadequate
aerodynamic characteristics at speeds up to Ma6B=@&hich would cause supersonic flow regions teap on the wing
upper surface. The tests were performed at thenBoBiansonic Windtunnel (BTWT) facility in SeattldSA. The results
showed that no stability and control problems wapgear within the extended flight envelope up txhE=0.65.

During initial flight tests, it was noticed thatetlaerodynamically balanced, manually actuatedamitewere floating up
symmetrically at cruise conditions. This was causgdhe increased amount of camber designed irgaitfoil trailing
edge, which produced increased rear aerodynamiinigeand tended to push the aileron trailing edgesards. The
problem was solved by rigging the ailerons symmali with a nominal 'trailing edge down' deflectjocalculated to

cancel out the effect of the rear loading in flighdditionally, the lower surface of the aileroaiting edge was modified to
decrease the amount of rear camber.

ERJ145

The ERJ145 is a pressurized twin turbofan airesétfh a 50 passenger capacity (figure 16). It usesEMB120 nose
coupled with an extended center fuselage, new witajs and rear-fuselage mounted engines. It wasgded for a
perceived new market for regional jet aircraft, venthe increased speed, comfort and passengerlappdd outweigh the
inherent fuel economy of the turboprop aircraftnthie service and in development. The first fliglstorred in 1995 with
initial deliveries occurred in 1996. The ERJ145 wabsequently developed into the smaller ERJI139&38engers) and
ERJ140 (44 passengers) to cater for specific mawdedls and into the Legacy business jet. It hastaen developed into
a family of military variants tasked with airboreerveillance, patrol and reconnaissance missiomseNhan 750 aircraft
of the family have been delivered from more tha@ 80n orders and in excess of 400 purchase options



Proceedings of ENCIT 2004 -- ABCM, Rio de Janddmazil, Nov. 29 -- Dec. 03, 2004, Invited Lectur€¥04-1L03

Figure 16. ERJ145.

Three major different aerodynamic configurationgevextensively studied during the ERJ145 developnsraight
wing with overwing mounted engines, swept wing witiderwing mounted engines and swept wing with feselage
mounted engines. The last configuration was thecbsen for production.

The initial configuration was directly derived fraitme EMB120 and had the turbofan engines mounted the wings
approximately at the same position of the origitueboprops (figure 17). The center fuselage wastaied to carry 45
passengers, thus resulting in the original EMB1dS8ighation. The straight tapered unswept wing veas/ed from the
Brasilia's. The wing rear part was kept, includihg original rear and front spars, but the engéezling edge was extended
to reduce the airfoil maximum relative thicknesenfr 16% to 14% at the root and from 12% to 10% attth. An
additional front spar was also introduced, the wépgn was increased and winglets were installetally, the design
cruise Mach number was M=0.70, but during develagniewas raised to M=0.75 to provide a cruise @eriance
differential in respect to that of competing neweetion turboprops. The advantages of the cordtmn would be its
low development and production costs (using modifszasilia tooling and jigs), superior performarared comfort in
respect to turboprops and reduced acquisition goedlating costs in respect to other regional je¢s tim development.
However, transonic windtunnel tests indicated highan expected drag at M=0.75 and the modifiedgwias also found
to be heavier than originally estimated. The aemadyic analysis and design tools available at time ih EMBRAER
(1989 - full potential 2D airfoil code with coupldzbundary layer, 3D inviscid wing full potentialdm and a 3D panel
method) were not capable of calculating the unfabler aerodynamic interference between the jet esthand the
supersonic flow on the wing upper surface. Althotigére was prior qualitative knowledge of the pheanon and the
associated risks, it took a transonic windtunnsi & BTWT to confirm the problem, leading to theadonment of the
configuration.
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Figure 17. ERJ145 - Over wing mounted engines gardition.

The second configuration had an entirely new wilitt) approximately 26 degrees of leading edge swéke.engines
were mounted in pylons under the wings, requiralgt landing gears (figure 18). The fuselage westched to carry 48
passengers and the nose was extended to accomntiogldbmger landing gear leg. The design cruise iMiaember was
raised to around M=0.80 to 0.82. The wing was dexigusing the available full potential transonic @il 3D codes. The
resulting transonic airfoils had moderate rear ilogidbeing of the type commonly called 'supercaiticiue to the large
region (typically from 10% to 70% chord) of superisdflow on their upper surface at cruise cond#ionhis type of airfoil
has been used in transonic transport aircraft dimedate 1970's/early 1980's. Low transonic dsaghtained by keeping
the flow on its upper surface at low supersonic iMaambers, avoiding the presence of strong shoalesvthat could
cause boundary layer separation. However, theseslp@rsonic Mach numbers on the 'supercriticaibbredo not allow
very large pressure differences to be generatedeleet the upper and lower airfoil surfaces, resgliinreduced local lift.
The required additional lift is achieved by inciiegsthe camber at the rear part of the airfoil. Tésulting wing profile
shape is fairly flat on the upper surface from @60 or 70% of the chord, curving downward froratthoint until the
trailing edge. In the lower surface, a concaveareds present in the rear 30% to 40% of the chieiglires 19 and 20 show
the typical geometric and pressure distributiofiedéinces between a ‘conventional' and a 'supesdfitiirfoil. In the case
of the ERJ145, aileron upfloat caused by the irsgéaear loading would not occur because the atenere hydraulically
powered.
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Figure 18. ERJ145 - Under wing mounted enginesigorgtion.
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Figure 19. Typical pressure distributions - Coni@nal and supercritical airfoils.
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Figure 20. Typical geometry - Conventional and sciitical airfoils.

The pylon and underwing engine installation werel@ated using a 3D panel code which, in spite @idpéormally
incapable of handling transonic problems, gaveulissualitative subsonic design indications. Thenfaguration was
successfully tested in the transonic Boeing Traies@vindtunnel and met the performance expectatiédihiough the
aerodynamic configuration was successful, the problassociated with the longer landing gear prdwader to solve.
The cost of the fuselage nose modification woulgdehbeen high, the longer landing gears would haepiired the
installation of emergency escape slides, leadintpedoss of space for two passenger seats anddbe proximity of the
engines to the ground would still have posed camaldle risks of foreign object ingestion and damadlehese problems
caused the underwing engine configuration to beddzed.

The third major aerodynamic configuration had thgiemes mounted on pylons on the rear fuselageréigd). There
was a further increase in fuselage length to acoodate 50 passengers and the wing was initiallysimee as that of the
underwing configuration. This configuration, witietchanges described below, was the one finallgerhéor production.

The ERJ145 uses fixed vane double slotted FowdgasflA moveable lower surface shroud, similar todhe in the
EMB120, is also employed. Although good transonindinnel results had been obtained for the cruisgy at the
Boeing Transonic Windtunnel, low speed windtunestd at CTA indicated that the maximum lift coeéfit values would
not meet the short take-off and landing field lésgtequired for regional airline operations. At atthe same time, market
surveys indicated that the potential clients waubd require cruise speeds in excess of Mach 0.7678. This provided
design margins to allow the leading edge to be figativith a fixed ‘droop' and the wing root flapoct to be extended by
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0.15 m. The droop was designed using the 2D antuBPotential methods. Additionally, four vortilenwere installed on
the lower surface leading edge of the outboard yagel. Their interaction with the wing sidewasthigh angles of attack
produce strong vortices that are convected to gpemusurface, where they modify the pressure digidn and boundary
layer development, postponing flow separation amdeiasing maximum lift. Their shape and positiomengefined using
the 3D panel program. The combined effect of tlaliley edge droop and vortilons allowed an improtaa-off and

landing performance without resorting to more camplariable geometry leading edge devices (suctass), for a small
cruise performance penalty. Figure 22 shows a satiemepresentation of the ERJ145 droop and vortilo
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Figure 21. ERJ145 - Rear fuselage mounted engmegyaration.
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Figure 22. ERJ145 leading edge droop and vortilons.

An additional note on the ERJ145 wing aerodynanitfiguration is related to the vortex generatoecetl in front of
the ailerons. During the initial flight test campai some adverse yaw (aileron roll command to elftewould produce a
slight yawing moment to the right and vice-versaswoticed during climb. The ailerons already pessa differential
gearing (the aileron whose trailing edge is goip@lways deflects more than the one whose tradoige is going down) to
counter the theoretically predicted adverse yaw, the effect in flight was found to be larger therpected. Flow
visualizations with wool tufts showed that the @ile going down had some regions of separated flidvis produced
additional drag at that wingtip, which in turn pooed the increased adverse yaw. The problem wasdsbly placing a
row of vortex generators in front of the aileron'@nergize' the boundary layer and delay its séiparalhe final note on
the ERJ145 wing aerodynamic configuration is relate the winglets, which were tested at the CTAdtumnel. The
results indicated that, for the initial productioversions of the ERJ145 (e.g. LR model), the neigleit drag reduction
(wing induced drag reduction minus the winglet pdeadrag increase) at typical cruise conditions e small to justify
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the expense and complexity of the installation. S&mme conclusion is applicable to the smaller aiddr members of the
family (ERJ135 and ERJ140). However, the wingledsame advantageous for some of the newer and heeavi&ons
such as the ERJ145XR and Legacy executive jet. theage at higher lift coefficients and are optiedzor longer ranges,
where there is a definite winglet advantage in geofithe induced drag reduction.

EMBRAER 170 Family

The EMBRAER 170 / 175 family is composed by twinbiofan aircraft with a 70 to 86 passenger capdtigure 23).
The design originated primarily from the growthtioé regional jet aircraft market, which had beewes by either current
aircraft of up to 50 seats or older generationdewircraft. The 170 family was designed to offasgenger comfort levels
equal to or superior to the those of the existegjanal and mainline aircraft, combined with loweogiting costs. This has
been achieved by the combination of advanced ddsanres such as wide double-bubble fuselage -sexd®n with 4-

abreast seats, a fly-by-wire control system coupléth advanced design techniques in aerodynamicsctares and
avionics.

Figure 23. EMBRAER 170 and 175.

The EMBRAER 170 (70 to 78 seats) design was imitiah 1999 and first flight occurred in 2002. Fiddlliveries
occurred in 2004. The EMBRAER 175 (78 to 86 seats) derived from the EMBRAER 170 by a stretch im thuselage.
Currently there are more 100 firm orders and mioag t150 purchase options for the EMBRAER 170 family

The EMBRAER 170 wing design was driven by the needbtain fairly high maximum cruise Mach numbeds/ 8-
0.82) associated with very good take-off and lagdierformance. The short field requirements ledttigh lift device
design to double slotted Fowler flaps with moveatrain/aft elements and slats. This was the finstetithat this
aerodynamically efficient but structurally compleambination was used on an EMBRAER transport dirciidoe initial
slat design consisted of four panels (one inboéithed pylon, three outboard) supported by circalar tracks of varying
(conical) radius along the span. It provided a tantsgap and overlap along the span for the takewtd landing slat
deflections. The take-off position would have a gigse to zero to minimize drag, while the largep/gverlap at landing
position would maximize lift. However, support tkacwith constant radius along the span were evéytahosen to
achieve lower production costs at the expense ofesemall increase in take-off drag. Landing perfmmoe was not
affected. Two spanwise flap panels are used (imbaad outboard of the wing planform taper brealk) bath deflect
parallel to the flight direction, supported by exig tracks and carriages. A 2D Euler method andva 3D panel method,
both coupled to boundary layer codes, were usedglébrand flap design. Due to the ambitious maxintifintoefficient
requirements and the larger size of the 170 whempeoed to previous EMBRAER aircraft, the traditibfew speed
constant pressure windtunnel tests were not cadlgeoviding accurate results. The tunnel testriRéds number, based
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on the reference chord length, would be arounc1L06 for a typical model while full scale Reynoldsuld be around ten
times that value. The empirical Reynolds extrapmtet for maximum lift and other coefficients wouldt provide reliable
results for such a wide range of values. It wasdgetthen to build a half-model (divided at thediage symmetry plane)
of 1/5 scale and test it at a pressurized windturignough the half model would only provide lohgiinal aerodynamic
coefficients (zero sideslip angle), the large matale, coupled with the increased air densityhefgressurized tunnel,
would provide Reynolds numbers equal to those bistale. The tests were performed at the ONERA&EIlity close to
Toulouse/Mauzac in France. Test runs were done\aral different Reynolds numbers varying from £.Q006 to full
scale, which allowed empirical correlations betwegaximum lift coefficient versus Reynolds to beaibéd. These were
used to determine the minimum test Reynolds nunmeeessary to achieve reliable extrapolation to $akle. This
information was later used during the 175 windtunest campaigns, which were performed using &8l §pposed to half-)
models at intermediate Reynolds numbers. Figuiasdd present the 170 half and full models in @&¥ERA F1 tunnel.

The 170 cruise configuration airfoils were designsthg a 2D Euler code with boundary layer corcecnd the wing
was designed using a inviscid 3D full potential @ocBven though the wing had slats for take-off amdling, certification
requirements placed some constraints on the minimalme for the CLmax in cruise configuration. Soamditional
camber was added to the wing leading edge to rheetarget cruise CLmax. The airfoils are of supticat 'standard
rooftop’ type, in which a supersonic, fairly comstpressure plateau exists on the top surfacesatrthise design condition.
The cruise configuration was tested in the DNW/HSILR) transonic pressurized windtunnel at Amsterdanthe
Netherlands. This allowed the Mach effects to biakd at constant Reynolds number, which helpediderably in the
analysis of the results. Figures 10 and 11 showl #etransonic model in the DNW/HST tunnel. The &b marked the
first time a 3D Euler / NS code was used in an EMBR aircraft, during the wing-pylon-nacelle intedace studies and
for winglet design. Figures 5a and 5b show an eXarop the refinement to the wing-pylon-nacelle égufation to
minimize adverse aerodynamic interference withwireg. The CFD results were validated using a traitsbalf model
with model turbines driven by compressed air (TP3irbine Powered Simulator) at DNW/HST. Wingletsreveesigned
using the 3D Euler/NS method with particular aftamtto the aerodynamic interference effects atuigg to winglet
junction. They helped to improve the cruise anceta performance. The final wing overall designtroe exceed the
performance requirements.

6. Conclusion

In a highly competitive environment such as thatdommercial transport aircraft, the aerodynamisigte methods
and tools must undergo continuous updating anddugmment. There is, however, a permanent need &s tf all levels
of complexity and response time. What we probahblissee in the future is the substitution of sienpimore primitive
tools by newer and more capable ones with the samimetter response times. It should be stressddthaphysical
understanding of the underlying physical phenonmanat remain clear to the user. In this aspectstimpler tools might
still be around to provide for this need.

The transport aircraft market provides some exasnpfecompanies that perished either by investimgnbuich or too
little in new methods and tools (not only in aenoawyics) without the proper regard for the expeeeoshomic returns.
EMBRAER has been careful and fortunate in matcttiegtools to the needs for development of its nesdipcts.

The progress that has been made in the past 35 wdhcertainly continue and benefit future protiucrhe 190/195
belong to the newest family of EMBRAER aircrafi|l st their final phase of development (and thudartunately beyond
the scope of this work). However, they will certgihave reaped many benefits in this field fromvimas EMBRAER
programs.
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