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Summary

A method for the conceptual design and the comparisf short take-off and landing

transport aircraft with blown flaps is developedeyKaspect for blown flaps is the
interdependence of thrust, forward speed, and ¢hedgnamic forces during take-off and
landing. Therefore, the focus of the thesis is lo& modeling of the low-speed engine
characteristics and the determination of the aaradyc coefficients. Based on the low-
speed engine characteristics and aerodynamic ciegffs, methods for the calculation of
the balanced field length and landing field length well as the low-speed control
characteristics are developed. The methods argratt into a parametric aircraft model
to determine the impact of the short take-off amulding capability on the aircraft design
and the overall mission performance. In an appticatxample, regional aircraft with

different blown-flaps systems are compared to aventional take-off and landing

reference aircratft.

Zusammenfassung

Es wird eine Methode fir den Konzeptentwurf und dfmgleich von kurzstartfahigen
Transportflugzeugen mit angeblasenen Hochauftysbssien entwickelt. Kernaspekt bei
solchen Systemen ist die Modellierung der Abhangigkzwischen Auftrieb,
Geschwindigkeit und Schub wéahrend Start und Land@uofpwerpunkte der Arbeit sind
somit die Modellierung der Triebwerkseigenschaftem Langsamflug und die
Bestimmung der aerodynamischen Beiwerte. Daraliaaugnd werden Methoden fir die
Berechnung der Start- und Landebahnldnge sowie ldergsamflugeigenschaften
entwickelt. Die daflr entwickelten Methoden werdeim ein parametrisches
Flugzeugmodell integriert, um die Auswirkung der rkatartfahigkeit auf die
Flugzeugauslegung und die Gesamtmission zu bestimimesinem Anwendungsbeispiel
wird die Gesamtmission von Regionalflugzeugen mérsehiedenen angeblasenen

Hochauftriebssystemen mit einem konventionell statén Referenzflugzeug verglichen.
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1 Introduction

A predominant problem in the USA as well as in fpards the imminent capacity shortage
of major hub airports. Air traffic is assumed tanease worldwide by around 5% per year
(Boeing 2009b), while further runway extensionsawports are often difficult because of
local residents stress acceptance level and limm@adestate availability. According to the
Federal Aviation Administration (FAA 2007), 22 majtJS airports will suffer from
capacity shortages in the next two decades, evér #fie implementation of the
respectively planned improvements. Eurocontrol’sstmecent study on the challenges of
growth (Eurocontrol 2008) predicts that 11% of Eheopean demand (around 2.3 million
flights) will not be able to be accommodated in @@Rie to capacity shortage and that
19 airports will be saturated for 8 hours a dayrtllermore, several communities are
constrained from building new runways or implemegtother airfield projects to enhance

capacity.

In the literature, various studies discuss solvimg problem on the aircraft side. With
these approaches, short take-off and landing (STi@bjonal jets use existing airport
infrastructure for take-off and landing to increasgacity. The solutions discussed are

» the opening of small satellite airports (Zuk andriivieell 2005), (Kehse 2008)

= operation on underutilized turbo-prop runways (Qos| Hange et al. 2007) or
unused crossing runways (Hange 2003) and

= operation on other unused areas at hub airporto§@n, Kelders et al. 2009).

A potential capacity increase has been demonstfatetthe use of the turbo-prop runway
at Newark Airport (Couluris, Hange et al. 2007) dod a generic airport, where STOL
aircraft take-off and land from an extended taxyw80ck and Kelders 2009). For all
solutions discussed, STOL field lengths betweenrG0fnd 1000 m are required. Typical
field length requirements for conventional take-arfifd landing (CTOL) regional jets are in
the order of 1,500 to 2,000 m.

Several studies have shown the potential bengiitaiflines and the community that could
result from STOL operations: One benefit could bduced noise levels through new
approach trajectories enabled by low minimum flighe¢eds of STOL aircraft. The different
aspects related to that option are being intensisteldied in NASA’s subsonic fixed-wing
project (Hange 2008). Additional research is cotetliat the German Aerospace Center
(DLR) (Bertsch, Looye et al. 2009) and the GermanTAaffic Control (Schwanke 2009) in
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the German Aeronautical Research Program (LuFo B¢hnomic studies have estimated
slot values, which were worth up to $43,800 per (dglogan, Kelders et al. 2009) in the
past. This indicates the high value of additiohaissfor an airline. According to Peperak a
potential prevention of delay through STOL aircraéiuld allow for up to 17% higher fuel

burn and 17% higher mass and maintenance cosedornal aircraft with 110 passengers
(Peperak 2008). This gives an indication of theeupionit for the penalties that an aircraft

can have due to STOL capability and powered Iétesy integration.

For the overall assessment of different STOL conmdmlesign solutions, a comparison of
these penalties with respect to overall missiotioperance (fuel burn, maximum take-off

weight, component weights, etc.) is required ands@nts one important open issue
(Gologan, Kelders et al. 2009) in powered lift wsé.

1.1 Motivation

A large number of wind-tunnel experiments for cdawer high-wing aircraft

configurations with different powered lift systemvere conducted in the 1970s at NASA.
Thereby most powered lift systems considered foDISTurbo-fan aircraft applications
were blown-flaps systems. The results of the winthel experiments are publicly

available and include detailed low-speed aerodyog@iformance data.

Based on these wind-tunnel data, several studiegpaeed the climb performance or the
take-off and landing performance of different bleflaps aircraft. Neither certification
aspects such as, for example, the one engine etopecondition or missed approach climb
performance, nor the impact of the STOL capabitity the overall mission performance
were considered. (Hoad 1972), (Margason 2002), l{Btodénd Margason 2007)

Several conceptual studies and comparisons of#tineith blown flaps that were designed
based on the wind-tunnel data have been publisbedthe design methodology, the
calculation of the field length as well as the @emission performance were not
documented. (Cochrane, Riddle et al. 1982), (Chiken et al. 1975), (Braden, Hancock
et al. 1980a), (Galloway 1972)

Some blown-flaps aircraft have been built and flawithe past. Well known examples of
prototype aircraft with Upper Surface Blown Flapse ahe YC-14 (Wimpress and
Newberry 1998), the Quiet Short Haul Research Aftcof NASA (Riddle, Innis et al.

1981). Other aircraft are the McDonnell Douglas Y&{(Jane's 1977) with Externally
Blown Flaps, the de Havilland of Canada C8-A Buffalith the Augmentor Wing system
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(Farbridge 1987) and the Hunting H.126 (Hunting3)9&ith Internally Blown Flaps. The
C-17 Globemaster of Boeing with Externally Blowrap$ and the Antonov An-72/74 with
Upper Surface Blowing are blown-flaps aircraft tmatiched serial production (Jane's
2000) and are both still in operation. These cotsceere designed for different missions,
restrictions and performance requirements. Misfi@h burn and cruise performance data
were rarely published. Furthermore, too few blovap$ aircraft have been built to

generate an empirical database that can be usadctamparison.

For the reasons mentioned above, it is impossthhduct a coherent comparison of the
different blown-flaps systems for current applioag based on the previous work. The

purpose of this thesis is to fill this need witle tiesearch objective detailed below.

1.2 Research Obijective

The objective of this thesis is to develop a mettiad enables the conceptual design and
comparison of STOL turbo-fan aircraft with diffeteblown-flaps systems considering
certification requirements as far as applicablbltavn flaps as well as the implications on
the overall mission performance. The method shduddable to make use of publicly
available low-speed wind-tunnel data, but shouldoabe applicable to low-speed

aerodynamic data from other origins such as formgpta Computational Fluid Dynamics.

The method should be able to model turbo-fan diraxéth the following blown flaps

systems:

= Externally Blown Flaps
= Upper Surface Blown Flaps
» Internally Blown Flaps and Augmentor Wing

= Advanced Internally Blown Flaps

Not considered are other powered lift systems ssctirect lift (e. g. lift-fans, cross-flow
fans), turbo-prop powered systems (e. g. deflestgzstream, tilt-wing), or circulation
control (e. g. rotating cylinders). The method banadapted to also include such systems,

but this is beyond the scope of this work.

The result of the method is the overall missiorfgrenrance of STOL blown-flaps aircraft
designed for a certain field length requiremente Direrall mission performance can then
be compared to a CTOL aircraft with mechanical Hifihdevices. Thus, the thesis
contributes to answering the question of whethelOSTiransport aircraft are an

economically feasible solution to increase capaanity to reduce delays.



1 Introduction

1.3 Methodical Approach

The methodical approach to reach the objectiveiasvn in Figure 1, and also reflects the

main chapters of the thesis.

First, an overview of the current state in blonapt research and development is given. In
an introduction the main characteristics of blowap$ are summarized. Subsequently, the
functionality of the blown-flaps systems investiggtis summarized and an overview of
publicly available wind-tunnel data is given. Fu@ntimore, previous comparison studies are
reviewed and an overview of realized blown-flapsraift is given. Based on this literature

survey, the research needs and the research tdiskussed in more detail.

Subsequently, the methodical approach for the quoeédesign is discussed. Based on a
handbook approach for the conceptual design of emtional aircraft, the approach

adapted for the conceptual design of blown-flapsrait is presented and discussed.

[ Current Stateh

= Introduction

= Functionality Conceptual

= Available wind-tunnel | Design Approach

data

= Previous comparison = Handbook approach forf  Adaption of

studies conceptual design Conceptual

= Realized Aircraft = Adapted conceptual .

= Research Task design approach for Design Method

blown flaps aircraft = Low-speed aerodynamics e

= Low-speed control Verification
= Low-speed engine model | and Validation
= Take-off

. Landing = Take-off
= Implementation and = Landing Application

adaption of baseline design

= Simulation conditions
= Sizing for performance
= Comparison of overall
mission performance

= Fuel burn vs. field
length

Figure 1. Methodical Approach

In the next chapter, the specific methods that wiesesloped or adapted for the modeling
of the physics of blown-flaps aircraft are docuneentFirst is discussed how available
wind-tunnel data can be used for the modeling eflthv-speed aerodynamic performance.
As blown-flaps aircraft take-off and land at sigraintly lower speeds than conventional
aircraft, the low-speed control characteristics d&nel related tail and aileron sizing is

discussed. For the determination of the coupling eofyine thrust and low-speed
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aerodynamic performance, a scalable low-speed engiodel is developed with a gas-
turbine performance simulation tool. Numerical noeth for the calculation of balanced
field length as well as landing field length areveleped based on the above low-speed

models and certification requirements as far asiegipe for blown-flaps aircraft.

Next, the parametric aircraft model for the baseliesign is documented, which includes
handbook methods for the main disciplines requitedmodel the overall mission
performance of a conventional aircraft. By adoptioh these methods and by the
integration of the developed blown-flaps methods ithhe parametric aircraft model, the
impact of STOL performance requirements on the alenission performance and the
related sizing effects are modeled.

In the following chapter, the methods developedtha take-off and landing of blown-
flaps aircraft are validated by a comparison wiigjht-test data and verified by plausibility

studies.

In the next chapter, the application of the methisdshown by the conceptual design and
the comparison of STOL regional jets with differdslbwn-flaps systems. First, the
requirements, the assumptions as well as the degsigimeters and their design space are
presented. Next, it is shown, which trade-studi@geho be performed to size the blown-
flaps aircraft for the required take-off and largliperformance. Subsequently, the overall
mission performance of the different blown-flapsceift is compared to each other and to
a CTOL regional jet. Finally, a tradeoff betweeelfourn penalty and field length required
is given for the investigated blown-flaps aircratft.

In the end, the results of the thesis are sumnthianel an outlook for further research is

given.






2 Current State and Needs in Blown-Flaps Research

This chapter first gives a general introductionbtown flaps. This is followed by an

overview of the functionality of the different blomilaps systems investigated and of
publicly available wind-tunnel data. Next, previot@mparison studies are reviewed and
an overview of several realized blown-flaps aircrisf shown. As a conclusion, the

research questions of this thesis are summarized.

2.1 Introduction to Blown Flaps

Today’s transport aircraft use mechanical highdidvices to increase the maximum lift
coefficient during take-off and landing. Thereblgp at the trailing edge of the wing are
extended to increase the wing circulation andnliftsurface area. Additionally, slats at the
leading edge increase the maximum angle of atfaw&.to these measures the take-off and
landing speed is reduced, and thus also the tdkeraf landing field length. Figure 2
shows a comparison of maximum lift coefficientsiaebd with mechanical flaps and with
powered lift. Maximum lift coefficients of mechaaicflaps have converged around 3.5,
which at a given thrust-to-weight ratio and wingdag limits the take-off and landing
field length. To further improve take-off and langi performance and to achieve lift
coefficients significantly higher than the values mechanical flaps, powered lift systems
are required, as they can achieve maximum liftfamehts of more than 10. In this thesis,
powered lift refers to blown flaps for short taki#-and landing (STOL) aircraft with
turbo-fan engines. Not considered is powered Bftaameans of vertical flight (e. g. tilt-
wing), direct lift (e. g. lift-fans, cross-flow fai), turbo-prop powered systems (e. g.

deflected slipstream), or circulation control (eraating cylinders).
12

PE Ty T PP PP P PP - PR PP PP PPPTTT TP

i Mechanical Flaps

Airplane:s

0 H i p i
1900 1920 1940 1960 1980 2000
Year

Figure 2. Evolution of maximum lift coefficient in the 20th century (Margason 2002)
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TRAILING —EDGE
FLAP BLOWING

TRAILING —= EDGE
BLOWING

EXTERNAL NOIZLE
UNDER WING

EXTERMAL NOZILE
ABOVE WING

Figure 3. General options for blown-flaps devicesWilliams, Butler et al. 1963)

Aircraft with blown-flaps devices use the blowinflagh momentum air to induce power

in the wing’s flow field. Depending on the devitegh momentum air is blown

= out of the wing’s trailing edge, either with or twtut an additional flap,
= externally onto the flaps from the wing’s loweresid
= above the wing, or

= out of the trailing edge of an extended flap.

Due to the extended flap, the trailing edge jevestored downward and increases the
effective flap chord. The consequence is an inereadift compared to the unpowered
wing due to super-circulation (also known as powarieculation) and the vectored thrust.

The magnitude of the increase in lift is charazgsgiby the jet momentum coefficier®,,

which is defined as the ratio of the jet momentamlv; that affects the blown-flaps
device to the wing area and the dynamic pressure:
m. [v,

C/_, = ] ]
ng 5 (1)

Figure 4 illustrates qualitatively the lift increaever the jet momentum coefficient for an
EBF system at a constant angle of attack. The ctarstics of the effects are also valid
for the other blown-flaps devices investigated. ©ae see that the total lift of the aircraft

is significantly higher than the sum of the unposeelift and the thrust component that is

" The jet momentum coefficient is sometimes alsoethtthrust coefficient” or “blowing coefficient”
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vectored downward, which explains the denotationupés-circulation” or

“powered circulation”.

CONTRIBUTIONS TO EBF LIFT
CONSTANT a

Lr

POWERED
CIRCULATION

,// Cy sinla + &
.~ DEFLECTED
L~ THRUST
UNPOWERED
LIFT Lo

LIFT
COEFFICIENT

THRUST COEFFICIENT

Figure 4. Contributions to lift of Externally Blown Flaps (Johnson 1972)

The jet momentum coefficient is an additional degoéfreedom in the aerodynamic polar
of a blown-flaps aircraft. Figure 5 shows a typitail-off aerodynamic polar of an IBF
wind-tunnel model with a flap deflection of 15° éakfrom wind-tunnel experimental data

(Vogler 1976). The characteristics for other bloffaps systems are similar. The polar

includes lift coefficient of the wind-tunnel modé€l,  as a function of angle of attaek
and C, as well as drag coefficien‘fj%T and pitching moment coefficien€, ~as a

function of C, and C,. The drag coefficientC;N represents the resultant force in
T

aircraft x-direction and includes the engine jetnmeatum. For this reason it can reach

negative values.

The higher the jet momentum coefficient, the higbehe lift coefficient (see Figure 4 and
Figure 5). Equation (1) shows that for blown-flapcraft the lift coefficient is a function
of engine thrust, speed and reference area. Thipliog of thrust and lift is the main
difference compared with conventional aircrafimiikes the calculation of the take-off and
landing more complex than for conventional airgrafhere the maximum lift coefficient
CuLmax IS constant during take-off. With increasing spe@d decreases for a given jet
momentum and reference area (see equation (1)h &¥itreasing,, C max decreases and

C, andC, increase. Consequently, for the calculation oétaf and approach speeds the

following has to be considered: These speeds dwm@ion of the lift coefficient; lift
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coefficient is a function ofC,, which is a function of speed. Therefore, take-arfid
approach speed are a function of the speed itsdlhave to be calculated iteratively, if no
approximate analytical closed-form solution is ploles

8 8 8
7 7 7
6 6 6 Cﬂ
— 5 > SV 5 / 5 —e-0
g4 4 4
) ; A, s ) f 5 X —%—0.56
) J(/ 2% | 2 £ 2 1 —>—1.84
0 —0/ 0 0
210 0 10 20 30 2 1.0 1 2 1 0 -1 -2
a [deg] Co,, [] Cinl]

Figure 5. Low-speed polar of wing-fuselage wind-tumel model with Internally Blown Flaps, d;=15°
(Vogler 1976)

At a higher flap deflection (see Figure 6), thecuiation increases and more thrust is
vectored downward. Therefore, the lift coefficientreases. At the same time the drag
increases, as less thrust acts in forward directiime nose-down pitching moment
coefficient of the wing-fuselage configuration ieases with increasing, and increasing
flap deflection (Figure 5 and Figure 6).

8 8 8
7 = 7 2 7
e A
6 / 6 / 6 C,
=5 [X 5 X 5 ——0
¥4 )/%K 4 )25( 4 X?;f
L 0.55
© 3 —x?/ 3 1 3 }& -
) ) ) ——1.85
1 d,‘ 1 { 1 h
0 0 0
10 0 10 20 30 2 1.0 1 2 1 0,1 =2
a [deg] Co,, [-] Crnel-]

Figure 6. Low- speed polar of wing-fuselage wind-tunel model with Internally Blown Flaps, 6;=45°
(Vogler 1976)

For a given jet momenturm; [v; and reference areahe jet momentum coefficient varies

with airspeed. Wind-tunnel data are limited by thailable maximum jet momentum

coefficient, which is limited by wind-tunnel conaints or testing procedures. For the

10



2 Current State and Needs in Blown-Flaps Research

example given in Figure 6 the aerodynamic dataval@ble only betweerC,=0 and
C,=1.85. This maximum available jet momentum coeéfiticorresponds to a minimum
velocity vinin, Where aerodynamic data are available; for a rdetailed discussion on this
topic see Bobbitt and Margason (Bobbitt and Margag007, p. 4). Belowmi, the
aerodynamic characteristics are unknown. For theroination of the forces at zero
airspeed, the thrust recovery factgrand jet turning angle; at zero airspeed (static
turning) are given in experimental results for eliént flap angles:
_VFA TR

= T (2)

— H I:N
0, =arcsing t EI'O) 3)
With the values fow; andd; and the static thrust of the engifig the lift (Fn) and thrust
(Fax) at zero speed can be calculated. For airspeddedev=0 andv=vy,, the forces can

then be determined by interpolation.

2.2 Functionality of Different Blown-Flaps Systems

This section explains the functionality of diffetdslown-flaps systems, gives an overview

about their general characteristics, and shows pbenof aircraft built.

2.2.1 Upper Surface Blowing

Aircraft with Upper Surface Blowing (USB) systentsgure 7) have their engines installed
on the upper side of the wing. The entire engirteast is blown over the upper side. Due to
the Coand effect (Mentral and Zerner 1948) the exhaust Vatldhe extended flap and is

vectored downwards. Due to the resulting jet flffeot, the circulation is increased. The

flaps for USB can be conventional multi-slottedpfiaor continuous radius flaps. Wind-

tunnel investigation have shown that USB aircrafthwadius flaps have a better

aerodynamic performance than with multi-slottegdléSleeman, Hohlweg et al. 1975)

(mj [Vj )Exhaust
—

Figure 7. Sketch of Upper Surface Blowing Flap Systn (Phelps 1972)

11
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The jet momentum of the entire engine exha(n’;; [VJ-) influences the wing

Exhaust
circulation (see Figure 7). Therefore the jet momenthat is used to calculate the jet
momentum coefficienC, is equivalent to the engine gross thrust.

Advantages of the USB system are better low-speeuing performance compared to the
Externally Blown Flaps system and good noise charatics due to the upper engine
installation (Dorsch and Reshotko 1972). One mdissdvantage is the high drag in cruise
condition due to the unique engine installatiore(section 4.6.1). The USB system has
been realized in several prototypes and researchatii (see Table 2, p. 23). The only
aircraft that has been certified for civil applicat is the Antonov AN-72/74 (Figure 8).

Figure 8. Antonov AN-72/74 transport aircraft with USB (Antonov 2004)

2.2.2 Externally Blown Flaps

The Externally Blown Flaps (EBF) system has therewinstalled conventionally, on the
lower side of the wing. The entire engine exhasidilown on the multi-slotted flaps. The
exhaust follows the extended flap, and a part efdkhaust flows through the flap slots
and entrains the wings upper flow (Figure 9). Iis tvay, the jet is vectored downwards
creating a jet flap effect, which increases theutation and the lift.

Figure 9. Sketch of Externally Blown Flap System @hnson 1972)

Similar to USB, the entire engine exhal(m [Vj) affects the blown-flaps system and

Exhaus

the jet momentum coefficiel@, is also calculated from the entire engine groassth

Advantages are the comparably simple and well knemgine installation that has good
drag characteristics in cruise and the conventioradhanical flap system. Disadvantages

12
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compared to USB are higher noise (Dorsch and Rkeshif72) and slightly lower low-
speed aerodynamic performance (Hoad 1972), (Manga802), (Nicolai 1975).

The YC-15 was a successful research aircraft wBlr.EThe only certified aircraft with

EBF is the McDonnell Douglas (now Boeing) C-17 taily transport aircraft (Figure 10).

—

— — —

Figure 10. Boeing C-17 military transport aircraft with EBF (Boeing 2009a)

2.2.3 Internally Blown Flaps
For Internally Blown Flaps (IBF), different altethaes have been developed in the past
(see Figure 11 for some examples documented) BA&l$ Iblow their air out of the inside of

the wing and, therefore, require an air ductingesys

D, < B
——= ? A
AUGMENTED
JET FLAP

JET FLAP BLOWN FLAP

Figure 11. Examples for Internally Blown Flaps (Endar and Hemmerly 1981)

The jet flap blows high momentum air out of the gvimailing edge, which increases the
effective wing chord and in this way produces stperulation. Depending on the outlet

angle, the jet is vectored downwards which incredse lift.

The blown flap blows high momentum air out of thailing edge of the wing over an
extended flap. Due to the Coriagffect, the jet follows the extended flap and @ages the
effective flap chord, which produces super-ciraolat The increase in lift can be
controlled by the flap angle, depending on the ireguratio of lift-to-drag. The augmented
jet flap (also named Augmentor Wing) has an add#idlap installed over the basic flap
forming a channel to create an ejector system dhgments the thrust of the nozzle by
entraining additional air. (Chambers 2005)

The aerodynamic characteristics of all IBF systedepend on the jet momentum

coefficient. In contrast to the USB and EBF systetis relevant jet momentum is not the

13
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jet momentum of the total engine gross thrust linly the jet momentum of the bleed air

that is taken off the core, bypass or exhaust@gtigine:

— (mj [VJ )Ofﬁake

" Pwers (4)
2
If only a part of the engine mass flow is taken @ik residual gross thrust compon&at
remains, which acts conventionally in the forwan@ction (see Figure 12).

(mj [VJ ) BypassOfftake

Figure 12. Rolls-Royce RB 419: Proposed engine imaffation and air offtake for Augmentor Wing
aircraft (Whittley 1971)

Two research aircraft with IBF systems have beelt &od flown in the past. The Hunting

H.126 (Figure 13) had blown flaps and a fuselagexmed Bristol Siddeley “Orpheus”

turbojet engine. More than half of the engine eshauvas transmitted to the blown flaps
through ducts that had to withstand temperature®06fC to 640°C. Heat insulation was
the major challenge and caused the major problemsglthis project. Around 10% of the
exhaust was ducted to the nozzles at the wingatiaisthe tail to provide control power at
very low speeds. (Hunting 1963)

The H.126 performed over 100 experimental flightsween 1963 and 1967. However,
this solution for the IBF system was not develofether due to the impracticalities of the

nozzle system’s complex ducting. (Chambers 200566)

Figure 13. Hunting H.126 IBF research aircraft (RAFMuseum 2009a)

14
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The Buffalo C-8A Augmentor Wing (AW) research aaftr(Figure 14) of de Havilland of
Canada used the bypass air of two Rolls-Royce Mk.8plit-Flow Spey Engines for
internally blowing and was able to vector the raaldhrust downwards (Farbridge 1987).

Figure 14. de Havilland C-8A Augmentor Wng research aircraft (NASA 2009)

The different solutions that were realized for pdavg high pressure air to the flaps show
two different air offtake options for IBF systembe exhaust offtake and the bypass air
offtake. The nozzle pressure ratio is an impor{gertameter in the different options of
providing high pressure air from the engines to ititernally blown flaps. The nozzle
pressure ratio determines the duct area and ham@act on the duct pressure losses.
Figure 15 shows pressure losses measured in adeafee wind-tunnel model. One can see
that with increasing pressure ratio, the duct Issserease. Decreasing total pressure ratios
reduce the pressure loss, but necessitate larges dad thicker airfoils.

~ DUCT SYSTEM PRESSURE LOSS

LOSS IN DUCT BETWEEN

COMPRESSOR PLENUM B AND
% WING REFEREMCE STATION C

LOSS IN

TOTAL 6}

PRESSURE

4

2

;7 COMPRESSOR DELIVERY STATION A

----------------------
.....
-
ot

ry LOSS BETWEEN
AND COMPRESSOR PLENUM B

0 1 L 1 L I L
1 12 14 16 18 20 22 24 28
COMPRESSOR PRESSURE RATIO

Figure 15. Duct pressure losses for Augmentor Wingystem (Whittley 1971)

Exact values for duct pressure ratios are notabail neither for the aircraft built nor for the
wind-tunnel models. However, the ducts and nozdasaare very small and it can be assumed
that the pressure ratios are close to the pressiizahat provides very high exit velocities near
Mach 1, which keeps the duct areas as small aghfBodsor bypass air, the pressure ratio that
results in an exit velocity of Mach 1 equals 1.9é/s, Anthony et al. 2009).
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2.2.4 Advanced Internally Blown Flaps

The Advanced Internally Blown Fl¢ (AIBF) (Figure 16) has been developed a
investigated in windunnel experiments in tr1970’s with the intention abenefiing from

spanwise distribution and to minimize the disadages of thdBF system. The IBF syste
uses hot high-pressure air frdhe engine exhaust, separate devioesigh pressure bypa
air and, thereforesuffers from high pressure lossin contrast, the AIBF system uses -

pressure air fronthe engine’s bypa that is brought through an expandablet to the
trailing edge where it createged flap effect While the aerodynamic performance is simi
it has several advantages compared to an IBF systetow-pressure bypass air is used,
heat insulation for the ducting is required and ¢bee egine performance is almost r
affected. Pressure losses in the duct are minimasethe area of the air duct is varie

Compared to IBF systemsyw pressure ratic of around 1.3 have been realized in v-

tunnel experimentgAiken, Aoyagi et al. 197), which cause comparably Igwessure losse
(see Figure 15)However, the AIB is mechanically more complex than IBF due to the
expandable ducfChin, Aiken et al. 197)

BLC FLU'I
VARIABLE CAVITY v
FLAP CUCT _I'} N
Advanced Internally AN conmro

Blown Jet Flap (AIBF) JE;'J;HAP' N fLep

Figure 16.Advanced Internally Blown Flap airfoil section (Chin, Aiken et al. 197

The jet momentum coefficient for AIBF is definedskd on the bypass jet momentum

only this component of the gross thrust affectsAH&F system (see Figurky):

v

I j ) BypassOffake

" g V(S (5)

The generaberodynamic characteristics are similar to the rcblown<laps systers. The

core gross thrust acts conventionallthe forward direction (see Figure 17).

(mj [Vj ) BypassOffake

Figure 17. Sketch of the jet momentum components of the AIBBysten
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Figure 18 shows the bypass air offtake system wlzet proposed for a STOL transport
concept. All the bypass air is collected via a sraon duct and blown out above and
slightly aft of the primary-exhaust exit during ¢éa&ff and landing. For cruise, all bypass-
air is exhaust in forward direction. (Chin, Aikeinad 1975)

TAKEOFF &
LANDING MODE
CRUISE

RETRACT FOR
ENGIME OQUT

BLOW-IN
DOORS

- -~/ I

g

Figure 18. Engine installation for AIBF system (Chin, Aiken et al. 1975)

The advantages of the AIBF system are low presksges due to the usage of low
pressure air. The expandable ducts enable largeadesms for low speed operation and thin
airfoils for good transonic cruise efficiency. Asddvantage of the AIBF system is the
higher mechanical complexity. Considering that gemeral trend of turbofan engines is
towards engines with higher bypass ratios that Inéyleer bypass gross thrust and low fan
pressure ratios, the AIBF system could be a pramisolution for modern blown-flaps

aircraft.

2.3 Publicly Available Wind-Tunnel Data

Aerodynamic data of several wind-tunnel experimdatsthe USB, EBF, IBF and AIBF
systems are publicly available. Almost all wind#tehmodels that were built at NASA are
high-wing configurations with T-tails (see Figur@)1The aerodynamic coefficients were
measured for a large range of angles of attackngehentum coefficients, and flap angles.
Data from other test series, as, for example, Bpstadies are in the literature limited to
only few data showing principal trends only (segufe 20).

Table 1 gives an overview of several the wind-tlrex@eriments that were performed for
different blown flaps systems in the 1970’s. Thieldais not complete, as not all wind-
tunnel experiments that have been conducted inpdst are publicly available. The
experiments at NASA Langley used a small basic et a wing area of 0.483m?2 and
an aspect ratio of 7.48 and a wing sweep of 30Slightly different model for USB had a
wing area of 0.458m2 and an aspect ratio of 7.0e @nge scale half-model has been

investigated at NASA Langley with an unswept wimgl @ne USB engine over the wing.

17
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Figure 19. Top-view of several windunnel models (Aoyagi, Falarski et al. 1975)YAoyagi, Falarski et
al. 1973),(Vogler 197¢), (Chin, Aiken et al. 1975)

At NASA Ames, two almost similar baswind-tunnel models were investigated. T
model for USB and EBF had a wing area of 19.61m%aspect ratio of 7.28 and a swx
of 25°. The basic ma for AIBF and AW had a reference area of 21.37an2aspect rati
of 8 and a sweep of 27.5°. Most experiments for BB& USB were performed with fo
engines, while for USB also data for a -engine configuration are available. For the
AW and AIBF systems, the engines were installed in the fusekagén the win-tunnel
they served as highressure air generators only. For transport atr@pplications th
engines have to be installed under the wing, smidathe d Havilland C8 AW aircraft
(Figure 13 or the AIBF concept studiFigure 18, as the payload has to stored in the
fuselage.

Table 1. Overviewof selected blown-flaps wind-tunnel experiments

NASA Report Number| Year | Institution| Engine Installation ¢s S AR

TN D-7399 1973 | Langley 4 over wing 30° 0.458| 7.0

TN D-8061 1975 | Langley 4 over wing 30° 0.4833| 7.48

USB | TN D-7526 (semi-span) 1974 | Langley 1 over wing 0°| 163 | 7.8
TM X-62419 1975 Ames 4 over wing 25° 19.61| 7.28

TM X-62296 1973 Ames 2 over wing 25° 19.61| 7.28

IBF TN D-8309 1976 | Langley| pressuregenerators 3090.483| 7.48

and TM X-62145 Langley in fuselage 27.57 21.36| 8.0

AW TM™M X-62029 Langley in fuselage 27.57 21.37| 8.0
AIBF T™ X-62281 1973 Ames in fuselage 27.5°21.37 | 8.0
TN D-8057 1975 | Langley 4 under W!ng 309 0.4833| 7.48

EBF 1975| Langley 4 under wing 309 0.4833| 7.48
T™ X-62197 1973 Ames 4 under wing 259 19.61| 7.28
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2.4 Previous Comparisons of Blown-Flaps Systems and Hermance

This section is intended to review previous studieshe comparison of different blown-
flaps systems or conceptual design studies, wighgthal of a better understanding of the

need for more research in the investigated field.

2.4.1 Comparison of Wind-Tunnel Data

Probably the most prominent comparison of blovapdl aerodynamic data (Figure 20) is
based on Boeing wind-tunnel experiments and islawai in various textbooks (Nicolai
1975), (Wimpress and Newberry 1998). The drag potdrIBF, AW, USB, EBF and
Vectored Thrustsystems in take-off configuration @}=2.0 are compared with each other
and with the theoretical upper limit. One can dest the IBF system has the highest
maximum lift coefficient (nearly 9.0), followed bthe AW system (8.5) and the USB
system (8.0). The EBF system has a maximum lifffimdent of 7.2 and the Vectored
Thrust system has the lowest maximum lift coeffiti€s.4). Generally the same trends
apply to the drag characteristics, with the onlgeption, that the Vectored Thrust system

has relatively good drag characteristics compasets iow maximum lift performance.

9.0 —
8.0
7.0 — /
i
] 6.0 -\\\
E —AUGMENTOR
g 50— S WING
c b = 35°
e .
o 4.0F
Q
=
e
- 3‘0 o
[ BOEING VERTOL WIND §
[ TUNNEL DATA !
\3/%°CTOPCD20 : i FOUR-ENGINE CONFIG
THRUST ECJ =20
8p = 40760°——— | LEADING-EDGE BLC
10— —f Cu =008 :
C; =0 | ‘ l
§F =40°/60° ——— |
-1.0 0 1.0 2.0 3.0

DRAG COEFFICIENT, Cp

Figure 20. Drag polars of different blown flaps intake-off configuration (Wimpress and Newberry 1998)

" Vectored thrust systems have the engines instahe@r the wing. The entire engine exhaust is vedto
downwards, which increases the lift. Although tHap$ are not blown, the low-speed aerodynamic
characteristics of the Vectored Thrust system areélas to USB and EBF, while the lift is significtn
lower. The methodology worked out within this theeisi also applies to Vectored Thrust systems
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A direct comparison of the aerodynamic performamicelSB, EBF and Vectored Thrust is
possible, as these aircraft have the same tottllled thrust for the same jet momentum
coefficient (all systems use the entire engine @sf)aA comparison of the IBF and the AW
systems with the USB and the EBF systems at the €aims misleading, a€,, for IBF aircraft

represents the jet momentum of the bleed-air amilydmes not include any information about
the total installed thrust. A comparison of thevsteflaps system including the main engine
(which is of main interest for a comparison at dlveraft system level) is only possible if an

appropriate engine model that considers bleedftake is included.

2.4.2 Comparisons of Climb and Approach Performance

Hoad compared the aerodynamic performance of tberbflaps systems USB, EBF,
Vectored Thrust, IBF and AW based on data from NAS#Agley wind-tunnel experiments
(Hoad 1972). The results show that at the samaganentum coefficients, the IBF and AW
systems have higher lift coefficients than the UEBF and Vectored Thrust systems, which
underlines the results of the Boeing wind-tunnglegdments. Based on the wind-tunnel data
with the flaps in landing configuration, Hoad cdétad the required thrust-to-weight ratio
over the wing loading for a -6° approach at 75(kigure 21). The Vectored Thrust system
needs the highest thrust-to-weight ratio for a igiveng loading followed by the EBF and
USB systems, while the USB system performs slighéliger than the EBF system due to the
better aerodynamic performance. The IBF and AWesysthave the lowest thrust-to-weight
ratio required, but again, only the thrust of tiheed air was considered. No considerations

were made about the total installed thrust requivgatovide the bleed air.

NET THRUST-TO-WEIGHT RATIO REQUIRED
LANDING FLAPS WITH 20% SPEED MARGIN; v = -6% V = 75 knajs

Lo DEFLECTED THRUST

- UPPER SURFACE BLOWN FLAP
EXTERNALLY BLOWN FLAP

W
AUGMENTOR WING

INTERNALLY BLOWN FLAP

0 1 ? 3 q 5 kN/mZ
W/S

Figure 21. Thrust required for different blown-flap s systems in landing configuration (Hoad 1972)

As a further step to Hoad’s study, Margason coegb&@TOL concepts with USB, EBF
and IBF based on All Engines Operative (AEO) lomgjimally trimmed NASA Langley
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wind-tunnel data (Margason 2002). For a velocity76fkts, he calculated the thrust-to-
weight ratio required to climb along a 6° path t@descent along a -6° path) as a function
of wing loading. The results showed that the sanmeds also apply to climb performance
and, in this way, Margason underlined the trendsndoby the previously mentioned
studies. While the studies of Hoad and Margasonvgieneral trends of the aerodynamic
performance and go one step further than a simpheparison of the wind-tunnel data,
following issues are still to be addressed:

= The calculations consider climb and descent peidoca at a fixed velocity.
Usually a certain take-off and landing field lengirformance is required. For this
reason the blown-flaps systems have to be comparethe same take-off and
landing performance that does not necessarily trasuthe same speed. The
iterations related to take-off and approach spescudsed in section 2.2.1 have to
be considered thereby.

= Data for AEO condition are used in the above stjdiich for civil as well as for
military transport application are not sufficiefihe one engine inoperative (OEI)
take-off and landing has to be considered.

= For the IBF and AIBF systems, engine models thasicer bleed-air offtake and
the residual gross thrust are required for a digamit comparison of the IBF and
AIBF systems to USB or EBF.

2.4.3 Comparison of Take-Off and Landing Performance

Bobbitt and Margason compared the take-off anditapperformance of USB and IBF

aircraft based on AEO wind-tunnel data (Bobbitt &argason 2007). They developed an
analytical method for the determination of TOFL sering the segments ground roll,
transition, and climb to obstacle clearance, a$ ageLFL considering approach, flare, and
deceleration. At the same thrust-to-weight ratid eung loading, the results show a better

take-off performance for the IBF aircraft compavath the USB aircraft.

In this study, the safety margin to stall speedoissidered according to the safety margins
defined for CTOL aircraft. In the engine model the IBF system, it is assumed that the
engine thrust can be spread variably into a compiotieat affects the IBF system and a
component that produces the residual thrust ofetigine (without consideration of the

interaction of the two thrust components to eatieioand duct pressure losses).

The following shortcomings of this method may beioved:
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= The method considers AEO take-off and landing oitlydoes not account for
engine failure and calculation of balanced fieldgh (including consideration of
decision speed).

= The engine model for the IBF system does not censite effect of bleed air offtake
on the residual engine thrust and does not didulasd air offtake limitations.

= The impact of the take-off and landing performarare the overall mission

performance is not discussed.

2.4.4 Comparison of Blown-Flaps Concepts

Galloway presented the results of NASA designed IS&itcraft concepts with the blown-
flaps systems USB, EBF, IBF and AW compared toraftavith mechanical flaps (MF)
(Galloway 1972). Figure 22 shows the thrust requéets and the gross weight trends for
a 600-m field performance requirement and 100 pagss and 500 nm design mission.
The trends found in the previously mentioned studde climb and descent performance
also apply to field performance. The AW concept thaslowest thrust requirement and the
highest wing loading. The wing loading required Kb systems for the 600-m field is far
beyond wing loadings that are suitable for turbo-dacraft. The gross weight trends show
that for a required field length of less than ah@00 m the gross weight rises reciprocally

with decreasing field length.
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Figure 22. Comparison of thrust requirements and goss weight trends (Galloway 1972)

This study shows the results of a comparison fa set of requirements. The methods
used for the calculation of the field length penfi@nce including the application of FAR-

25 requirements as well as mission performancengine modeling are not documented.
Therefore, the results of these studies cannotsbd tor the conceptual design of aircraft

with other mission requirements.
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2.5 Comparison of Realized Blown-Flaps Aircraft

After World War I, enhanced propulsion systemshiead the development of blown-flaps
systems. Several blown-flaps aircraft were build #lown in the second half of the last
century. Very high lift coefficients up to 10 watemonstrated in wind-tunnel as well as in
flight. Table 2 gives a comparison of the main dz#taeveral realized aircraft with blown-
flaps systems. Most work was spent on EBF and UiBems. These systems achieved

serial production with the C-17 (EBF) and the ArterAn-72/74 (USB).

Table 2. Overview of built aircraft with blown flap s

Boeing | An-72/74 i ) C8-A | Hunting

C-17 A | TK-200 YC-14 1 YC-15 | QSRA[ ASUKA Buffalo | H.126
Blown-Flaps | gpr | ysg | use | EBF| usB| usB| AwW| IBF
System
First Flight 1991 1977 1976 1975 1978 1985 1972 3196
Entyinto | 1993 | 1085 | - . : . : :
Service
%;;Sgcatlon Military Mglit\/a;lr Y| Research Research Research Research Research Research
MTOWI/kg] 265,350| 36,500 107,50098,284 | 27,215/ 45,000 20,412 4,872
OEWMTOW 0.47 0.6 0.5 0.48 0.61 0.75 0.71 0.7)7
Payload [kq] 72,575| 10,000 n.a. 28,122 n.a. n.a. n.a. n.a.
Range [nm] 2,400 430 | 2770% 2,600 | 315 650 300 n.a.
T/WI-] 0.28 0.36 0.47 0.3 0.68 0.43 0.4 0.3
W/S[kg/m?] 752 370 593 502 | 488.2 373 254 238
Alt, [ft] 28,000 | 33,135 n.a. n.a. n.a. 28,000 10,000 06,0
Mag; [-] 0.74-0.77] 0.66 | 438kts| 434kts 160kts 0.55 160kts n.a.
N [] 4 2 2 4 4 4 2 1

. : : : : . .| (RAF-

(Jane's | (Jane's| (Jane's| (Jane's| (Jane's| (Jane's| (Jane's Museum

References 2000) | 2000) | 1977) | 1977) | 1979) | 1989) | 1977) 2009h)

Looking at the main aircraft data, one can seetti@aircraft are very different in terms of
transport mission, weight, and main design pararsd€iéW andW/S. Mission fuel burn

and cruise performance is not available in mangxasoo few blown-flaps aircraft have
been built to generate an empirical database thars all performance data of interest.
For these reasons the different blown-flaps aitceaé not sufficient to be used in a

comparison for current applications.

" Maximum payload

" Ferry range

* Prototype No. 1 (Prototype No. 2 had a smalleryérea)
$ Maximum cruise Mach number
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2 Current State and Needs in Blown-Flaps Research

2.6 Current Research Needs and Research Task

The following conclusions can be drawn from therature survey in this chapter:

= Current data of realized blown-flaps aircraft isufficient for the comparison of
different blown-flaps systems at the aircraft systevel.

= Many wind-tunnel data from numerous experimentewtire aircraft models with
different blown-flaps systems are available.

= A comparison of the low-speed aerodynamic perfoaaasf blown-flaps systems
only is not sufficient for the conceptual desigrSatOL aircratft.

= Wind-tunnel data have been used for the compar&auh conceptual design of
STOL transport aircraft in various studies.

= The methodology used for previous comparisons ofwbiflaps systems at the
aircraft system level and the implication on ovenalission performance is

irreproducible because of lack of documentation.

For a comparison of aircraft with different blowlags systems at a conceptual design
level, the calculation of take-off and landing peniance have to be discussed in more
detail, considering certification requirements as ds applicable to blown-flaps aircraft
(for example operation with OEI). The implicatioatthe required take-off and landing
performance on the aircraft design and missionoperénce have to be modeled to enable
a comparison of different blown-flaps systems atdhcraft system level including overall
mission performance. Therefore, the main reseask is the development of a method
that enables the comparison of aircraft with défeérblown-flaps systems for the same

design mission and same performance requiremeatsa@iceptual design level.

To accomplish the research task a number of reladsdarch questions have to be

addressed:

= How can wind-tunnel data be used for conceptuabd@s

= How can the coupling of engine thrust with the dgramic performance be
modeled for different blown-flaps systems withinanceptual design?

= What are suitable methods for calculation of taKeaad landing performance of
blown-flaps aircraft and how do certification resuments affect these methods?

= What aspects at aircraft system level have to bdeted to capture the impact of
STOL capability at the aircraft system level ane diverall mission performance?
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3 Conceptual Design Approach

First, a handbook approach for the conceptual desigonventional aircraft is presented
including the general approach of sizing for perfance and the determination of a
baseline design. Subsequently is discussed, havahproach has been adapted for the

conceptual design of blown-flaps aircratft.

3.1 Handbook Approach for Conceptual Design of Conventinal Aircraft

In conceptual design, different aircraft alternasvare competitively compared with each
other to find a small number of baseline desigre #re subsequently considered for
further preliminary design. Every aircraft altenmat is first sized for the required
performance with simple empirical methods. Subsetiyiea baseline design is generated
for every alternative with more detailed methodd aimally compared to the other baseline
designs. (Schmitt 2009)

3.1.1 Sizing for Performance

The sizing for performance means to determine abgmation of thrust-to-weight ratio
(T/W) and wing loadingWW/9, which best satisfies all mission segment requonets. This
combination is often also referred as the “desigm{). For each of the relevant mission
segments, the combinations ®W and W/S that satisfy the respective performance
requirement are calculated and plotted in one chiére following requirements and

mission segments are, thereby, relevant for agiaitgport aircraft:

= Balanced field length (BFL) and landing field lehdtLFL) required

=  Minimum climb rate for take-off with one engine perative (CL TO OEI)

=  Minimum climb rate for missed approach with all &g operative (CL MA)
=  Minimum climb rate for missed approach with OEI (®IA OEI)

=  Minimum climb rate at top of climb (TOC)

This chart, which is often referred to as “matchictiart” or “performance constraint
chart”, includes all constraints fa¥W andW/Sthat result from the above mission segment
requirements. In this way it gives the feasibleiorgfor these parameters, where all
performance constraints are fulfilled (see FiguBf@r example). Within this feasible
region a minimization of/Wand a maximization olvV/Sare attempted, which leads to the

aircraft design point.
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3 Conceptual Design Approach

Matching Chart
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Figure 23. Example for matching chart of a generiaircraft with mechanical high-lift devices

For conventional aircraft with mechanical high-ldevices simple handbook methods
based on empirical data are used for the calculatiche constraints, e. g. (Loftin 1980)
or (Raymer 2006). The minimum climb rates requizeel defined in FAR-25 (FAA 2009)
as a function of the number of the installed engjiffidhe take-off and landing field length
required is usually specified by the manufactunrecustomer but, for their calculation,

certification requirements also have to be consider

For the design point, a first mission performanakwation is performed with the fuel
fraction method based on empirical data and expegi¢o determine an initial maximum
take-off weighttMTOW) MTOW, T/WandW/Sgive the absolute values for sea level static

thrustTy and wing reference ar&

3.1.2 Baseline Design

Subsequently, a baseline design is modeled witlerdetailed component-based methods
for the calculation of mass and drag and a morailddt mission simulation. Several
design cycles have to be performed to determinerverged baseline design, as the
calculatedMTOWusually differs from the initiaTOW

Finally, the different baseline designs for thecift alternatives are compared with each
other to select the alternatives that are consitifenedetailed design.
3.2 Adaption of Conceptual Design Approach for Blown-Faps Aircraft

For conventional aircraft, the simple methods fonaeptual design that are based on
empirical data and experience of previous desigue g good approximation to the

aircraft size. For new aircraft types or configioas, the available methods give rough
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3 Conceptual Design Approach

approximations only. New assessment methods haveetaleveloped in this case.
(Jenkinson, Simpkin et al. 1999, p. 14)

Most unconventional for blown-flaps aircraft is tbeupling of thrust and lift during take-
off and landing, which causes different physicaleets compared with aircraft with
mechanical high-lift devices. For this reason, el handbook methods developed for
conventional aircraft with mechanical high-lift dees do not apply to the calculation of
the take-off and landing performance of blown-flagcraft. Empirical methods for the
take-off and landing of blown-flaps aircraft aret mvailable in the literature. Therefore,
the focus and main effort of this thesis lies ia ttevelopment of methods that model the
interaction of thrust and lift of blown-flaps aiaft during take-off and landing. Thereby,
the take-off and landing field length calculatios aell as the low-speed control
characteristics have to be considered. The devedopof these methods is the first step in

the proposed conceptual design approach for bldapsfaircraft (Figure 24).

( Development of methods for the calculation of taffe-
\ off and landing performance of blown-flaps aircrgft

Y

( )

Integration of blown flaps methods into parametrjc
aircraft model for baseline design

Y

Sizing for performance within parametric aircraf

. model )
Y

{ N\

Overall mission comparison of the different
alternatives sized for the same performance
J

Figure 24. Conceptual design approach for blown-flps aircraft

The general layout and the characteristics of bifles aircraft during cruise are similar
to conventional aircraft. Therefore, a parametriodei for the baseline design of
conventional aircraft is used as an integrationtf@ien for the blown flaps specific
methods. This model includes a detailed missiorukition and uses detailed component-
based handbook methods for the calculation of theradt weights and aerodynamics.
Specific characteristics of the blown-flaps airtraf g. higher cruise drag due to engine
installation, are modeled by the use of penaltyoiac(based on wind-tunnel data) that are
applied to the component-based methods. In thianpetric aircraft model, the different
aircraft alternatives are sized for the requiredfgmenance, considering the relevant
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3 Conceptual Design Approach

mission segments presented above. With the mefootizke-off and landing integrated in
the baseline model, the interdependence betwediakbeoff and landing performance and
the overall mission performance as well as theirsgadffects can be determined in one

model.

3.2.1 Method Development for Take-Off and Landing of Blown-Flaps Aircraft

The coupling of thrust and lift has implications ftifferent aspects connected to take-off
and landing calculations. The dependence of thedgaamic coefficients on thrust gives
an additional degree of freedom, which is not repnéed in empirical handbook methods
for the calculation of the low-speed aerodynamiefitcients. A low-speed engine model
that provides the jet momentums required for thécutation of the aerodynamic

coefficients has to be developed. The different -tpged aerodynamic and engine
characteristics have implications for balanceddfiééngth and landing field length

calculations, which are not captured by empiriaktoff and landing methods.

Figure 25 illustrates how the main models, which developed and documented in the
sections 4.1 to 4,%are connected to each other and to the main #igasametersr/W,
W/SandMTOW.

T/W
BFL
BFL . Tes [ LS Engine _lJ_'
Yrone Calculatio RD (_Performanc e
m, v,
« MTOW
LFL
LS Aerodynamicg+ S
yMA 7y
yMAOEI éfMAOEI 5fAPP 6fTO
W/S

Figure 25. Methods developed for take-off and landig
Based onrly, the low-speed (LS) engine performance model takes the jet momentum

m, [v; that is required for the calculation of the LS armamic coefficients. The low-

speed (LS) aerodynamic model calculates the afteraérodynamic coefficient<(, C ,
Cm) as a function of the jet momentum coeffici€f which is a function of the engine jet

momentumm, [v;, reference aredand airspeed.
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3 Conceptual Design Approach

The balanced field length and landing field lenigitiuding the related climb and approach
angles are calculated with the aerodynamic coefitsi C, C,, Cy) for the respective

flap angle, the residual gross thrust and the reag df the engine. For the design mission,
MTOW is used forBFL calculation and maximum landing weightll(\\) for LFL
calculation. In théBFL andLFL calculations, the control surface aerodynamicfaoehts
required to trim the aircraft in different flightagies are calculated from the aerodynamic

coefficients and the engine characteristics.

To sum up, the outcome of these methods is theqmeaince of the blown-flaps aircraft for
the mission segments that have to be consideretiéatetermination of the aircraft design
point within the matching chart (Figure 23):

= BFL andLFL

Yra,

Yua

-

3.2.2 Integration of Blown-Flaps Methods into ParametricAircraft Model

A parametric aircraft model, which includes compurgased methods, is used for the
modeling of the baseline design. The main disogdimcluded are discussed with the help
of a simplified representation of this model (Fig@6). With an initial maximum take-off
weight MTOW and the main sizing parametefgyvV andW/S the sea level static thrugg
and the wing reference ar8are determined. The operating empty wei@EY)) includes
the structure weight, propulsion weight, operatiateans weight and equipment weight,
which are calculated based on the aircraft geomwtiyile operational items are constant
for a given payload, the structure, propulsion aqdipment weights scale witMTOW, Ty
andS Based on the aircraft geometry, the high-spead dolar is calculated and provided
to the mission module. The engine deck includegp#reload characteristic of the specific
fuel consumption FQ. The mission module requires the mission profd&W, drag
polar, andSFCto calculate the mission fuel burn. The sum ofsiois fuel burnOEWand
payload is the calculated TOW. MTOW has to be iterated until it matches the calculated
MTOW, which is a standard procedure within conceptesigh. These applied handbook

methods and their adoptions for blown-flaps aitcaaé documented in section 4.6.
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3 Conceptual Design Approach
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Figure 26. Parametric aircraft model for baseline @sign

The methods developed for the take-off and landing integrated into the parametric
aircraft model of the baseline design, giving tla@ametric aircraft model for the blown-
flaps aircraft (see Figure 27). Therein, the intBoms between blown flaps take-off
performance and overall mission performance caddbermined: whe/W andW/Sare
sized to meet a certain take-off, landing and clpekformance, the baseline design model
automatically scales and determines the overalkions performance. In this way the
impact of the STOL capability on the aircraft compots and overall mission performance

including the related scaling effects is modeled.

Engine | [ payload
Deck

TIW
BFL ; Mission
BFL . I‘i Tres LS Engine 4{ ngh-Spee-dJM Profile
Calculatio RD | Performanc To Aerodynamic
m; ¥, Mission
I MTOW }' | Geometryl
C.,C;,Cy
‘—[ LSAerodynamics]-—| S I—'
MTOW
JfMADEI O_fAPP JfTO
W/S

Figure 27. Parametric aircraft model for blown flaps baseline design

By the integration of the low-speed aerodynami@adaid low-speed engine models for the
various blown-flaps systems investigated, modeigte different aircraft alternatives are
generated. The overall mission performance of tfierdnt aircraft alternatives that are all

sized for the same mission requirements can be amdith each other.
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3 Conceptual Design Approach

3.2.3 Sizing for Performance

The main design parameters for transport airctadt have to be sized for the required
performance ard/W and W/S For blown-flaps aircraft additional parametersttiare

strongly coupled to the take-off and landing perfance have to be considered for the

determination of the design point. The flap andtestake-off (LTO and IandingéfAPP that

result in the best take-off and landing performaacd meet the required climb angles for
take-off with OEI and missed approach (MA) havédodetermined. A flap setting for MA
with OEI as well as a thrust rating during approaelve to be found to meet the climb

requirement for this critical segment at a minimmstalled thrust.

For conventional aircraft the constraints for theatching chart can be calculated
analytically with the simple handbook methods (seetion 3.1.1). For unconventional
configurations, the constraints for the matchingrtitan be calculated analytically, if the
specific methods developed are given in an anallytiosed form solution, as for example
documented in a previous study for vertical/shaketoff and landing aircraft with direct
lift (Gologan, Broichhausen et al. 2009).

For the methods developed in this thesis, the mingt for the different mission segments
that have to be considered in the matching charhatabe calculated analytically. The
methods developed for the take-off and landingnategiven in analytical form and include
several iterations. Therefore the approach chasethé sizing to performance is to explore
all combinations of the design parameters withifeasible design space. For every
combination, the performance for all relevant neisssegments is calculated and compared
with the respective mission segment performanceined; In this way the combinations of
T/W, WIS and the other design parameters are identifiedchwbatisfy all performance

requirements and the best combinatio &% andW/Scan be selected as the design point.

The sizing for performance is a typical multidimemal optimization problem with the
design parameters of the aircraft as design vasalbhe mission segment requirements as
optimization constraints and the objective to mizeil/W and maximize/N/S Such an
optimization can be performed with the parametiicraft model implemented with
different optimization algorithms. However, the gaif knowledge of the system is thereby
low. For this reason, an example, how this multelsional design space can
subsequently be analyzed by the help of relevadletistudies and the matching chart is

given in chapter 6.
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4 Adaption of Conceptual Design Methods for Blown Flas

In the following, the methods adapted and develdpedhe representation of the blown-
flaps aircraft are documented. First, an approacmadeling the low-speed aerodynamic
characteristics based on available wind-tunnel datpresented. Secondly, low-speed
control aspects and the approach for tail and anlesizing are discussed, since these
aspects are very important for blown-flaps aircflging at low speeds. Subsequently, the
low-speed engine model that has been worked outtHer coupling of engine and
aerodynamic performance is documented. Afterwatds methods for the calculation of
the take-off and landing performance are describéé. handbook methods implemented
in the baseline design model are finally documersted how they model the impact of

short take-off and landing capability on overalbsion performance is discussed.

4.1 Low-Speed Aerodynamics
This section presents the approach that has beerloged to determine the low-speed
aerodynamic coefficients (lift coefficier€,, drag coefficientC,, and pitching moment

coefficient C) of blown-flaps aircraft based on available wind#el data. Many previous
studies have used wind-tunnel data to model thesfmsed aerodynamic performance (see
section 2.4). The advantage of using wind-tunne¢f da that first comparisons can be
performed very quickly, as the wind-tunnel data @ready available. Additionally, realistic
efficiency losses and non-linear effects are rgmtesl, which cannot be modeled by analytical
methods that use linear approximations. The disadga of wind-tunnel data is that they
represent the wind-tunnel configurations and sinolzes, only. An aircraft that differs from
the wind-tunnel configuration may have differentogignamic characteristics. However, the
wind-tunnel models presented in section 2.3 arg sietilar to transport aircraft configurations
(see Figure 19, p. 18). If similar values for thaimparameters (aspect ratio, taper ratio,
sweep, etc.) are used for the modeled aircraftwihd-tunnel data serve as a good baseline.
However, the methods developed for the calculatibthe low-speed control, low-speed
engine performance and take-off and landing afgpaniy blown flaps low-speed aerodynamic
data. A replacement of the wind-tunnel data by ffat@ other origins such as for example

Computational Fluid Dynamics (CFD) is possible.

In the following, some aspects are discussed tatscpport the decision, as to which of
the available wind-tunnel data to use. How the dgmamic coefficients are extracted from

the wind-tunnel data is then presented. Subsequewthich corrections have to be
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4 Adaption of Conceptual Design Methods for Blowaps

performed to assure comparability are shown. Mgsierodynamic data at zero airspeed
for Internally Blown Flaps (IBF) and Advanced Imtally Blown Flaps (AIBF) are derived
from other blown-flaps systems. An approach for thedeling of the one engine
inoperative (OEI) characteristics of the IBF andBRlsystems is presented as, for these
systems, OEIl experimental data are not available impact of the engine bypass

ratio (BPR) on the blown flaps aerodynamic coedints is finally discussed.

4.1.1 Selection of Wind-Tunnel Data

This section is intended to discuss aspects tleangvortant to evaluate the applicability of
available wind-tunnel data. While for AIBF systethe results of only one wind-tunnel
experiment are available, for the other technomgeveral different experiments have
been published. The availability of different ogemaal conditions drives the decision as
to which data to use. For civil application, All gines Operative (AEO), as well as, OElI,
data have to be available, as the OEI conditiontbadse analyzed for certification and
safety reasons. Tail-off data enable the calculatibthe trim condition for different tail
sizes and, in this way, allow the adaption of e dize for the specific requirements. A
larger variety of flap angles measured for the AB®Oyvell as for the OEI condition allow
for a brighter flap angle variation. Static turnidgta is required for the calculation of lift
and thrust at zero airspeed, whé&geis not defined (section 2.1). Table 28 (appendjx D
gives an overview about important operational coowls available from the experiments
discussed in chapter 2.3 and can be used as &or déiet decision which data to use.

4.1.2 Determination of Aerodynamic Coefficients from Wind-Tunnel Data
For all wind-tunnel experiments, the lift coeffinoteof the wing fuselage configuration

CLWFM , the drag coefﬁcienC;WT and the pitching moment coefficie@;, ~are available

as a function ofC, and o for different flap angles;. Additionally, the static turning
characteristics are given for different flap anglés example of a low speed polar is

presented in Figure 28 for a flap angleyef30°. From this low-speed polar, for a@y, a,

ot available, the aerodynamic coefficierﬁ%m, C*DNT andC, ~ can be determined. For

values forC,, a, J; that are between the measured points, the aenstyrefficients are
retrieved by linear interpolation. The angle ofekt for the example presented in Figure

28 is 0=10° and the jet momentum coefficie@=1.5. The according values for the

aerodynamic coefficients a@LWFWT =3.9, C*QNT =-0.9 andC;‘;va =0.1.
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4 Adaption of Conceptual Design Methods for Blowags
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Figure 28. Interpolation in low-speed aerodynamic plar, USB with AEO, §;=30°
For the integration of this data into a modelingyimnment, the experimental data is
stored in multidimensional look-up tables. The pasters that are varied in the
experiments are the flap angkethe jet momentum coefficiedt, and the angle of attack
a. These variables are the input dimensions of db&-Lp table. The results of the wind-
tunnel experiments are the lift, drag, and pitchimgment coefficients as well as the static
turning characteristics which represent the outinensions of the look-up table. For the
usage of this data for numerical calculations adérstudies, interpolation between the
available data points is required. Modern softwareyironments allow for a simple
integration of such multidimensional look-up tabkesd provide different methods for
interpolation. Linear interpolation is the simple@séthod and gives sufficient fidelity, if
enough data points are available. Egiit is important to remember that this parametex is
function of the speed and engine jet momentum fgivan reference area, which causes a
permanent change of the aerodynamic coefficients the speed.

Table 3 summarizes the input and output dimensions look-up table generated from
blown flaps wind-tunnel data. If data from otheigors such as for example CFD is
organized in the same way, they can be appliebdeartethods for the calculation of take-
off and landing performance presented in the sestio

Table 3. Input and output dimensions for the calcudtion of the low-speed aerodynamic coefficients

Input Dimensions|  Output Dimensions
Of Clurr
C Coy,
a C,fjn
Nt
Ot
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4 Adaption of Conceptual Design Methods for Blowaps

The lift coefficient of the wing-fuselage configticn either with AEO or with OEI is

retrieved directly from the respective tail-off lespeed polar:

Cu. =Cun. (6)

The aircraft lift coefficient is retrieved from thidt coefficient of the wing fuselage
configuration and the HT lift coefficient that isquired to trim the aircraft longitudinally:

— h
C =C,, +C, Dsg (7)

The pitching moment of the wing fuselage configimraCy, is calculated directly from the

respective low-speed polar:
ref _ ref
Cn =Ch., 8)

The pitching moment coefficient of the wind-tunneddel is referred to the respective reference

point, given in the wind-tunnel data relative te thean aerodynamic chotAC).

For the calculation of the aircraft drag coeffi¢cig®,, some corrections and additional

considerations which are documented in the nexioseare proposed.

4.1.3 Corrections of Wind-Tunnel Data

The drag coefficient provided with the wind-tunmilta represents the respective wind-
tunnel model. Corrections are required to assummpemability and to account for
differences between the modeled aircraft and timelwiinnel models. Ram drag correction
is carried out to ensure comparability betweendifferent wind-tunnel models. Minimum
drag coefficient correction is suggested to allaw d specific modeling of the minimum
drag coefficients and a detailed drag breakdowsraposed to allow for the calculation of

the drag for different flap, slat and control sadaleflections.
A. Ram Drag

Engine ram drag (or intake momentum drag) is causgdscooping up the air and
accelerating it relative to the undistributed cdiodi (Stinton 1988, p. 152). Ram drag is

equals the engine mass flow multiplied with the fséream velocity:
RD =mlv (9)

Especially for high BPR engines, the ram drag haggaificant contribution to the forces

acting on the aircratft.
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4 Adaption of Conceptual Design Methods for Blowags

The problem with the wind-tunnel data and the ramgds that some wind-tunnel data
have the ram drag of the wind-tunnel engine incﬂh'deC;W, for example the data of
NASA TM X-62419 (Aoyagi, Falarski et al. 1975). ugiC;WT including the ram drag of
the wind-tunnel for aircraft design would scale the drag of the wind-tunnel engine with
the wing reference area, zﬁbm is defined relative to the wing area. This woulat n

represent the engine’s physical behavior, as timedrag scales with the engine mass flow.

Therefore, the drag coefficient of the wind-tunrmjdelsC;WT has to be corrected for the

ram drag coefficient of the wind-tunnel engir@@m”r giving the ram-drag corrected drag

coefficientCy,__:

C;RDC - C*DWT - CDRDWT (10)
The ram drag coefficient of the wind-tunnel engirﬁégsR% is given with the experimental

data. The correction of the wind-tunnel data fon@drag has the advantage that it allows
for the investigation of different engines that dalifferent ram drag characteristics, for
example due to different BPRs. The modeling ofrdra drag in this method is described

in section 4.3.
B. Minimum Drag Coefficient

Table 4 shows the minimum drag coefficierifg, —of selected wind-tunnel models in

take-off and landing configuration f@,=0 (no blown flaps effects). The USB and the
EBF model have the same minimum drag coefficientd&e-off configuration. The EBF
model has a higher minimum drag coefficient in teding configuration and has the

spoilers deflected, while the USB model has noedédid spoilers.

Table 4. Minimum drag coefficients of selected windunnel models (Aoyagi, Falarski et al. 1975),
(Aoyagi, Falarski et al. 1973), (Vogler 1976), (Chj Aiken et al. 1975)

take-off landing spoiler
USB 0.18 0.3 no
EBF 0.18 0.4 yes
AIBF 0.15 0.2 no
IBF 0.1 0.15 no

The AIBF and IBF models have a significantly low@nimum drag coefficient in take-off

configuration as well as in landing configuration they have no engines installed. The
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4 Adaption of Conceptual Design Methods for Blowaps

minimum drag coefficients of the models are verghhicompared to typical data for
commercial aircraft in take-off configuration. Tgpal values for minimum drag are
approximately Cpp=0.06 in take-off configuration including landingea, and
approximatelyCpo=0.1 in landing configuration including landing gg&oskam 1985a,
p. 127). Additionally, the fact that the models areasured for different spoiler deflections
and that the AIBF and IBF model do not have enginstlled makes a comparison of the

different models based on the original data difficu
For this reason the ram-drag-corrected drag cd;erfﬂicCBRDc is corrected for the minimum
drag coefficient of the respective wind-tunnel MOGI%QNT giving the corrected drag

coefficient CD (see also Figure 29):

* *

Co.., =Core ~Coay (11)
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Figure 29. Minimum drag coefficient correction
Minimum drag coefficients that account for the mom drag of the clean aircrat;,,

drag due to flapACy, , landing gea’AC,,, spoilersACDosp and the additional drag due

to control flaps deflection (vertical tail VT, hadntal tail HT, and aileron) are then added to

the corrected drag coefficieﬁ*Dm of equation (11) giving the blown flaps drag comént

of the aircraftCy, :
Co =Co,, +Coq,,, +ACo0, +ACpq, +ACs, +AC, +AC,, +AC,, (12)

This approach allows for a consistent modelinghef iinimum drag for different blown-

flaps systems. Additionally, it allows for the syuof different flap and spoiler deflections,
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4 Adaption of Conceptual Design Methods for Blowags

which is important for the conceptual design ofvieflaps aircraft because of the low
speed operation. Minimum drag coefficients of theac configuration can be for example
calculated according to Torenbeek (Torenbeek 188pendix F), which are documented
in section 4.6.1. The contributions of the extenflag and landing gear are calculated

according to Torenbeek (Torenbeek 1982, Appendix G)
The aileron, rudder and elevator are considereglas flaps. Their minimum drag
contributions can be calculated for example acogyth Roskam (Roskam 1985c, p. 82):

S
ACDon = Acdo¢25:o [cos(@,s) D%f (13)

Hereby, Acd%?0 is the two-dimensional minimum drag increment lué flap section as a

function of the relative flap chom@y/c and the control flap deflectiaiy (see appendix Figure
101). For ailerons the ratio of the flapped arethéoreference area is the span fakip(see
Figure 102, appendix A), for example taken fromSTCOM (Finck 1978, p. 6.1.4.1-15).

The lift induced drag increment due to rudder ewator deflection is:

1
AC, = c?2 ==
P« TM[ARLe " S (14)

For the VT the effective aspect ratio has to belSerenbeek 1982, p. 53). The effective
aspect ratioAR) accounts for the better induced drag characiesisf T-tails. The impact

of the aileron deflection on the aircraft lift isglected, as it is assumed that the assymetric
lift contributions of the aileron compensate eatfiien With respect to the comparison of
the overall mission performance of aircraft witfffelient blown-flaps systems this effect is

considered as secondary. However, this effectdas tonsidered for detailed design.

Usually the function of spoilers is to generatdimgl moments and drag during landing.
For wing-integrated spoilers these effects arenglgocoupled with lift loss. On the one
hand, drag generation during landing can be adganotss for blown-flaps aircraft, as the
thrust during landing can be increased which irsgeahe lift (Gologan, Stagliano et al.
2009). On the other hand, wing spoiler deflectieardases the lift which is unfavorable.
For this reason, fuselage-installed split spoitbeg generate drag but do not decrease the
lift are proposed. The additional drag of the srsilcan be treated as a free variable.
However, the drag and lift loss of wing-installedosers could also be calculated
according to US DATCOM (Finck 1978).
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4.1.4 Static Turning

Static turning measurements are important for tdeutation of the forces acting on the
aircraft betweerv=0 andv=vn, (see section 2.1). While for EBF and USB the stati
turning characteristicsy{ and ;) are given for different flap angles (see TabletBgse
data are not available for AIBF and IBF systemati§turning is especially important for
the take-off flap settings. Static turning dataas required for landing, as the engines are
in idle during landing deceleration and the aer@uayic forces at zero airspeed are not

required for landing field length calculation.

Johnson shows with the help of wind-tunnel data tihe static turning characteristics are
also representative for the aerodynamic charatiteyisinder forward speed conditions
(Johnson 1972). To determine the static turningrasttaristics, it is assumed that the
aerodynamic characteristics under forward speeditions also give an indication of the

static turning characteristics at zero airspeed.

Table 5. Static turning characteristics of wind-tumel models with EBF (Aoyagi, Falarski et al. 1973)
and USB (Aoyagi, Falarski et al. 1975)

EBF USB
S 20° 30° 30° 75°
5 12° 20° 26° 59°
7 80 % 79 % 98 % 97 %

Figure 20 (page 19) or Chin (Chin, Aiken et al. 398how that IBF and AIBF systems
have better aerodynamic characteristics than EBEBs or USB systems at the same jet
momentum coefficients. Therefore, it is very likéhat the static turning characteristics of
AIBF and IBF systems are also better. For this aeashe conservative assumption is
made that the IBF and AIBF systems have the samusttihecovery factor as the USB
system £=98 % ford; =30°) and similar jet turning angé characteristics relative to the

respective flap deflection angle.

4.1.5 OEI Characteristics

OEI aerodynamic coefficients are available for E&#% USB systems from the wind-
tunnel experiments, while the aerodynamic coeffitifor OEI are not available for IBF
and AIBF systems. Nevertheless, the aerodynamidficieats for this critical flight

condition can be calculated by the use of a lowenjomentum for the calculation of the
aerodynamic coefficients. This assumes that in ¢hee of engine failure, uniform

distribution of the remaining jet can be realizdthe magnitude of the remaining jet
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momentum on each side of the wing is dependeni®@®EIl cross ducting system. A cross
ducting system is required for aircraft with AIBIF IBF to assure uniform distribution of
the remaining jet and to reduce the rolling momdite following two cross-ducting
options are discussed within this thesis for fougiee aircraft, as example, while the

general idea also applies to aircraft with two aegi

Option 1:

For an aircraft with four engines, cross-ductingha two engines on each side means that
the half-wing where the engine fails has only 2&®Rhe total AEO jet momenturr, Lv,

available, while the other half-wing has 50 % o¢ tiotal AEO jet momentum available
(see Figure 30). In total, the aircraft has 75 %h&f AEO jet momentum available. A
rolling moment has to be compensated for by therails and a yawing moment has to be

compensated for by the vertical tail due to therasetric lift and thrust production.

\/'\/\\
' ' - M )
X !
YV V¥ , T 1 4 .
" A 4
0250, ¥, | 050, ¥,
d |
y | X failed engine
X 1

Figure 30. Cross-ducting for AIBF and IBF four-enghe aircraft, option 1

For this asymmetric flight condition, lift, drag é@npitching moment are calculated
separately for each half-wing from the wind-tundata for the respective jet momentum
coefficient. The sum of the half-wing data gives thtal lift, drag and pitching moment

coefficient at OEI condition.
Option 2:

Cross-ducting of all engines means that, under @Bditions, the aircraft has 75 % of the
jet momentum available with AEO (see Figure 31)jlevheither a rolling moment nor a
yawing moment occur. The disadvantages are higeaghtvand higher pressure losses due

to longer ducts.
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X :

s gy 2 N
.\m'*\ /r/
: X 1 = X :
VY vy v v v v
0.375[rm [v, . 0.375[rm [v,

X failed engine

N
X
<

Figure 31. Cross-ducting for AIBF and IBF four-engne aircraft, option 2

For this symmetric flight condition the jet momemius reduced as documented above.
The aerodynamic coefficients are then calculatethfequations (7), (8) and (12), for the

reduced jet momentum.

4.1.6 Effect of Bypass Ratio and Engine Size

The effect of the BPR, which is strongly coupledthe size of the engine, is of special
interest, as the general trend is towards turbefagines with increased BPR for cruise
efficiency reasons. The BPR has different effectstite low-speed performance of the
investigated blown-flaps systems. Therefore itseaffhas to be considered in the

conceptual design to some degree.

For EBF systems, increasing BPR means that lessrjeffects the flap due to higher jet
area. Therefore, less engine exhaust is turned wards. As a consequence, the lift is
lower for higher BPR, while the thrust availabletiwe forward direction is slightly higher.

(Johnson 1972, p. 46)

This effect was measured in a wind-tunnel experini@enthe BPRs 6.2 and 10 (Johnson
1975). In Figure 32 one can see that the wind-tunmasel with a BPR of 10 produces

always less lift but more thrust than the modehvBPR=6.2 for the same jet momentum
coefficient and the same angle of attack. By the afsthese data for the above BPRs and
by interpolation, the effect of the BPR ratio wik modeled to determine its impact on the

overall mission performance.
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Figure 32. Comparison of drag polar of EBF wind-tumel model with different BPRs

For AIBF and IBF systems, the BPR mainly impactsj#t momentum available for the jet
flaps. A higher BPR for an IBF system that usesalsgpair or the AIBF system means a
higher jet momentum available for the jet flap,nagre jet momentum is available in the
bypass of the engine. For these systems the ingfad8PR is represented in the engine
model that provides the jet momentums requiredtHer calculation of the aerodynamic
coefficients (see section 4.3). For these systhmsever, limitations for BPR result from

the fan pressure ratio, which will also be discdgbere.

POOR
TURNING

%\

FAN PRESSURE
RATIO

GOO0D
TURNING

=\

_JET THICKNESS
TURNING RADIUS

Figure 33. Turning characteristics of USB jet flap(Phelps 1972, p. 105)

The effect of BPR on the aerodynamic performancé&J8B aircraft is described only
qualitatively in the literature. Figure 33 scheroally shows how the turning
characteristics of USB aircraft depend on the faasgure ratio (which is strongly coupled

with BPR) and the ratio of the jet thickness to tim@ing radius. This figure indicates that
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good turning can be obtained with the use of ersgimgh lower pressure ratios (higher
BPRs) and thicker exhaust jets. Consequently, #e af high BPR engines does not
require the very thin jet sheet and the related flisstributing nozzles that are required for
turbojet installations with low BPRs. (Phelps 19299)

However, as Figure 33 shows quantitative correfationly and no other information is
available in the literature, the impact of the BRR the low-speed aerodynamic
coefficients of USB aircraft is not considered mstwork. The data of the wind-tunnel
experiment are used “as is”, which is a consereatpproach for engines with high BPRs,
as a higher BPR (lower fan pressure ratio) coukhamprove the turning characteristics.
For a detailed design the BPR and the jet thickissagparameter combination that should
be optimized. However, the impact of the BPR ondhgine gross thrust is modeled (see

section 4.3) thus providing a certain impact of 8RR on the aerodynamic performance.

4.2 Low-Speed Control

Blown-flaps aircraft operate at lower speeds comgbato conventional take-off and
landing (CTOL) aircraft, which leads to lower efiigeness of the control surfaces due to
the associated lower dynamic pressure. In the odgbe OEI condition, blown-flaps
aircraft as well as conventional aircraft suffeonfr thrust loss, which causes a yawing
moment. Additionally, blown-flaps aircraft suffelom a loss in lift, which causes a rolling
moment. The nose-down pitching moment of the wingefage configuration of a blown-
flaps aircraft is higher than for conventional eaft, which requires a larger horizontal
tail (HT). Longitudinal static stability requiredsa impacts the HT size. For these reasons

the low-speed control has to be considered alrgathe conceptual design.

This section documents how the rolling and yawingmants as well as the pitching
moments are calculated from the low-speed aerodynaiata. Subsequently how the
control surface coefficients required and the lagjnal static stability margin are
calculated from the resulting moments is documerftathlly, an approach for the sizing

of the tail and the different conditions considettegrefor are documented.

4.2.1 Rolling and Yawing Moments with One Engine Inoperaive
A. USB and EBF

The USB and EBF systems have similar OEI charatiesi In the case of critical engine
(CE) failure, lift is lost on the corresponding esidf the wing (see Figure 34). A rolling
moment results due to the loss in lift, depending tbe position of the engine.
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Additionally, the vertical tail (VT) side-force thacompensates the yawing moment
increases the rolling moment. The rolling momerg taabe compensated for by aileron
deflection.

Figure 34. Lift-loss and rolling moment in the cas®f engine failure for USB and EBF

The rolling moment that results from the lift lasscalculated from the difference in lift
coefficients of the experimental data with AEO a@é&l under the respective flight

condition and the contribution of the VT side farce
M >(<:OGE| = (CLOEI _CLAEO) m |:S|QCE - CYV Eq |:BV |IZAC\, - ZCG) (15)

Thereby, it is assumed that the lift loss acthatgosition of the critical enginge which,
according to wind-tunnel data, is a conservatieregion for USB (Phelps 1972, p. 110)
as well as for EBF (Parlett 1972, p. 67). In botses, the actual rolling moments

measured in the wind-tunnel were slightly lowemthiae rolling moments calculated from
the lift loss. C,__and C,__ are calculated from the respective wind-tunnelapatith
equation (7).

Additionally to the rolling moment, engine failugauses a yawing moment due to
asymmetric thrust loss, which is calculated fromn difference between the drag forces and

the wind-tunnel data for AEO and OEI condition. figi®y, the fact that the failed engine

causes additional wind-milling drdg),, has to be considered:

M =((c;,_ -Cp )aS-D,) Viee (16)

DAEO

C;AEO and CE,OEI are calculated with equation (12) for the respectlap deflection and

angle of attack.
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B. AIBF and IBF

For the asymmetric flight condition that can octor AIBF and IBF, the lift, drag and
pitching moment are calculated separately for esadé of the wing from the wind-tunnel
data for the respective jet momentum coefficiemmading to section 4.1.5. The resulting
rolling moment and the yawing moment are calculabenn the differences of lift
respectively drag of the OEI flight condition argetAEO flight condition in analogy to
equations (15) and (16).

A AVAY
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Figure 35. Definitions for the calculation of the AC of flapped section for IBF and AIBF aircraft

Thereby the fact that the lever arm of the forceshe aerodynamic center (AC) of the
AIBF/IBF flapped section has to be considered (Fegs5). The spanwise position of the
AC of the flapped section calculated for examplethwihe following modified

approximation based on a method taken from Scl{8dtimitt 2005):

(Vi = Rfus)[ﬁhzmj

Yac, = Ris + 6 1+ A (17)
4.2.2 Pitching Moment
The pitching moment of the wing-fuselage configiomrais
M S = qISIC MAC+qSIT, R — X JIMAC (18)

where the center of gravity of the aircraff; and the pitching moment reference point
X are given relative tdAC. The pitching moment coefficienC' and the lift

coefficient of the wing-fuselage configuratidd, = are taken directly from the tail-off

wind-tunnel polar (equations (6) and (8)). The ghltion of the pitching moment of the
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wing-fuselage configuration isimportant for tail sizing, asthetail hasto be large enough to
trim the pitching moment (see equation (22)). The critical flight stages considered are
discussed in section 4.2.5.

4.2.3 Control Surface Coefficients Required

In this section the control surface coefficients required to trim the moments documented in

the previous section are discussed.
A. Ailerons

The function of the ailerons is to generate the rolling moment that compensates the rolling

moment due to the OEI condition. The rolling moment due to aileron deflectionis:
M =qBbIC, (19)

The aileron rolling moment coefficient G . required to trim the aircraft is calculated with
alyeg

equations (15) and (19):
BV_ O (Zac, — Zcs
Clailreq :(CLOEI _CLAEO) ;E _CYV SI (qu[ﬂ) ZC ) (20)

Various methods are available for the calculation of the maximum rolling moment

coefficient available G, based on the area of the aileron section and the aileron layout,

for example according to US DATCOM (Finck 1978, p. 6.2.1.1-4) or Schlichting and
Truckenbrodt (Schlichting and Truckenbrodt 2001, p. 453-454).

B. Horizontal Tail
The function of the HT isto trim the aircraft longitudinally. The HT pitching moment is:
MJ> =ql5, [T, 0O, 1)

Thereby the HT lever arm |, is the distance between the HT aerodynamic center and the

actual position of the center of gravity Xcg. The HT lift coefficient C, required to trim

the aircraft longitudinally is calculated from the equations (18) and (21):

G, =g B e +C, e %, @)

The maximum lift coefficient of the HT C, ., that is available for the trimming of the

aircraft is depending on the selected elevator layout.
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C. Vertical Tall

The VT compensates the yawing moment in the cagsbeoOEI condition. The yawing
moment generated by the VT is:

M,.. =C, M8, X, —%eo) (23)

The VT side force coefficient required to trim thiecraft is calculated from equations (16)
and (23):

—_ * —_— - y
CYvreq - [(CDAED Coe )m s Dwm] Dq (8, E(X,(:Ev B XCG) (24)

*

For the IBF and AIBF aircrafyyce has to be replaced by,c_. The maximum side force

coefficient availableAC, ~ of the VT can be calculated with handbook methdds,

example according to US DATCOM (Finck 1978, p. .3-4).

4.2.4 Longitudinal Static Stability
The longitudinal stability has to be considered tfug sizing of the HT. The longitudinal

stability margin is defined as:

cG
Xy " X6 = Cma

MAC ~ C_ (25)

The aircratft lift-curve slope is (Torenbeek 1983uation 9-6):
_ _0g) 0,
CLa = CLOWF + CLah E-% [El aaj % (26)

The lift-curve slope of the wing-fuselage configioa CLQWF can be calculated directly

from the lift-curve slope of the low-speed polarthg evaluation of the lift coefficient at
two angles of attack in the linear region. Thediftve slope of the HT can be calculated
according to Torenbeek (Torenbeek 1982, Eq. E-8)ypical value forde/dais 0.3; the

ratio of the dynamic pressures is often assumée tone.

The pitching moment derivativ@,(fhG is calculated from the pitching moment derivatfe

the wing-fuselage configuration and the contribaitod the HT:

CG _ (~CG _E S
cir=ciy, v, 102 o e (27)
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Therebycnf:m can be calculated directly from the low-speed pbiathe evaluation of the

pitching moment coefficient and the lift coefficteat two different angles of attack:
CES\/F = C:}jNF +CL0WF [G)_(CG _)_(ref) (28)

4.2.5 Tail and Aileron Sizing Approach

The size of the tail depends on the take-off amdlifeg field length (or the take-off and

approach speed) required. The lower the field lentfie larger the tail has to be. Tail

sizing is an iterative process, as its size ismtion of the speeds related to take-off and
landing, which are again a function of tail sizehefefore, the following approach is

proposed for tail and aileron sizing (Figure 36):

p
Define control surface layout a
kmaximum coefficients achievab

Y
Select initial values for
cpand g
Y

e

resize tail
or modify Size aircraft for performance

layout )¢

Calculate control surface
coefficients required and
longitudinal stability margin

Require
coefficients
achievable

no

c,and ¢

Figure 36. Flow chart for tail sizing approach

The layout of the control surfaces/¢, maximum control flap deflectiort/c) and the

related maximum coefficient achievable (accordiing the technology available) are
defined first. Initial tail volume coefficients amaing to the data of a blown-flaps aircraft
or a blown flaps conceptual study with similar tae and landing requirements are
selected. The aircraft is then sized for perforneaand the control surface coefficients
required to trim the aircraft during the differdhght stages and the longitudinal stability

margin are calculated. The tail volume or ailerayout is then adapted until the required
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coefficients and the longitudinal stability margire achieved. If the resulting tail volumes
differ from the initial values such that it impadtse take-off and landing performance

significantly, the aircraft sizing for performancey be repeated.
The following flight conditions are considered fbe sizing of the HT:

= HT lift coefficient required
0 to rotate the aircraft at,c anda=0° with AEO
to rotate the aircraft at,c ando=0° with OEI
for take-off with AEO at/yc
for take-off with OEIVm
for take-off with AEOwro
for take-off with OEIvro
o for MAwith AEO atvapp

= Minimum longitudinal stability margin required faft CG position atro andvapp

o O O O O

Minimum control speed/i,. and take-off speetiro are calculated in the balanced field
length module. All flight stages that calculate HHE lift coefficient required are calculated
for forward CG position as in this case the noserdgitching moment of the wing-

fuselage configuration is the highest.
For the sizing of the VT, the following flight stag are considered:

= VT side force coefficient required for trim of OEdndition atv; anda=0° (roll on
runway)
= VT side force coefficient required for trim of OHight condition atvy,c and the

corresponding angle of attack
The decision speed is determined in the balanced field length calooiha

For the sizing of the ailerons, the area of therail section is limited by the blown flaps
section. For the aileron, its layout can be adajtéte required rolling moment coefficient
cannot be provided by the actual layout. Optiomsafteron adaption can be for example a
larger ci/c, higher maximum deflection or even the introductiof blown ailerons to

increase their effectiveness for very low takespiéeds.

Although additional cases may have to be considéred-AR-25 requirements, these
cases already give an approximation of the tag simt is more sophisticated than the

simple approach of sizing by historical data falrtalume coefficients.
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4.3 Low-Speed Engine Models

For the take-off calculation of conventional turdofaircraft, the engine net thrust as a
function of Mach number (net thrust lapse) is regghi An important parameter
influencing the thrust-lapse is the bypass rati®RB For conceptual design purposes,
generic scalable net thrust lapse data are availbla function of the BPR in textbooks,
e.g. (Jenkinson, Simpkin et al. 1999, pp. 203-2IMerein, the net thrust lapse
characteristics are given relative to sea levdicstarust Ty to allow for engine scaling.

Engine sizing effects on thrust lapse behaviomagiected in the first instance.

The net thrust lapse is not sufficient for blowag aircraft. The engine gross thrust or the
jet momentum of the bleed air which is taken of #ngine have to be determined as a
function of the Mach number. These parametersexgeired for the calculation of the jet

momentum coefficientC,, which is needed for the calculation of the aenaufyic

coefficientsC,, C,, andCp,

In this section, scalable low-speed engine chariatits are developed for different BPRs

which provide the jet momentum characteristics reql

4.3.1 Basic Engine Models

Generic separate-flow as well as mixed-flow turboémgines are modeled with the gas-
turbine simulation software GasTurb 11 (Kurzke 2800 determine the jet momentums
available for different BPRs and Mach numbers. €hgr a burner exit temperature of
1,620 K, an overall pressure ratio of 30, and stditthe art component efficiencies are
assumed for the design condition. The engines asgded for a cruise condition of

Ma=0.74 at an altitude of 31,000 ft. BPRs of 5.0, &%l 10 are investigated to cover the
large range of today’s turbofan engines up to teow's higher BPR engines.

The outer fan pressure ratio for the separate-Bogines is iterated to meet the ideal jet
velocity ratio in design condition. This is a commapproach in turbofan engine design
(Kurzke 2007Db):

V.
[ﬁJ = Mean B ipr (29)
ideal

8

The ideal fan pressure ratio for the mixed-flow iaeg is iterated such that the ratio of
bypass total pressumis to core exit total pressumgs in the mixing plane equals one,

which yields minimum mixing losses (Kurzke 2007b):
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(ﬁj =1
Pre ideal

Table 6 shows the main data of the separate-flayines and Table 7 for the mixed-flow

(30)

engines simulated, including reference design thfus and reference mass flom,es*,

reference sea level static thrist, standard day corrected mass fIﬁwST,;, reference sea
level specific thrusTss and the outer fan pressure ratio in design canmliti.

Table 6. Main data of the simulated separate-flowrggines

BPRE] | Mo | T [kN] | TokN] | RSO | TN | T[]
[ka/s] [ka/s]
5 150 13.3 51.8 145 357 2.08
7.5 200 13.2 55.5 188 295 1.71
10 250 13.1 58.0 225 258 1.53
Table 7. Main data of the simulated mixed-flow engies
BPRE] | Mbes | Tul[kN] | To kN] | RSO | T [kN] | T[]
[ka/s] [ka/s]
5 150 13.9 54.5 148 368 1.81
7.5 200 13.8 58.8 192 306 1.59
10 250 13.6 61.2 229 267 1.45

For the same mass flow, the mixed-flow engines Istigatly higher thrust and mass flow,
while the fan pressure ratios are slightly lower.

Engine thrust scales with mass flow, which mear the specific thrust of an engine
remains constant if an engine is scaled. Hencestdrelard day corrected mass flow that is

needed to generate a required static thfgisain be scaled with constant specific thrust:
. T,

mRSTD = T*
SP

(31)

This thrust-scaling approach neglects changes nmponent efficiencies due to Reynolds
number effects that, in fact, occur when sizingemgine. For a detailed design of an
aircraft, these effects are important with respe@FCin cruise. For the determination of
the general trends of the jet momentums relativietseveral simulations have shown that

a potential change of component efficiencies candmgected in the first instance.
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Figure 37. Jet momentums and ram drag during low-sped operation; figure based on GasTurb
sketches (Kurzke 2007a)

Mixed flow, core offtake RD -{

Figure 37 schematically shows the different offtakgions considered and the related jet

momentums:

» The separate-flow and mixed-flow engines withowell offtake represent the
engines for the EBF and USB systems. The jet mamerdf the entire exhaust

(mi [Vj )Exhaust’

which equals the engine gross thrust, affectbtoen flaps and has
to be determined.

» The separate-flow engine with the bypass offtakgesents the AIBF system and
the IBF system that uses bypass air. The jet mameiof the air that is taken off

the bypass(m affects the blown flaps, the residual gross thofishe

) BypassOffake

engineTsacts conventionally in a forward direction.
Additional options for the IBF system are:

= The exhaust offtake, where a certain amount of esthair is taken off the exhaust
and ducted to the jet flaps. The jet momentum ef dir taken off the exhaust

(r'nj v )Exhaust ke affects the blown flap.
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= The core offtake, where a certain amount of bldedsaaken off the core of the
engine and ducted to the jet flaps. The jet mommarfithe air taken off the core
(r'n. [v,

| LY )Coreomab affects the blown flap.

For both last options, the residual gross thrusthef engineT,.s acts conventionally in
forward direction. For all systems the ram dragrabieristics are additionally required, as

ram drag is an important parameter for take-off landing calculation.

Parametric studies for Mach number at sea levekvparformed with GasTurb 11 to
determine these relevant jet momentums. The stdratamponent maps that are provided
with GasTurb 11 were used to model the off-desigaracteristics of the engines. The
results are then normalized for the respectivereefee sea level static thru$g to
generate thrust-scalable low-speed performancenemgicks.

4.3.2 Separate-Flow and Mixed-Flow Engines without Offtale
Figure 38 shows the relative ram d&§ /T, and the relative exhaust jet momentum

(r'nj v, /T, characteristics for the separate-flow engines [jower-offtake) over

Exhaust
Mach number. As expected, the ram drag of the enigicreases with higher BPRs due to
the increased engine frontal area. The engines thighhigher BPRs show the stronger
increase in gross thrust with increasing Mach numbke values of relative gross thrust
and relative ram drag for the mixed-flow and sefgaflow engines are very similar (see
appendix B, Figure 103). The difference can be exwgh in the first order for conceptual

design. Therefore, the same characteristics carsée for the two different engine types.

Rel. Ram Drag Rel. Gross Thrust
0.5 1.2
0.4 / BPR = / BPR
— & '
= // 5 — 11 5
1003 7 Z %
= // =75 | —%—75
202 /i 2 '
0.1
0 0.9
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Ma [-] Ma [-]

Figure 38. Relative ram drag and relative gross thust over Mach number, separate-flow engines
without offtake
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4 Adaption of Conceptual Design Methods for Blowags

With the characteristics of the reference engimesngn Figure 38, the exhaust jet momentum

and the ram drag of the engine can be scaled joergine sea level static thrust:

(mi D/J' )Exhaust = TO mj lj—:—j*)‘EXhaUSt (32)
0
RD=T, d?r_? (33)
0

The engine exhaust jet momentllmj [Vj) calculated with equation (32) is used for

Exhaust
the calculation of the jet momentum coeffici€ht (equation (1)), which can be made for
any speed during take-off and landing using thevahlharacteristics. The residual gross
thrustT,es for the EBF and USB engine is zero, as the eetigine gross thrust is used for

the blown flaps.

4.3.3 Separate-Flow Engine with Bypass Offtake
For the AIBF system and the IBF system with bypaftske, the entire bypass mass flow

is taken off the engine and ducted to the jet flawreby, duct pressure losses have to be

considered for the bypass. The residual gross tthofisthe engineT,s and the jet

momentum of the bypass offtak&hj [v; )Bypassomke have to be determined. For the

calculation of the bypass jet momentum, duct preskasses have to be considered. Figure

39 shows the relative residual gross thrust of ¢hgine T_ /T, and the relative jet

3

momentum of the bypass air taken c(fhj Wj) IT, for the reference engines,

BypassOftike

simulated with GasTurb 11 for a bypass duct preskass ofs =-6 %.

Rel. Bypass Gross Thrust Rel. Residual Gross Thrust
1.1 0.3
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&
0.7 0.05
0.6 0
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Ma [-] Ma [-]

Figure 39. Relative bypass and residual gross thrtyseparate-flow engines with bypass offtake; =-6 %
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4 Adaption of Conceptual Design Methods for Blowaps

The sum of the relative bypass gross thrust anddlative core gross thrust equals the
total relative gross thrust, which equals 1 folozgtach number and zero pressure loss. For
o =-6 %, around 5.3 % of the thrust are lost for BRR 5 engine, while for the BPR 7.5
engine the thrust loss is around 8 %, and 9.4 {etely for the BPR 10 engine.

Rel. Ram Drag

0.5

0.4
o BPR
E 0.3 / 5
a) /y
o s —¥—7.5

0.2

——10
0.1
0
0 0.1 0.2 0.3
Ma [-]

Figure 40. Relative ram drag, separate-flow enginesith bypass offtake,s =-6 %

The general characteristics of the relative ramgdeae similar to the ram drag
characteristic of the engine without offtake, whihee absolute values are slightly lower

due to lower total mass flow.

The jet momentum of the bypass offtaf{mj [v].) and the ram drag are calculated

BypassOffike

analogically to equations (32) and (33). The reslidyross thrust of the enginBes is

calculated from Figure 39 with:
Tes =To 2 (34)

As documented in section 2.2.3, IBF systems usé-pigssure air to achieve nearly
Mach 1 at the nozzle, which corresponds to a presgatio of approximately 1.9 for
bypass air (Waters, Anthony et al. 2009). Tablev@gythe outer fan pressure ratios of the
separate-flow engine without pressure loss forediiit BPRs. One can see that the general
trend to higher BPRs leads to lower outer fan pnesgatios, which is undesirable for IBF,

as this leads to larger duct areas required.

Considering that even higher duct pressure lossms 46 % may have to be expected for
an IBF system, the turbofan engine with the BPRi&.the only engine that can achieve
nearly Mach 1 at the nozzle of an IBF. The engirmdeh with the high BPR is better
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suited for the AIBF system, as the fan pressure fatlow and lies in the region of the

pressure ratios that were realized in the invedyavind-tunnel model (see section 2.2.4).

Table 8. Outer fan pressure ratio at sea level faseparate-flow enginesg =-6 %

BPR[] I35[]
5 1.87
7.5 1.54
10 1.39

Duct pressure losses are a function of detailed dieign, which goes beyond the scope of
conceptual design comparative studies. To allowsésitivity studies of this parameter in
conceptual design, the jet momentum characteristies given for additional pressure

losses in appendix B (Figure 104 to Figure 113).

4.3.4 Mixed-Flow Engine with Exhaust Offtake

For the IBF system, different bleed air offtakeusimins have been realized. As presented
in section 2.2.3, the Buffalo C-8A used the colgdss air of a turbofan engine for the
augmented jet flaps, as discussed in the previecisos. The H.126 used the hot exhaust
of a turbojet engine for the blown flaps. An offtalof the core exhaust only of the
separate-flow engines is not favorable, since tre gross thrust contribution is very low
(see Figure 39) for the engines investigated. Wasld result in very low jet momentum
coefficients. Therefore, the mixed-flow engine &ested for the analysis of the exhaust
offtake option. Table 9 shows the Mach numbersutated with GasTurb for the exhaust
offtake for an ideal offtake as well as ®rF-6 % andr =-12 %. One can see that velocities
approachindMa=1 are only achievable with the BPR 5 engine.

Table 9. Mach number of exhaust offtake, mixed-flovengine

Pressure loss
0% -6% -12%
5 0.93 0.88 0.81
BPR[-]| 7.5 0.81 0.74 0.67
10 0.72 0.65 0.56

An additional variable for exhaust offtake is th#éa of the mass flow that is taken off to the

total engine mass flow Figure 41 shows the relative gross thrust ofethgineT__ /T, and

b+

the relative jet momentum of the exhaust offt&ke; Wj) /T, thatis taken off the

ExhaustOftake

engine withBPR=5 with the array parameter The pressure loss for these characteristics is
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4 Adaption of Conceptual Design Methods for Blowaps

o =-6 %. The jet momentum of the exhaust offtake mesidual gross thrust are calculated

analogically to equations (32) and (34). Ram dsagpiculated with the characteristics given

in Figure 38.
Rel. Residual Gross Thrust Rel. Gross Thrust of Exhaust Offtake
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Figure 41. Relative residual and exhaust offtake giss thrust, mixed-flow engineg =-6 %

The sum of both thrust contributions is the totalsg thrust, which at zero Mach number is
lower than 1 due to the duct pressure losses. A& of the total gross thrust is lost for

o =-6 % compared to the engine reference grosstthuesto pressure losses if the entire
exhaust is taken off the engine. Again, to enablesiivity studies for the duct pressure

losses, these engine decks are given for diffgyezgsure losses in appendix B (Figure 114
to Figure 116).

4.3.5 Mixed-Flow Engine with Core Bleed Offtake
The core engine offtake is analyzed as a possidiéianal solution. Figure 42 shows the

relative residual gross thrust of the enging/T, and the relative jet momentum of the

|*

core bleed(r'nj wj) /T, that is taken off the engine. The array parameterthe

CoreOfftale
ratio of the core mass flow that is taken off te thtal core mass flow. The pressure loss of
the air taken off isr =10 %. One can see that this offtake option sigaiftly reduces the
residual thrust of the engine, while the jet momenbf the bleed air is very low (between
1.2 % and 4 % of,). At an offtake of 40 % of the core mass flow atdtic condition,
only approximately 30% of the reference thrustvailable, only. This is well in line with
the general understanding that core air offtakbéncompressor significantly decreases the
engine thrust. Core offtake may be feasible forwdation control applications, where only
very low offtake is required. For blown flaps ajgpliions it is not considered further.
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Rel. Residual Gross Thrust Rel. Gross Thrust of Core Offtake
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Figure 42. Relative residual gross thrust and corefftake gross thrust, separate-flow engineBPR=10
engine,s =-10 %

4.3.6 Conclusion

With respect to the blown-flaps systems investigatae following conclusions for the

engines investigated can be drawn from the paramsttrdies documented in this section:

» For USB and EBF systems the same characteristidsecased for conceptual design.

» For the AIBF system, the BPR 10 engine is beseduiith respect to the required
fan pressure ratios.

» For the IBF system with bypass air offtake as aslivith exhaust offtake, the BPR
5 engine is best suited with respect to the reduia® pressure ratios and nozzle

Mach numbers.

= Core engine offtake makes no sense for the higmgehentums required.

4.4 Balanced Field Length and Climb Performance

For conventional take-off and landing (CTOL) aiftthe balanced field length (BFL) can
be determined with simple handbook methods basesimpirical data. As already stated in
section 2.2.1, in contrast to a conventional aftctdt and thrust of blown-flaps aircraft
are interdependent. Therefore, simple handbook edstbhased on empirical data of CTOL
aircraft cannot be applied to blown-flaps airci@ftr further discussions on this topic see
Ball et al. (Ball, Turner et al. 2008). Consequgndl physics-based approach is chosen for
the calculation of the BFL. The following three easaccording to FAR-25 are considered
for the BFL calculation (Figure 43):
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1) Take-off with all engines operative (AEO): Acceliva with AEO, rotation, and
climb to 35 ft plus a 15 % margin

2) Take-off with one engine inoperative (OEI): Accealigon with AEO to decision

speedv;, acceleration tero with OEI, rotation, and climb to 35 ft

3) Acceleration with AEO ta, 2 seconds reaction time, and deceleration tostaf

Y
B AEO Acceleration ) +15% -~
AEO -take-off y | MARGIN ;
~—Break release TO 35 1t
- SGRAEO > STRAEO _"‘ S(:LAEO > ?
OElI-take-off Vl— OEl A:/cceleranon e A l
H TO [
AEO Acceleration  — //' a5t
SGPOEI > SI-R)B — > SCLOE| —» f
Accelerate - STOP ?}15' FULL

all engines at idle STOP
—

AEO Acceleration  ——i2 sec —— “hax breaking

—-

) S6Ruro ><Seeac S —
<— FAR Part 25 FIELD LENGTH (LONGEST OF THREE CASI —

Figure 43. Considered cases for BFL calculation (Bdle, Innis et al. 1981)

Accordingly, the three take-off distances are dakad as follows:
STOAEO =115 [(SGRAEO + STRAEO + SCLAEO ) (35)

The take-off distance with OF, _ is:

sTOOEI = SGROEI + sTROEI + SCI-OEI (36)
The distance traveled for aborted take-off is:
STOATO = SGRATO + Sreac + SB (37)

Thereby, decision speed has to be iterated such thgt, ~equalss, . The longest
distance of the three cases is the FAR-25 BFL.

First, the take-off speed is defined and its caltoh documented, as it is an important
parameter for BFL calculation. Subsequently, thethaws for the calculation of the

distance traveled during the above segments andlitmd performance with AEO and

OEIl are documented.

60



4 Adaption of Conceptual Design Methods for Blowags

4.4.1 Calculation of Take-Off Speed

In FAR-25, the speeds related to take-off speadefamplevro or the speed at the end of
the second climb segmewt, are defined as the stall speadmultiplied with a certain
safety-factok:

v =k g, (38)

The stall speed is calculated based on the maxihfucoefficient Cpmax

B[S[([:Lmax (39)
2

For CTOL aircraft C.max is constant during take-off. Stall speed is calculated
analytically with equation (39). The speed at tmel ®f the 2nd climb segment is

subsequently calculated with equation (38)kot.2 according to FAR-25.
When applying this approach to blown-flaps aircréfe following problems arise:

1) Stall speed cannot be calculated analyticallyCiasx is a function of speed and not
given in analytical form.

2) Take-off speed has to be defined for OEI operat&snthe aircraft has to generate
enough lift, even if one engine fails. In a docutaéion of Quiet Short-Haul
Research Aircraft (QSRA) take-off flight tests (Rl€, Innis et al. 1981), defining
stall speed and the dependent speeds at OEIl aamddiaccount for this critical
operational mode was proposed.

3) v, cannot be calculated with equation (38) and thmron safety factok=1.2,
sinceCrmax at Vo is lower thanCymax at vs due to lowerC, atv, (see equation (1)).
Therefore, applying the definition above, the safetargin to stall atv, for a

blown-flaps aircraft would be lower than the safetsrgin for a CTOL aircraft.

The third problem is illustrated based on experitaledata gained from (Aoyagi, Falarski
et al. 1975) for a USB wind-tunnel model in také-odnfiguration. Table 10 shows the
evolution of jet momentum coefficient, lift coefiént, maximum lift coefficient, and the
ratio of C/C_nax With increasing airspeed. Stall speed is 38.6 mtsthis point the jet
momentumC, is 2.63 andC_ equalsC max (6.58). If the take-off speedo was defined as
1.2vsy, the jet momentum coefficient would be reduced .88 at 1.2/t ThereforeCi max
would be reduced to 5.5 at gr The lift coefficient required at 1\&ris 4.57, which is

83% of Cmax The lift coefficient at 1.2st of an aircraft with constan®, max is 69 %
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(1/1.22) of CLmax Thus, the blown-flaps aircraft would operate eloso stall than a

conventional aircraft.

Table 10. Evolution of jet and lift coefficients wih increasing speed for USB wind-tunnel model

Vivst[] v[m/s] C,[] G [] Cimer [] | G/Cuima []
1 38.6 2.63 6.58 6.58 1.00
1.05 40.5 2.39 5.97 6.20 0.96
1.1 42.4 2.18 5.44 6.00 0.91
1.2 46.3 1.83 4.57 5.50 0.83
1.3 50.2 1.56 3.89 5.00 0.78

This example shows that if the safety margin wdsdd relative to stall speed, the safety
margin with respect to lift coefficient would be aiter for blown-flaps aircraft compared
to aircraft with mechanical high-lift devices. Tisafety margin defined in FAR-25 is,
therefore, interpreted as a safety margin for ifhedefficient compared to the maximum

lift coefficient at the respective speed (see &lgure 44):

1

CL = k2 |:<[:Lma>< (40)
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Figure 44. Safety margin defined for lift coefficiat

In this study, it is assumed thato equalsv,, which is a common approach in conceptual
design (Torenbeek 1982, p. 167). Take-off speedalsulated iteratively, a€ max is
changing with speed. The algorithm developed ismgivn Figure 45.
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S, T, MTOW, v=V,,

V=V+Av
)
Calculate offtake jet momentum with equation (3R)
Y
CalculateC, with equation (1)
Y
DetermineC, .« from low-speed polar
Y
lteratea, whereC,_=C, ., /144
Y
CalculateC, with equation (7) and lift.
no
L>MTO
yes
V1o=V
Y

CalculateCy*, RD, Tes Dyymatvyo

Figure 45. Flow chart for take-off speed iteration

Starting with a low speed=vnin, the speed is incrementally increased . At every
evaluated speed, the respective offtake jet momensucalculated with equation (32).

Thereby the total reference OEI thrugt is used to assure that take-off can also be

performed if one engine fails:

=M [(1+ K) [T, (41)

OOEI

K accounts for a potential increase in thrust ofréraaining engines in the case of engine
failure due to higher burner exit temperature. Witle offtake jet momentum the jet
momentum coefficient is calculated with equatior). (Eor this jet momentum the
maximum lift coefficientC_max Of the wing-fuselage configuration is interpolafesin the
low-speed polar at OEI condition. Fro@ max the lift coefficientof the wing-fuselage

configurationC that satisfies the safety margin required is dated:

1
C. =——I[C 42
Lye 122 max ( )
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The corresponding angle of attaekfor C__ is subsequently determined from the low-

speed polar. In the following, the lift coefficienf the aircraftC_ is calculated with
equation (7) considering the horizontal tail (Hif}) ¢oefficient required to trim the aircraft
longitudinally at the forward CG position (see etipra (22)). If the lift L atv is high
enough to lift the aircraft weight, thefio=v; otherwisev is increased bxv.

In the following step, the total force in flightrdction at the iterated take-off condition

with OEI F__ is:

F, =T..-qBIC, -RD-D,, (43)

Xro

The ram dradkD and the residual thrust are calculated with equati(33) and (34) and
the respective engine characteristics dependirtbeoengine type. According to Roskam,
Duwmis 15 % (used foBPR=5) of Ty for low BPR engines and 25 % (used B®R=10) of
To for high BPR engines (Roskam 1985b, p. 267-268nhd#hilling drag is zero for the

AEO caseCj is calculated from equation (12).
A feasible value for minimum control speed is:
Vmc = 1'1[VST (44)

Stall speed is not calculated, &g is iterated directly. Therefore, a definition af.

relative tovro is better suited for blown-flaps aircraft. With
Vo = 12[Vg; (45)

and equation (44)n: can be calculated directly from take-off speed foe above

definition:
=15 EyTO (46)

This approach is conservative as, at speeds ldwar\to, the safety margin to stall is
even higher compared to aircraft with mechanicayhHift devices due to higher

correspondin@| max
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4.4.2 Calculation of Ground Roll

The ground roll distance traveled to accelerateath@aft to take-off speed is:

VToV
= | —dv 47
Sor !a (47)
with
a:i (48)
m

Where F,__ is the resultant force accelerating the aircraficording to handbooks, for a

CTOL aircratft, this velocity-dependent resultantcis averaged and evaluated at 70.7 %
of vro (Torenbeek 1982, p. 167) which provides an aradi/golution forsgg.

Due to the interdependence of thrust and forwastdpthe aerodynamic forces acting on
blown-flaps aircraft (see equation (49)) have défe characteristics during take-off
compared to a CTOL aircraft. For this reason tlsaltant force cannot be averaged for the
calculation of the ground roll distance.

Fr. = Tes ~dBC, g Omy, g -q[BC,)-RD-D,, (49)

Ground effect is thereby neglected. Ram dRig residual thrusfles C, and C_ are

velocity-dependent and not available in analytfcai (look-up tables). The wind-milling
drag occurs in the case of engine failure onlyldsed analytical solution of equation (47)
is consequently not available. Therefore, the gdouril distance has to be calculated
numerically. Small segments of distance travelisdre calculated for small increments of
speedAv, for which constant acceleration is assumed. Tikeretization of equation (47)
in combination with equations (48) and (49) gives:

my, LV [Av
Tee—~qBC, ~uOm, -qBIC )-m-D,,

As = (50)

Starting with v=0m/s, the speed is increased Ay, until vro is reached. For every
evaluated speed C, is calculated. Based dd,, C, (equation (12)) an€, (equation (7))

are determined from the respective low-speed gola#=0°. Ram drag is calculated with
equation (33). For the AEO take-off, full engineust can be used for the calculation of

C,, C. andRD, while for the OEI segment the thrust availableO&! condition from
equation (41) is used. Wind-milling drag is zerotfte AEO case.
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For OEI take-off, the ground roll distance is céted with AEO untilv; is reached.
Beyondv,, the available thrust with OEI and the OEI low-spgolar have to be used for

the calculation ofC | andC,. Wind-milling drag has to be considered.

For speeds below,, the forces are interpolated linearly from thecéar calculated from the
low-speed polar at,, and the forces calculated from the static turcimgyacteristics at=0 m/s
(see equations (2) and (3)). A typical friction flicent for take-off isu=0.03 (Torenbeek 1982,
p. 168). The total ground roll distargg is the sum of the small distance segmasts

4.4.3 Calculation of Transition and Climb Segment

For the calculation of the transition distangg it is assumed that transition time is
3 seconds a¥ro, which is a common approach (Bobbitt and Margazod7). The climb
angle is calculated from the ratio of total forndarward direction to the lift atro

- I:)‘ro
tany = T (51)

where F,  is calculated with equation (43)\ab and the corresponding angle of attack (see

section 4.4.1); the lift equals the aircraft weigBased on the climb angle, the distance
traveled over ground during transitisfk, the height after transition segmédnk and the
distance needed to climb to 35f;() is calculated according to Bobbit and Margason
(Bobbitt and Margason 2007, pp. 11-12). This isiedrout for AEO as well as for OEI. For
AEO the wind-milling drag in equation (43) is zefide climb angle with OEI is one of the

constraints that have to be considered for the mragachart.

4.4.4 Calculation of Reaction and Breaking Segment

For aborted take-off, a reaction time after endaitire of 2s atv; has to be considered
first, which gives the distance travelggi, Deceleration fronv; to zero is calculated with

a handbook method of Brandt where the forces aeeaged at 70 % of; (Brandt 2004,

p. 223). Averaging the forces is feasible in thase; as the engines run in idle mode (for

the calculation ofC; andC, it is assumed that idle thrust is 8 %Taj, hence almost no

blown flaps effects occur:

_ 050, (7
(BC, +u{m, B -q [S[G:L))@o,ml

Se (52)

Typical values for breaking coefficient are betwaef.3 (Jenkinson, Simpkin et al. 1999,
p. 243) and:=0.5 (Raymer 2006, p. 552).
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4.5 Landing Field Length and Missed Approach Climb Perbrmance

For the calculation of landing field length, thepamach speedapp has to be calculated
first. Based on the approach speed, the climb pedonce for missed approach (MA) with
AEO as well as with OEI and the landing field ldmbave to be determined.

4.5.1 Approach Speed

FAR-25 regulations specify a safety factorksfl.3 for vapp (FAA 2009). For approach
speed calculation, the same problem as for thed#tkgpeed calculation occur€maxis a
function of speed, which requires the iterationvgdp. The speed has to be found, where

Cimax atvapp is 1.3% times higher thag,  and the lift equals the weight. In addition to

vapp, the thrust rating has to be iterated for landménd the jet momentum coefficie,

where the required approach angle is met.

Figure 46 illustrates with the help of the aircrdfag polar, whyapp andC, (the thrust
rating) have to be iterated. For this example a approach angle is required. A
combination of lift coefficient and jet momentumegficient on the line of constant ratios
of lift-to-drag that correspond to a -5° approanfgla has to be found. Thereby, the lift has
to equal the weight and the lift coefficient safetgrgin has to be satisfied. The minimum

speed, where all these conditions are fulfillethesapproach speed that has to be iterated.
A point with a higher jet momentum coefficient ($&gure 46)

a) may provide enough lift, but could cause an appgroacgle that is above the
required one

b) may provide enough lift and meet the required apgmoangle, but would have a
safety margin that is too low

A point with a lower jet momentum coefficient (deigure 46)

c) may provide enough lift, but could cause an apgroacgle that is below the
required one, or
d) may provide enough lift, but could cause an apgroacgle that is below the

required one and would have a safety margin thiaioisow.

67



4 Adaption of Conceptual Design Methods for Blowaps
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Figure 46. lllustration of different approach conditions

To ensure that enough lift is available if one eediils, the approach speed is defined for
the OEI condition. Therefore, the low-speed potar the OEI condition is used for the

calculation of the aerodynamic coefficients duriaigding.

The algorithm illustrated in Figure 47 was deveblbpe find the combination ofapp and
thrust rating that meets the approach angle anetysahargin requirements. The input
parameters are the reference dethe maximum allowable approach thrigbpmay, the

approach flap angley, =~ and the maximum landing weigMLW. The algorithm starts

with a low speed/=vnyin and sets the actual thruBtequal to zero. The jet momentum is
calculated with the procedure documented in secti@nfor the respective engine type.
The jet momentum coefficient is calculated with &pn (1) using the respective jet
momentum. For the jet momentum coefficient caladatthe maximum lift coefficient

CLmax Of the wing-fuselage configuration is interpolafedm the low-speed polar at OEI

condition. FromCnax the lift coefficientof the wing-fuselage configuratioﬁ:LWF is

calculated which satisfies the safety margin resplir

-1
CLWF - 132 |:G:Lmax (53)

The corresponding angle of attagks subsequently determined. In the following, lifte
coefficient of the aircrafC_ is calculated with equation (7) considering theizantal
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tail (HT) lift coefficient required to trim the araft longitudinally at forward CG position
(see equation (22)). The total force in the forwdirgction during approach is calculated
analog to equation (43). Subsequently the flighh @angley is determined with equation
(51). If y is not within a specified rangk, the thrust is increased and the procedure from
the calculation of the jet momentum is repeated. if within the specified range or the
actual thrust reaché&ppmax, Whether the lift is greater than the weight iedted. If not,
the speed is increased Ay. The speed is increased until the lift is gre#ttan the weight.

At this point, thevapp equalsv.

v=ay L S, hppmax: MLW, V:VnimeAPp )
>y
T=T+AT 10
>y
Calculate engine jet momentur,,; andRD
Y
CalculateC, with equation (1)
Y
lteratea, whereC,_=C, /169
Y
CalculateC, with equation (7) and lift
Y
CalculateCy*, andD,,,,
Y
Calculate~, analog to equation (43)
Y
Calculatey with equation (51)
no

no

L>MLW?

Vapp=V, Tap=T

Figure 47. Algorithm for approach speed iteration
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4 Adaption of Conceptual Design Methods for Blowaps

The maximum approach thru$hppmax is introduced as an upper limit for the allowed
thrust during approach to provide a thrust resémae can be used for the missed approach.
In the following, Tappmax Will be given relative to the available OEI thrust

T max
gmax = Ao (54)

Oogi

The iterated relative thrugt for the approach condition may be bel@w., as the
maximum available thrust may result in a greategregch angleapp than the required
one. On the other hanéy,ax may not be enough to meet the requirge. In this case, the
algorithm would give an approach angle that is tsanahan the required one. A further
increase in speed could be an alternative solutotry to meet the required approach
angle, but can lead to infinite loops. The appropeath required has, therefore, to be

considered as an additional constraint in the niagcbhart.

4.5.2 Missed Approach Climb Performance

Oncevppp is iterated, the climb performance for missed apph (MA) with AEO as well
as with OEI must be determined, as minimum climiegare required for certification.
These performance constraints have a special impcet for blown-flaps aircraft, as a
certain amount of thrust is already used for liingration during landing and is not

available for forward thrust generation.
A. Missed Approach with AEO

For the MA with AEO, the minimum climb rate requirbas to be demonstratedvabp
with the flaps in landing configuration. In Figudd, this operational flight condition is
illustrated for an approach angle of -6° and a ireguMA climb rate of 0.032 (FAA 2009)
(which is equivalent to a climb angle of 1.83°).the case of a missed approach, full all
engines operative (AEO) engine thrust is availabikich increases the jet momentum
coefficient. The lift coefficient remains constanthile the increased jet momentum
coefficient moves the operational point in the oegof the drag polar, where a positive
climb angle can be achieved (Figure 48 right). @ineraft has to reduce the angle of attack

to maintain the lift coefficient (Figure 48 lefgs the speed does not change.
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y=183 y=-6
8 8 ’,"’ Cﬂ
e AT s
= ’A‘%ﬁ L JJAC y ——1.85
O 4? O A H
Ay : .\;8 Iterated
e R Y » approach
2 2 4 contidion
= 8 LT Missed
g% 0—+ ® approach
20 0 20 40 -1 0 1 2 WIhAEO
a [deg] Co* [1]

Figure 48. lllustration of additional jet momentum required for MA with AEO, J:=45°
The available climb rate for MA with AEO is calctdd in the following way:

1) CalculateC, with equation (1) and ram drag with equation (3®)Viape and full

AEO thrust
2) lterate the angle of attack, where the calcul&@gdorresponds te,

3) CalculateC, with equation (12) for this angle of attack

4) CalculateF, with equation (43)
5) Determine the climb rate from the ratiokgfto lift with equation (51)

The approach anglg, ~ and the engine thrud are the parameters that have a main
impact on the climb rate for MA with AEO and hawelte selected such that the required

climb rate is satisfied.

B. Missed Approach with OEI

The minimum climb performance required for MA wifiEl has to be demonstrated for a
MA with OEI speedwaor between 1.3srand 1.5vstand the flaps in the setting for MA
with OEI 5fMA0E. according to FAR-25 requirements (FAA 2009). Thieans that, for
conventional aircraft, the MA with OEI may be demtrated for a higher speed than the

approach speed, which enables a lower lift coefficiand, therefore, a lower flap angle.

As a consequence, drag is reduced which improveslimb performance respectively

reduces the thrust required for MA with OEI.
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4 Adaption of Conceptual Design Methods for Blowaps

In analogy to the missed approach with AEO, thebklperformance for MA with OEI is

calculated fomuaog Using the low-speed polar fax,

MAOEI

1) CalculateC, with equation (1) and ram drag with equation (38)Waoe and full
OElI thrust and the wind-milling draum

2) lterate the angle of attack, wheZe at the calculate@, corresponds to the aircraft
weight

3) lterate the maximum lift coefficient for the calatedC,

4) CalculateC, with equation (12) for this angle of attack

5) CalculateF, with equation (43)

6) Determine the climb rate from the ratio of dradiftowith equation (51)

7) Calculate the safety marg® /Ci max

For blown-flaps aircraft, a high amount of thrusayrbe used for lift generation during
landing, as approach speed reduction is of primagrest. The result is that only a small
amount of thrust is available for climb with OElrthg landing, which means that the
additional thrust available to increa€g may not be enough to meet the required climb
angle (see Figure 49). Additionally, at high flagfldctions, an increase @, means an

increase in lift, not in thrust, as the jet moments turned downwards.

y=155 y=-6
c.
),"/X/x' 0

A o
ﬂf Iterated

# approach
condition

Climb rate available
at MA with OEI

CL[]
O P M OO A O O N © R

-2 -1 0 1 2 o Climb rate required
Cp* []

Figure 49. Change in operational condition for MA vith OEI, §=45°

Now, different strategies for the improvement o tlimb performance during MA with

OElI can theoretically be developed for blown-flagsraft:

a) A limitation in thrust that is used for approaEtkep to a certain valuén. increases the

thrust reserve that is available for climb in tlase of the MA with OEI and can lead to
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4 Adaption of Conceptual Design Methods for Blowags

an increase inC, that is sufficient to achieve the required apphoamngle. The
consequence is a decrease in the approach lifficeet, as less thrust is used for lift
production during approach. This leads to an umedsincrease in approach speed.

This strategy is illustrated with the help of agipolar in Figure 50.

y=155 y=-6

8 C,

6 el —%—0.55
= A ——185
o T

. Ag} Iterated

g # approach

2 1 contidion

T Missed

0 i’ @ approach

2 1 0 1 > with OEI
Co* []

Figure 50. Reduction of the thrust rating during approach as a strategy to improve climb performance
during MA with OEI, §;=45°

b) A reduction in the flap angle for MA with ORJ,  atvaepresults in a better climb

performance as less thrust is turned downwards.edewy at the same time the safety

margin decreases, as the angle of attack has tmdreased to maintain the lift

coefficient required (see Figure 51).

Missed Approach with OEI Approach
y=155 y=-6
8 ’,,.' C,
7 XKA ——0
6 7 —%—0.55
_ RS2l
*_. *_. “HAG —>—1.85
. ﬂ lterated
© ! # approach
2 contidion
T ; Missed
o—" e Approach
2 0 1 2 1 0 1 o  WIthOE
Co* [ Co* [

Figure 51. Reduction of flap angle for MA with OElas a strategy to improve climb performance
during MA with OEI, §;=15° (left) and;=45° (right)
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c) A reduction in the flap angle for MA with OE.:BfMAOEI and a simultaneous increase in

the speediaor reduce the lift coefficient required, but alsouee the jet momentum
coefficient which results in lower aerodynamic peniance and a lower maximum lift

coefficient, which again decreases the safety mafgee Figure 52)

Missed Approach with OEI Approach
y=1.55 y=-6
Q Q /
O o ":' C,u
7 7 H 0
6 6 X —¥%—0.55
E_, /g‘ E_I S K)X,’M ——1.85
O 4 o 4 {
. ] Iterated
2 2 e #®
3( A QAC i j vl approach
%_ 2 'ﬁ . contidion
9 1 ,," Missed
0 g ® Approach
2 4 0 1 2 1 0 1 o WIHhOE
Co* [] Co* [

Figure 52. Reduction 0f5fMAOEI and increase in speed (lowe€,) as a strategy to improve climb
performance during MA with OEI, §;=15° (left) andd=45° (right)

d) A reduction in the approach flap anglg = reduces the drag during approach and,

therefore, can improve the climb performance dut@y with OEI, but consequently

increases the approach speed.

These general considerations show the complexith@fianding of blown-flaps aircraft.
The need to achieve the required climb performdnceMA with OEI always conflicts
with the goal of reducing the approach speed. Alioation of the above strategies can
lead to a feasible point that satisfies all requieats at a minimunaspp by variation of the

following parameters:

= Ratio of maximum allowed thrust during approaclavailable thrust with OEfmax

= Flap angle for MA with OE

fMAOEI

= Ratio of speed during MA with OEI to stall spedghog
= Flap angle for approach,

For every parameter combination, the approach spgeed to be iterated, as these

parameters all impact the approach speed.
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4.5.3 Landing Field Length

Based onvapp, LFL is calculated according to Raymer (Raymer&Qf. 551-552). The
method considers the segments approach, flaretdiesnd deceleration (Figure 53).

R

Touch
down Brakes
V= VTD appl]ed

fSFR‘-l-t— Sp —+|

Approach distance Flare Free "Braking distance

distance roll
le—  Ground roll —»

j¢————————  Total landing distance =~ ————{

Figure 53. Relevant segments for LFL calculation,Raymer 2006, p. 552)

Accordingly, the flare radius is:

R = (55)
0204
Transition speed is the average betwegh and touch down speeslp, which is
Vo :%WAPP (56)
based on the usual definition, which says thgt1.15vst. Flare height is:
he = Re [(L-COY/rp) (57)
The distance over ground during flare is:
S: =R [Sinyep (58)
The distance traveled during approach is:
_ Nopstacs N
Sapp —TVAPP (59)

For the calculation of the free roll distargg a typical value of 2s atp is used. Obstacle
clearance heightopsiacieis 50 ft for transport aircraft. The breaking distess is calculated
with equation (52) at landing weight. Typical briegkcoefficients thereby are betweerD.3
according to (Jenkinson, Simpkin et al. 1999, [8) 2% 1=0.5 according to (Raymer 2006, p.
552). The total landing distance is multiplied b§7lto account for FAR-25 requirements.
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4 Adaption of Conceptual Design Methods for Blowaps

4.6 Implementation and Adaption of Baseline Design

How handbook methods are able to capture the ingfdbe blown-flaps systems and STOL
capability on overall mission performance is disedsin this section. It is dealt with, how
component-based handbook methods for the deteroriradtthe high-speed drag polar can be
used and adapted to model the installation effgfcise engines. Further on, the type of high-
speed engine model has to be used is documentad¢cdont for the fact that the engines of
blown-flaps aircraft may run in part load duringuiise. The component-based methods for
mass estimation are summarized and how they camsde for sensitivity studies of mass
penalties for blown-flaps aircraft is discussedalty, the implemented mission module is
introduced. For the methods of Torenbeek documenttds section, parts of the commercial

aircraft conceptual design software Pacelab APDJQPAR007) are used.

4.6.1 High-Speed Aerodynamics

The trimmed high-speed drag polar (clean configomatno flaps, no gear) is calculated
component-based according to Torenbeek from theradir geometric parameters
(Torenbeek 1982, appendix F). Thereby, lift-depabdwofile drag of the components
wing, fuselage, horizontal tail (HT), vertical taihd engines are calculated from the wetted
areas. Wing wave drag is calculated as a functi@weep, airfoil type and airfoil relative
thickness. Induced drag of wing, HT, and fuselage @lculated from the component
dimensions. Using this detailed approach for cruissy estimation, one can model the
differences between the different aircraft sizeat tresult for the different blown-flaps

aircraft designs, for example:

= For a given payload the fuselage dimension remeimstant. The wing and talil
areas are determined from the take-off and lanfleld length required and may
vary for aircraft different blown-flaps systems dodlifferences in the take-off and
landing performance.

= Engine size may differ for the different blown-f&apircraft for the same reasons,
resulting in differences in the nacelle drag.

These differences impact the aircraft drag polahictv is modeled by the above
component-based methods. A simple approach focdhlmilation of the drag polar based
on empirical data (for example with a constant ipgofirag and k-factor) would not
account for these geometrical differences that lreBom the take-off and landing

requirements.
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4 Adaption of Conceptual Design Methods for Blowags

Another advantage of this approach is that draglties can be introduced for the aircraft
components to model the impact of engine instaltaéffects on the aircraft drag. Previous
studies (Birckelbaw 1992) or (Braden, Hancock et1&80b) have indicated that USB
configurations suffer from a severe drag penaltygared to a conventional aircraft due to
its unique over-the-wing engine installation and thsulting interferences and wave drag,
which have to be considered for the overall misgierformance calculation. Birckelbaw

performed wind-tunnel experiments to determine dhese drag penaltpnC,, —due to

USB engine installation (Birckelbaw 1992). He detered the cruise drag penalty for
different engine installation configurations with & 4 engines which are given in
appendix C, Figure 117. One can see that the U&B pdenalty generally increases with
Mach number, which confirms the wave drag increntbat is associated with engines
installed on the upper side of the wing (Fujino 200'he configurations with two engines
have lower drag penalties than the configuratioitl four engines. One can also see that
higher clearance from the fuselage and betweearigmes reduces the drag.

The profile drag of the wing alone of the wind-tehmmodel CDowing was 0.01 in

Birckelbaw’s experiments. The ratio of the USB seudrag penalty plus the wing drag to

the wing drag can be used as a wing drag calibrdéictordysg:

+
DOyjing A(:Douss

(60)

dysg = Coo

wing

This calibration factor can be applied to the wirgg calculated with the methods above

to account for the USB engine installation penaltie

USB Cruise Drag Calibration
4
35
3 Hil
9 N .
s Tt
25 e
2
0.5 0.6 0.7 0.8
Ma [-]

Figure 54. Cruise drag penalty due to USB engine d@tallation based on data from (Birckelbaw 1992)
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Figure 54 showslysg over the Mach number calculated from Birckelbawgegiments for

the USB engine installation that is chosen forapplication example in chapter 6 (Figure
117, configuration 2-3). The USB cruise drag pgnaltvery high, especially at high Mach
numbers. For a Mach number of 0.75 the drag ofwtimg plus the USB drag penalty is

3.5 times higher than the drag of the wing alone.

The engines for EBF systems are installed conveallip under the wing. Therefore, it can
be assumed that there are no installation effettth@ EBF system compared to a
conventional under-wing engine installation that reppresented by the methods of
Torenbeek above. The integration of the enginedBérand AIBF systems is similar to
conventional aircraft under wing but features duitts the offtake of the bypass air.
However, as the effect of the engine installationcouise performance is not available in
the literature, a sensitivity studies for a potaintrag penalty can be performed with the

documented methods.

4.6.2 High-Speed Engine Performance and Engine Geometry

STOL aircraft with blown flaps may have a highemnust installed than required for cruise
due to short field requirements. Depending on tbevb flaps technology used and its low-
speed performance, the different solutions may thfferent thrust installed. Therefore,
when comparing such aircraft with each other, tloel@hfor the engine performance has to
represent these differences. An engine deck isnegjthat accounts for the dependence of
SFC on the thrust rating in cruise. Such engineksleare available in textbooks, for
example (Jenkinson, Simpkin et al. 1999, pp. 208)y2@r can be generated with engine

performance simulation tools, such as GasTurb.

In this section a cruise SFC-loop is given for skeparate-flow BPR 10 engine modeled in
section 4.3. Parametric studies were performed initBasTurb (Kurzke 2007a) to
determine theSFC for different altitudes, Mach numbers and thrumpse values (see
Figure 55 left). The consideration of the impactlod thrust lapse o8FC allows for the
modeling of the impact of an oversized engine anserSFC The maximum available
climb thrust as a function of Mach number and wdig is required for the calculation of the

climb performance at top of climb altitude.

The SFC-loops for the engines with BPR 7.5 and BPghow that the BPR 7.5 engine has
around 2.5 % higher SFC and the BPR 5 engine % higher SFC at 31,000 ft and
Ma=0.74. The maximum climb thrust available is 5.5&her for the BPR 7.5 and 14 %
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higher for the BPR 5 engine. These data representenhgine designed in section 4.3.
However, for other requirements customized engieeksl have to be generated or taken

from the literature.

Cruise SFC-Loop Available Climb Thrust
2.1E-05 A

1.9E-05

Z 1.7E-05 N A
< A
2 \\ —%—0.6
X

O 15E-05 oo e
n o) * o —>%—0.7

1.3E-05 L

A—0.8
1.1E-05
005 01 015 02 0.25 0 10,000 20,000 30,000 40,000
TITy[-] Alt [ft]

Figure 55. SFC-loop at 31,000ft (left) and availakl climb thrust (right), separate-flow turbofan engne,
BPR=10

Engine geometry has to be scaled with SLST to addowm the impact of larger engines on
the aircraft drag. In the model implemented, the dgameter is calculated according to
Jenkinson (Jenkinson, Simpkin et al. 1999, p. #9h function of mass flow, which is
determined from equation (31). Thus, the influeocengine size on the nacelle drag can be
considered. An alternative approach is to scaleetigine dimensions with static thrust

according to Raymer based on the dimensions efleaance engine (Raymer 2006, p. 226).

4.6.3 Operating Empty Weight Estimation

Simple mass estimation methods use a constantdinact operating empty weigf@EW
to maximum take-off weighMTOW for the calculation ofOEW. This approach is
sufficient, if empirical data is available. For tlbemparison of aircraft with different
blown-flaps systems, this approach is not suffigias differences in thrust-to-weight ratio
and wing loading cause different component weigimd thus different fractions @EW
to MTOW,

For the calculation 0OEW, the structure weights, propulsion system weigbgrational
items weights, and equipment weight according ®rttass breakdown of Torenbeek are
implemented (Torenbeek 1982, Table 8-3). The airattcomponents fuselage, wing
(including surface controls), HT, VT and engine elbes, as well as operational items and

equipment weight, are calculated according to Tioeek (Torenbeek 1982, chapter 8).
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Landing gear weight is calculated according to Rery(Raymer 2006). Dry engine weight
is calculated as a function @, Tsp, OPRandBPR according to Torenbeek (Torenbeek
1982, Eq.4-36).

These component-based methods account for thegaHdfiects that occur

= due to the sizing of the main paramefefg/andW/Sfor the required performance.
= due to scaling effects over the entire mission,efommple that the iterateddTOW
increases due to higher engine weight, which irsgeahe wing weight, landing

gear weight, etc.

Another advantage is that weight penalties camtreduced for the different components,

for example for penalties due to wing ducting att@ar control surface weights.

The center of gravity (CG) is calculated componeased with methods of Torenbeek
(Torenbeek 1982, chapter 8). The wing is positiosigch that the CG of the empty aircraft
is positioned at 40 % MAC.

4.6.4 Mission Performance

The mission performance simulation module of themm@rcial aircraft conceptual design
software Pacelab APD (PACE 2007) is used. The omsgerformance module calculates
the mission fuel burn, block time, climb and decengles for the user-specified mission
profile by the evaluation of mass, lift, drag, tsirand SFC for small mission segment.

Thus, the change BFCand drag during the mission are modeled.
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5 Verification and Validation of Methods

The main focus of this thesis is the developmemhethods for the calculation of the take-
off and landing performance of blown-flaps aircraesults for take-off and for landing
gained with the methods developed are validatethbycomparison with flight test data
and with handbook methods and are checked for ipiditys where flight test data is not

available.

5.1 Take-Off

The numerical method developed and implementedhercalculation of balanced field

length (see section 4.4) is first applied to a @nional aircraft with mechanical flaps by
settingC,=0 and by the use of a conventional net thrustdajeyived from the separate-
flow engine model (section 4.3.2). The results edepared to a handbook method of
Torenbeek (Torenbeek 1982, p. 167-169). Figure Hgvs good agreement for a large
range of wing loading and thrust-to-weight ratilneTmaximum deviation of the BFL is

5% for a thrust-to-weight ratio 6f/W=0.4. This shows that the calculation with the

algorithms implemented agrees with results gainewh fa well established method.

BFL Validation
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1,100 F

—— 0.4 Own Method
900
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Figure 56. Comparison of BFL calculated with the inplemented numerical method with BFL
calculation according to Torenbeek (Torenbeek 198%. 167-169)

For the Quiet Short-Haul Research Aircraft (QSRAHOWSB, flight test results for take-
off have been published (Riddle, Innis et al. 198he take-off field length with one
engine inoperative (OEI) including transition aritnd to clearance height (35 ft) is given
for different values otW/Sat T/\W=0.3. NASA all engines operative (AEO) and OEI wind
tunnel data from TM X-62419 (Aoyagi, Falarski et ab75) for the flaps in take-off
condition (Figure 124 and Figure 127) is used ttemheine the blown-flaps aerodynamic
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5 Verification and Validation of Methods

coefficients. The engine characteristics develdpesgction 4.3 foBPR=5 are used. These
data are applied to the methods implemented forctheulation of the take-off distance

with one engine inoperative,,  (section 4.4). The comparison of the calculatée-t@ff

field length with OEI with the flight test data sk® good agreement (see Figure 57); the
average deviation (5 %) is smaller than the spogaempirical data (8 %). In all cases the
method is conservative and therefore provides sefalts. This demonstrates the
applicability of the methods developed and the wiseks of wind-tunnel data for the

modeling of blown-flaps aircraft.

Take-Off with OEI Validation
1,200
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= L 4
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Figure 57. Comparison of calculated OEI take-off #ld length with QSRA flight test results,T/W=0.3

5.2 Landing

For the landing phase, the approach speed iteratiavell as the calculation of the landing

field length have to be verified.

5.2.1 Approach Speed

The Boeing C-17 is modeled with publicly availadi@a (Jane's 2000) in the parametric
aircraft model to verify the calculation of apprbaspeed. A safety factor &f=1.44 is
used, as military transport aircraft required lowafety margins than civil aircraft, where
k>=1.69 (Raymer 2006, p. 550). The EBF data of NASN-O 8057 with BPR=6.2
(Johnson 1975) is used to model the low-speed geamdic coefficients (see Figure 129
to Figure 132). The approach speed of the C-171&% Kis at maximum payload (Jane's
2000), which corresponds to a weight of 202,300lkfiprmation about the flap angle and
the approach angle are not available, thereforexant verification is not possible. Figure

58 gives the approach speed calculated with théadstdocumented in section 4.5.1 for
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5 Verification and Validation of Methods

the C-17 at different approach flap angles gag=-6°. In the investigated range f&rfAPP,

the calculated approach speeds show a good agreewitenthe approach speed of the

Boeing C-17, especially foréfAPP:45°, where positive climb angles during missed

approach can be achieved.

C-17 Approach Speed C-17 Missed Approach
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Figure 58. Calculated approach speed (left) and MAlimb angle (right) for Boeing C-17

Further on, the approach speed calculation is @webir plausibility by a variation of the
parameters that mainly impact the approach speigdred=59 shows the approach speed
iterated with the algorithm documented in sectiob. X over wing loading for different
thrust-to-weight ratios compared with aircraft wittechanical high-lift devices. The aircraft
with mechanical high-lift devices are calculatedhwihe algorithm developed by setting
C,=0. A landing weight of 90% of MTOW is assumed. @Aninnel data for the EBF system
(Johnson 1975) and the low-speed engine model utitiieed offtakeBPR=6.2) are used.
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Figure 59. Verification of approach speed charactestics, EBF,;=50°
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The results show plausible characteristics: Theagh speed decreases with decreasing
wing loading and with increasing thrust-to-weigatio. The approach speeds for the EBF
aircraft are below the approach speed for the uepeavapproachd,=0).

5.2.2 Landing Field Length

The method implemented for the calculation of lagdield length is compared with aircraft
data taken from Jenkinson et al. (Jenkinson, Simekial. 1999, Data A: Aircraft Data File).
Around 50 turbo-fan aircraft types of the manufeatsi Boeing, Airbus, Embraer, Bombardier,
Fokker, BAe, McDonnell Douglas, Tupolev and llyuslaire included. Figure 60 shows the
FAR-25 landing field length over the square of apph speed. Included are the aircraft data
and the results of the method implemented for ryriwetion coefficients 0f=0.3,4=0.4 and
1=0.5 at a -3° approach angle.

LFL Validation
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Figure 60. Comparison of calculated LFL for different runway friction coefficients with aircraft data
from (Jenkinson, Simpkin et al. 1999)

The data for aircraft with lower approach speedsween vape=14,000 m2/s2 and
Vapee=18,000 m/s? fits best with the friction coeffioteof x=0.5. The aircraft with higher
approach speeds are better represented using ithienfrcoefficientsu=0.3 or x=0.4.
However, for the higher approach speeds, the vaniatf the aircraft data is in the range of
50 %. Within the typical range for the friction dfeient, the implemented method

matches the performance of most of the availabtzadt data very well.

While most aircraft use an approach anglepi=-3°, a steeper approach is discussed for
STOL aircraft (Hange 2003), (Hange 2008), (Schwagk@9). Figure 61 shows the
landing field length over the square of approachespfor ayapp=-3° and ayapp=-6°

approach angle at=0.5 to check the plausibility of the method impénted. A decrease
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5 Verification and Validation of Methods

in the approach angle fromnpr=-3° to yapp=-6° improves the landing field length by

around 500 ft due to the shorter approach and Segenent.

Impact of Approach Angle
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5,000 i F =3
4,000 Wﬁ‘

3,000 XQYJ‘** Xy=-6
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0

5,000 10,000 15,000 20,000 25,000
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Figure 61. Landing field length over the square oapproach speed for different approach angles

Depending on the values chosen for the frictiorffadent and the design approach angle,
significant differences result for the LFL. Impartdor a comparison study is a consistent
selection of these design parameters. The chaistatsrgiven in Figure 61 are used for the

application example in the next chapter.
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6 Application of Method: Comparison of STOL Aircraft with Blown
Flaps

In this chapter, the method developed is appliedth® conceptual design and the
comparison of short take-off and landing (STOL)ioegl aircraft. Aircraft with the
following blown-flaps systems are designed and cameq to a conventional take-off and

landing (CTOL) reference aircraft with mechanicalift devices:

» Upper Surface Blown Flaps (USB)

= Externally Blown Flaps (EBF)

= Advanced Internally Blown Flaps (AIBF)

» Internally Blown Flaps with bypass air offtake (Hbly)

= Internally Blown Flaps with exhaust air offtake H&X)

The aircraft alternatives with the different bloflaps systems are generated by
integration of the corresponding corrected low-gp@end-tunnel data (Figure 118 to

Figure 136, appendix D) and the corresponding Ipees engine model (see section 4.3)
into the parametric aircraft model, which includbee methods developed for take-off and

landing (see Figure 27, p. 30).

In the first section, the simulation conditions a@@umented. Included are the reference
mission requirements, the reference aircraft dinogss the wind-tunnel data selected and
the assumptions made, as well as the aircraft dep@rameters, mission segment
constraints and the objective. Subsequently, @detistudies performed and the matching
charts generated for the sizing for the requiradopmance are documented. Based on the
derived design points, the overall mission perfarogaof the designed aircraft is compared
with a CTOL reference aircraft with mechanical hldhdevices. Finally a tradeoff for the

mission fuel burn penalty vs. the field length irgeg.

6.1 Simulation Conditions

This section presents the simulation conditiontuttiog the reference design mission, the
dimensions of the basic configuration including #ssumptions made and the wind-tunnel
data selected. Further on, the aircraft designrpatars as well as the mission segment

constraints and the objective for this applicattsample are introduced.
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6 Application of Method: Comparison of STOL Aircrafith Blown Flaps

6.1.1 Design Mission

The top-level requirements for the reference missibthe regional aircraft are based on
the research documented in a previous publicat®olggan, Kelders et al. 2009). The
design range is 1,200 nm with a payload of 110 gragey's; the design cruise condition is
Ma=0.74 at 31,000 ft. The field length requirementj800 m for take-off as well as for
landing (see Table 11). The design approach angggined isyapp=-6° as previous
investigations have shown that this approach arggalts in the minimum landing field

length (Gologan, Stagliano et al. 2009).

Table 11. Top-level requirements for design mission

Parameter Unit Value
Payload PAX 110
Range nm 1,200
Mac, - 0.74
Altc, ft 31,000
BFL m 1,000
LFL m 1,000

The field length requirements for the conventiotelte-off and landing aircraft with
mechanical high-lift devices are a BFL of 1,900 nda LFL of 1,450 m taken from
Bombardier’'s next generation regional aircraft @® {Bombardier 2009), while the other
mission requirements are the same as for the ST@ta#. A diversion of 200 nm to an
alternative airport and a 30-min hold are considdog the calculation of the total design

mission fuel weight.

6.1.2 Basic Configuration and Assumptions

The basic configuration investigated in this apgien example is a high-wing
arrangement with a T-tail and four engines. Howegwath the methodology developed,
USB, IBF and AIBF systems with two engines can &lsanvestigated with respect to the
available wind-tunnel data. For EBF systems, wimthel data for two engine
configurations have not been published in thediige, but the method developed also
allows for the investigation of such configuratipifssuch data become available. The
engines are positioned at 25 % of the half spane(irengine) and 45 % of the half span
(outer engine) on the basis of the selected EBF @88 wind-tunnel models. For the
maximum landing weight a value of 90 %MTOW:is selected, which is a common value

for regional aircraft (Roskam 1985a, p. 107).
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6 Application of Method: Comparison of STOL Aircrafith Blown Flaps

The fuselage dimensions are taken from the Boméaf@it 100, with an overall length of
35 m and a fuselage diameter of 3.6 m (Bombardi®®p Reasonable values are selected
for the wing and tail main geometric parameter® (§able 12), which are kept constant
during the sizing process. Initial values for tadlume coefficients given for an USB
STOL transport aircraft concept are used. The spoeding values were 1.47 for the
horizontal tail (HT) and 0.124 for the vertical It&/T) (Cochrane, Riddle et al. 1982),
which are higher compared to typical data for coiemal aircraft (0.09 for VT and 1.0

for HT) according to Raymer (Raymer 2006, p. 122).

Table 12. Main wing and tail parameters

Parameter Unit Wing VT HT
S m? 80.9 12 13.9
AR - 9 1 5
A - 0.3 0.8 0.3
t/c % 12 9 9
P25 deg 20 40 28
Volume coefficient - 0.124 1.47

This basic configuration with the values given iable 12 serves as the baseline for the
blown-flaps aircraft. With the tail volume values fconventional aircraft it represents the

reference aircraft with mechanical high-lift de\sce

For all blown-flaps aircraft it is assumed thatyttave 25 % higher control surface mass and
the excess thrust during take-off and landing Wi is set td<=0.1 (10 % ofTy). For the tall,

a relative thickness of 9 % is selected. The choicthis common value for conventional
aircraft allows the resulting tail volume to be qmared with typical values of conventional
aircraft. However, a higher relative thickness wloallow for smaller tails, as the maximum
lift coefficient due to rudder deflection is inceea (Figure 97, appendix A). For the rudder,
full span plain flaps with a relative chord of 30 selected. The maximum flap deflection is
assumed to be 20°. If these values are appliedriethods of US DATCOM (Finck 1978, p.
6.1.1.3-12) and Roskam (Roskam 1985c, p. 83) ukangata given in Figure 97 to Figure 101

(appendix A), a maximum rudder side force coeffitief Ac =0.5 and a profile drag

Y MaXydder
increment due to rudder deflection mcd%s:o =0.038 result. It is assumed that these 2-
dimensional values can be used for the 3-dimenisibhaas full span flaps are chosen.

For the determination df nax Of the HT, a plain flap is selected giving a maxim ift
coefficient of 2.2 (Scholz 1999, p. 62). For thetedmination of the maximum lift
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6 Application of Method: Comparison of STOL Aircrafith Blown Flaps

coefficient that can be used to trim the aircrafsafety margin is considered, chosen to be
k?=1.69 (according to the landing lift coefficienfestyy margin) resulting in a maximum lift

coefficient available for the HT oF, ., =1.3. The profile drag increment due to elevator

deflection is assumed to have the same value dbdaudder.

The position of the aileron section extends from?@@ 100 % of the span, according to

the flap extension of the wind-tunnel models. Thexmmum rolling moment coefficient of

the aileronC is determined according to (Schlichting and Trundkedt 2001, p. 453-

I maxg;
454) for an aspect ratio #fR=9 and the according spanwise extension of thecalelhe

resulting rolling moment derivativeC, /09, is 0.3/rad, giving a maximum value of
C nax, =0.13 for a maximum aileron deflection ¢ =25°. For this deflection a value of
Acdowzo.04 for the 2-dimensional profile drag incremeloe to aileron deflection is
determined according to Figure 101.

The maximum forward center of gravity (CG) positi@rhich is important for the HT size,
is selected at 10 % of the mean aerodynamic ch&E; the maximum aft CG position,

which is important for the longitudinal stability set at 60 IMAC.

Duct pressure losses of 5% are assumed for thd= Aiscraft and 10 % for the IBF
aircraft, according to Figure 15, p. 15). The AlBiFcraft uses an engine with a high BPR
and low fan pressure ratio (approximately 1.3),lvthe IBF aircraft uses an engine with a

lower BPR of 5 and, therefore, has duct pressuresraf around 2 (see section 4.3).

6.1.3 Selected Wind-Tunnel Data

The wind-tunnel data for the representation of itheestigated blown-flaps systems are
selected based on the considerations discussettiors 4.1.1, and the data summarized in
Table 28 (appendix D). From the four engine USB ai®dNASA TM X-62419 (Aoyagi,
Falarski et al. 1975) is preferred compared withS®ATN D-8061 (Sleeman, Hohlweg et
al. 1975), as NASA TN D-8061 has only limited OEka available. The engines of NASA
TM X-62419 have a low BPR of 3, which does not esent state of the art engine
technology. Using this data is conservative as ghdri BPR improves the low-speed
turning characteristics or allows for simpler nezdesign (see section 4.1.6). For EBF, the
data of NASA TM X-62197 (Aoyagi, Falarski et al.7B3) represent engines with a BPR of
3. Increasing BPR decreases the effectiveness BfdyBtems as discussed in section 4.1.6.
The data of NASA TN D-8057 (Johnson 1975) is selbctas BPRs of 6.2 and 10 are
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6 Application of Method: Comparison of STOL Aircrafith Blown Flaps

available, which lie in the range of current antufe high BPR engines. Additionally, tail-
off data for OEI and AEO are available. For the B/Stem, the data of NASA TN D-8309
(Vogler 1976) are selected as they have the higheaber of flap angles available. For the
AIBF aircraft, the only wind-tunnel data availaldASA TM X-62281) are used (Aiken,
Aoyagi et al. 1973). The disadvantage of the AlBiads that only two flap deflections were
measured and aerodynamic data a flap deflectiop-0f are not available. All the corrected
wind-tunnel data used are given in appendix C (€idi8 to Figure 136).

6.1.4 Design Parameters

The main design parameters that impact all missegments are the thrust-to-weight ratio
T/W and the wing loadindV/S Secondary design parameters are the flap angldake-
off 6fTO and landing (final approachz)SfAPP as they impact the take-off and landing
performance. Additional design parameters resalhfthe problems related to the missed
approach (MA) with AEO and OEI (see section 4.)jok are the flap angle for MA with

OEl o , the maximum ratio of approach thrust to availabel thrustfna, and the

fMAOEI

ratio of the speed selected for MA with OEI to #pproach speedyaoe:.

Table 13. Design parameters and design space

Design Parameter Unit Design Space

T/W - 0.2-0.6

WIS kg/m? 350 - 600

O, deg | Depending on available wind-tunnel data
O deg | Depending on available wind-tunnel data
Ot o deg | Depending on available wind-tunnel data
ema)( = 0.4 - 1.0

VmAcEI - 1.0-1.15

For T/W andW/Sa relatively large design space is selected taldbe to determine design
points for even more challenging field length regoients than 1,000 m. The design space
for the flap angles is dependent on the availabladsunnel data (see Table 28,
appendix D). Linear interpolation between flap @sgk performed, while extrapolation is
not allowed. The maximum relative approach théigk explored ranges from 40 % of the
available OEI thrust to full OEI thrust during appch, wherémax equals 1. The design
space for the speed for MA with OEI is defined ByR-25 requirements (FAA 2009).

An additional design parameter for the IBF systeitih whe mixed-flow engine is the ratio
of mass flow that is taken off the engine to thgiee's total mass flow. An additional
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6 Application of Method: Comparison of STOL Aircrafith Blown Flaps

design parameter for the EBF and USB aircraftésBRR, as it has an impact on the take-
off and landing performance as well as on the dverssion performance. For the USB
aircraft, a design space for BPR betw&#R=5 andBPR=10 is selected, which is in the
range of the engine models developed. For the BRifa#t, the design space is between
BPR=6.2 andBPR=10, determined by the wind-tunnel data available.

6.1.5 Constraints

The FAR-25 balanced field length and landing filddgth required for this application

example is 1,000 m. Thereby, FAR-25 requiremergsagplied as documented in sections
4.4 and 4.5. The climb rates required for the r@h¢vmission segment are taken from the
FAR-25 requirements for transport aircraft with f@angines (FAA 2009). An additional

constraint for the approach angle has to be coraidesince the algorithm implemented
can also give approach angles that are smaller tiarmone required (see section 4.5.1).
These mission segment requirements are summariZeable 14. The requirements reflect

the constraints that are used in the matching ¢batétermine the design point.

Table 14. Performance requirements

Parameter Constraint
BFL <1000 m
LFL <1000 m
Voo, >1.72°
Vroc > 300 fpm
Ywage, > 1.55°
Y MAro >1.83°
Y npp =-6°

6.1.6 Objective

The determination of the design point is a claggipéimization problem. In the matching
chart, the optimization problem is solved geomatlyc The objective function is a
combination ofT/W andW/S where one tries to minimiZ&/W and maximizeVN/Sat the
same time, based on the experience that these resasinimize fuel burn anMTOW,
The constraints documented in the previous sect&termine the feasible design space for
T/WandW/S

6.2 Sizing for Performance

In this section, the sizing for the required perfance is documented for the aircraft with

blown flaps. As discussed in section 3.2.3, the glexity of the methods for the take-off
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6 Application of Method: Comparison of STOL Aircrafith Blown Flaps

and landing of blown-flaps aircraft requires a dasispace exploration for the
determination of the aircraft design point. Forrgveombination of the design parameters
given in Table 13, the performance for every missegment is calculated and compared
to the respective mission segment requirement (sdde 14). In this way the mission

segment constraints are determined numerically.

The determination of the design point in this dessgace is a classical multidimensional
optimization problem with the design parameters eodstraints presented above. Such
optimizations can be performed with different aablé optimization algorithms. However,
the gain in knowledge of the system behavior isrehy, low. Therefore, for this example,
the design space is subsequently analyzed witlhehe of trade studies and the matching
chart. In this stepwise approach, the design paemseelated to the missed approach
(MA) are first determined by the help of trade $tgd Subsequently, the constraints
determined for the different mission segments &dqa in the matching chart to find the
best combination of /W andW/S In this way the main findings are discussed ttiehhe

understand the effects that occur for blown-flaipsraft.

The way to find the final design point within thepéored design space has to be an
iterative one, as all design dimensions cannotipglaled at the same time. Therefore, a

sequential approach for its determination is presstm the following (Figure 62).

Adaption of

) ) T/IW, WIS, ¢ ¢,
design point

>

[ Select initial values for J

Find strategy for missed approach with OEI and AHO:
Determined; , O , Vaoes andfay

fMAOEI

v

Create matching chart and determine
T/WandW/S

no Design poin

previous desi

Design Point
Y

Size tail

Figure 62. Approach for sizing for performance
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A reasonable initial combination of/W and W/S (design point) is selected first. As
discussed in section 4.5.2, a MA strategy has tofdumd that satisfies all climb

requirements related to the approach segment. ifblades finding a combination of

approach flap angle5prp, ratio of approach thrust to available OEI thr@si, MA flap

angle J; , and relative MA speed/uacer (see section 4.5.2). With the parameter

combination selected, the matching chart is cretadthd a design poinfT{W, W/ that
satisfies all requirements. If the design pointedd from the initial one, new trade studies
are performed, to adapt the parameter settingn®mMA with OEI, until the final design
point is found. Finally, the tail of the aircraft iesized according to the approach presented
in section 4.2.4. If the tail size required différsm the initial one, such that it impacts the
take-off, landing and climb performance, the sizaggproach has to be repeated. This
procedure is performed for different BPRs to firk tdifferent design points for the

different BPR engines.

In the following, for the EBF aircraft, the tradetdies required to determine the approach
parameters and the tail size is presented, as daafpereby the final design point is
anticipated. The final matching charts for the elént aircraft alternatives are presented
and compared to each other. Subsequently, exarffipidbe trade studies performed to
size the tails of the aircraft are presented aedtdke-off and landing is discussed for the

design points determined.

6.2.1 Trade Studies for Missed Approach

The trade studies required to find the main paramsdbr the MA with AEO and OEI are
presented for the EBF concept with a BPR of 6.2 dhsign point chosen, thereby, is
T/W=0.5 andwW/S=600 kg/m2, which is very close to the final desmgpint.

The scope of this section is to show the main iatations between the design parameters
and the MA climb performance and to discuss themal strategies that were derived in

section 4.5.2. Consequently, the parameters vared

n
fapp

u
fMAOEI

*  VMmaoEl

" Omax
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The relevant constraints that have to be satigéedpproach and MA are:
> 1.55°

n
Y macEl

Vua > 1.83°

" Yapp=6°
*  Kkauwaoe,1.69

For the MA with OEI, the same lift coefficient sgfenargin as for the final approach is

assumed. In a 2-dimensional chart, two input dinwgrssare visualized by the help of one
array parameter. This is done systematically féfedként values fory,,, and Jyaoe tO

account for the third and fourth input dimensioheTlap angles investigated are the flap
angles availablesf=35° andd=65°) andd=50°, where the aerodynamic coefficients are
determined by linear interpolation. The relevanssion segment constraints are visualized
in the charts to find the combination of the degignameters that satisfies all requirements

best.
A. Approach Flap Angle J; =35°

Figure 63 shows the climb angle during MA with Ofiét an approach flap angle of

;.. =35 and different values foWwaoe, Omax and o; . Only o, =35° gives

reasonable values fgr,,,.,, (see Figure 63) up tduacer =1.1. The higher flap angle of

=50° has negative values fof,,. , Which means that the aircraft cannot climb and

fMAOEI

does not meet the minimum climb angle requirgg,g >1.55°). Ford;  =65°, Vynog

has even lower values. This flap angle is therefotedisplayed here.

‘ = 35° 6f =50°
MAOEI MAOEI
2.5 ZL\ -8
2 e Hmax -9 emax
= 04 || & ZS\ 0.4
3 g 10
= 15 —¥=0.6 = \\ —#—0.6
o} 0.
2 \ ——o08 || 211 BN —0.8
=1 = N
\f ——1 12 ——1
0.5 -13 \f
1 1.05 1.1 1.15 1 1.05 1.1 1.15
Vunoe [] Vuaoer [7]

Figure 63. Climb angle for MA with OEI over Vyaor and Gpayx (JfAPP =35°)
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Due to the very low approach flap angle J;, =35°, the iterated approach speec

relatively high for a blowrflaps aircral (vapp=137 kts). At such a lowalue foiJ. .o only

fa
a small amount of thrust can beed for landingf#=0.3). A higher amount of thrust durir
approach cannot be used as it would result in &enigapproach angle than one
required. The thrust used during landing is theeefalways belowall values forthe
maximum limit fqax displayel in Figure 63 which is the reason why the characteris

collapse.The climb angle for MA with OE y,,..;, decreases with increasitVuaoei, as

thejet momentum coefficient decreases with increaspeg: (see Figure 64right), which

resultsin lower climb performanc

Additionally, the safety margin foMA with OEI has to be considered, which
0,

fMAOEI

=35 is higher than the requirevalue K3uace=1.69) for all values oVyaoe: (see

Figure 64left). The safety margin decreases with increaVyaoe, as the jet momentul
coefficient decreases with increasing spesee Figure 64ight), which results in a lowe

maximum lift coefficient.

3 1
e
25 max 0.9 emax
0.4 [ 0.4
= I —#—0.6 o 038 0.6
7 2 e
N<§( ——0.8 50.7 = 0.8
X s
1.5 1 || 1
0.6
1 0.5
1 1.05 1.1 1.1% 1 1.05 1.1 1.1%
Vvaoe [] Vvaoe []

Figure 64. Lift coefficient safety margin (left) and C, (right) for MA with OEI ( 5prp =35°, 5fMAOEI
=35°)

The climb angle for MAwith AEO is ),,,=12.1°and exceeds the minimum climb an

required, as there is a large amount of thrustl@iai that can be used duriMA and as

the approach flap anglel®w, which results in low @g.
The solutions dr the approach parametesummarized in Table 15 adlatisly the climb

constraints for MA with OEland AEC. However, atd, =35° the EBF aircraft h: a

relatively high approach speed and ns only limited use of blown fl@s effect during
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approach €,=0.23). This is ai option to land in an almosbnventinal way with a low

flap extension and law jet momentum coefficiet.

Table 15.Approach parameter value: that satisfy the MA and MA with OEI requirements at 5fAPP =35°

Parameter Unit Design Space
O fypon deg 35
gma) - 04 = 10
VMAOE - 1.0-1.1
VAPF kts 137

B. Approach Flap Angle J; =50°

Due to the higher approach flap ar, morethrust is turned downwa which allows for a

higher thrust rating during appro:. Therefore,he upper limit for the approach thriénax

is reached anampacts the approach sprand climb performance JfAPP =50° in contrast

to J; _=35°, where all characteristics for the different value®ma, collapsed.

Figure 65shows the climb angle durirMA with OEI for J; =50°.Again, the required

climb angle during MA with OEI ce¢ only be achievedwith the flap deflection ¢
0,

fMAOEI

=35 (seeFigure 65 left). With a flap deflection 0; _ =50° during MA with

OEl, positive climb rates cannot be achie (see Figure 65 right).

5, =35 5, =50
MAOEI MAOEI
35 -6
-7
3 emax &\‘\ Hmax
A ——0.4 -8 —0—0.4
§ b5 k\\‘\ § \ \\\‘
8 2 N 08 || B-10 =~ 0.8
< N < \O\ \
2 N 1 | 21 —A—1
15 7 \
\<T -12
1 -13
1 1.05 1.1 1.15 1 1.05 1.1 1.15
VMAOEI [_] VMAOEI [_]

Figure 65. Climb angle for MA with OEI over Vyaor and Gpmayx (JfAPP =50°)

Surprisingly, a limitation of the approach thrushich means that more thr reserves are
available for missed approach, decreases the eimgle durincMA with OEI. The reason

that if the approach thrust is limii, the jet momentum coefficiefibr approac decreases
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(Figure 66, right), which increases the approadedpFigure 66, left). Increased approach

speed again decreases the jet momentum coeffigig@t.consequence, the climb performance

decreases. F@nax =0.4 the approach speed is 134 kt€at =0.31. For maximum available

OEI thrust, wherémaxequals 1, the approach speed is 112 ks at =1.1.

135 \ 1.2 )
130 1

\ 0.8
125

\ = 06

120 /
115 \ 0.2
110

0.4 0.6 0.8 1 0.4 0.6 0.8 1
0max ['] 0max [']

Happ

Vapp [Kts]

Figure 66.vapp (left) and jet momentum coefficient (right) overfmay (5fAPP =50, o =35)

funoei
The jet momentum coefficient during MA with OEI decreases diétreasin@may, due to
the increasing approach speed (Figure 67), although more thrastilable: The jet
momentum coefficient decreases with the squanre@f and increases only linearly with
the jet momentum (see equation (1)). For the same reason, therjetntum coefficient
decreases with decreasing MA speed (Figure 67). Due to the lowenojetentum
coefficients, the climb performance during MA with OEI is decreasirt @decreasing
Omax and increasinyvaoe (see Figure 65).

1.5
1.3
A\ Hmax
— 1.1 ‘\\\ —e04
= —%—0.6
% 0.9 \\\'u
D{ o~ ——0.8
0.7 \’\\\ —_1
0.5
1 1.05 1.1 1.15
Vaoe [

Figure 67. Jet momentum coefficient for MA with OEl over Viyaog and Gpax (5prp =50°, 0 =35°)

fMAOEI
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The aditional constraints that have to be considered are the approaehdamigig MA
with AEO ywa and the lift coefficient safety mar¢ during MA with OEI k3yaoe:

Figure 68 showsua over Omax. Due to the decreasing jet momentum coefficient du
approach with decreasitfmax (Figure 66 right)the climb angle durinMA decreases with

decreasin@mnax Beyondfma,,=0.78 the required climb angle duriMA is achieved.

N
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Figure 68.Climb angle for MA with AEO over Vuaoer and Omax (5fAPP =50°, O,

fMAOEI :350)

Figure 69shows the lift coefficient safety margk3uaoer over Vuaoer and fmax The
minimum safety margin required is 1.69, whictVuaog =1 is satisfied for all valuefor
Omax. FOr higher MAspeeds, the safety margin is only satisfied for lower valuefmax

which are not desirable, as they have higher approach sjFigure66 left).
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Figure 69.Lift coefficient safety margin for MA with OEI, ( Oy _=50%, O; _ =35°)
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The combination of the design parameters that satisfies all requireamehkgs the lowest

approach speed is summarized in Table 16. Only a flap anglegdlA with OEI of
., =35° meets the required climb angle (Figure 65). Value8 farbetweenna,=0.78

fMA

andfdma=1.0 meet the required climb angle during MA with OEI and {FAgure 65 and
Figure 68), butma=1.0 has the lowest approach speed (see Figure 66, righti)qAL.0,

the required lift coefficient safety margin is only satisfiedVghog =1.0. The approach

speed for this parameter combination is 112 kts and significantisr than ford, =35°

(137 kts, see Table 15).

Table 16. Approach parameter values that satisfijte MA and MA with OEI requirements at 5fAPP =50°

Parameter Unit Design Space
JfMAOEI deg 35
Hma)( = 1.0
VmaoEI - 1.0
VAPF kts 112

C. Approach Flap Angle J; = =65°

For an approach flap angle 6ffAPP =65°, only with a MA flap angle oﬁfMAOEI =35° can

sufficient climb angles for MA with OEI be achieved (Figure 70wedver, an approach

flap angle oféfAPP:65° is not a suitable solution, as the climb angle for MERVWNEO ywa

is below the one required (Figure 71).
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Figure 70. Climb angle for MA with OEI over Vyaog and Gnax (5 =65°)
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Figure 71. Climb angle for MA with AEO (9, _=65°)

D. Conclusion

For this exemplary concept, an approach flap angléngI:50° and a MA flap angle of

0 =35° give the landing flap angle combination with the mimmapproach speed that

fMAOEI

satisfies all requirements. It has been shown that decreasing thadpgnoust does not
improve the climb performance, neither for MA with OEIl nor for MA lwiAEO.

Decreasing approach thrust increases the approach speed, which nedotas the jet
momentum coefficient, which reduces the climb angles. IncreasingAhgpeed does not

improve the climb performance, as again the jet momentum coefficidatisased.

In summary, the determination of a suitable combination of tpeoaph flap angle§fAPP

and the missed approach flap angle with QEJAOE. is the best measure to meet the
required climb performance for MA with OEI and AEO.
6.2.2 Matching Charts

In this section, the matching charts for the investigated rolibaps aircraft are presented.

For each aircraft, the combination 8f _ and d, = was determined with the procedure

documented in the previous section.
A. EBF

Figure 72 to Figure 74 show the matching charts for the EBF aiforaftifferent BPRs.
Thereby, the approach flap angles derived in the previous section @iedaghe flap

angle for take-off iscSfTo =35°, which cannot be optimized for the EBF aircraft, as lower

flap angles are not available from the wind-tunnel tests.
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Figure 72. Matching chart of EBF aircraft, BPR=6.2
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Figure 74. Matching chart of EBF aircraft, BPR=10
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6 Application of Method: Comparison of STOL Aircraft with Blowlaps

For aircraft with mechanical high-lift devices, the landing constraira vertical line, as
the landing field length is only a function of the wing loadi For the EBF aircraft, the
landing field length constraint is a function of the wing logdand the thrust-to-weight
ratio, as the approach speed is a function of the wing area and thkedhghrust

(see Figure 59, p. 83).

The landing constraint has a break at the thrust-to-weight ratierenthe approach path
constraint is active. Above this thrust-to-weight ratio, the atséel thrust has to be reduced
to achieve the -6° approach path. Below this thrust-to-weight th&o-6° approach angle
cannot be maintained and the entire thrust is used during lavdimch causes a higher
dependency of the installed thrust on the landing constrairg.chiaracteristic can also be

observed for all other blown-flaps systems.

With increasing BPR, the wing loading required to meet the reduianding field length
decreases. The reason is that, with increasing BPR, less air biotine flaps (see also

section 4.1.6), which has the following effects:

= The super-circulation is reduced, which reduces the lift coefficiegu(€i32)

» More forward thrust is produced, which forces a reduction in the tthatisig
during approach to meet the required approach angle (Figure 75Tka)again
decreases the lift coefficient due to the lower jet momentum coefficiartlale
(Figure 75 right).

1-2 1 2
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Figure 75. Approach thrust rating (left) and jet momentum coefficient (right) over BPR for EBF
aircraft
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6 Application of Method: Comparison of STOL Aircraft with Blowlaps

For a given reference area, these effects cause an increase in the appeedcHfsa
certain LFL is required, the reference area has to be increased to meet the idguired
and the related approach speed, which results in lower wing loadings

Due to the increasing approach speed with increasing BPR, thepe¢mtum coefficient
during MA with OEI decreases, resulting in lower climb perforneamharing this segment,
which is the reason, why the climb constraint for MA with I®&oves upwards in the
matching chart with increasing BPR.

Due to decreasing thrust rating during approach with increasing BReRving area has
more impact on the landing field length compared to the aircraftlawtbr BPRs, where
more thrust is used for landing. This explains that, with inargaBPR, the landing field

length constraint moves more towards a vertical line.

For aircraft with mechanical high-lift devices, the climb constraarts horizontal lines
(see Figure 23, p. 26), as the thrust required to meet a certain atigid required is
calculated assuming constant lift-to-drag ratio. Here, for every pdthimnwthe design
space, the take-off and approach speed and lift coefficients are differento slightly
lower lift coefficients required for the lower wing loadings, ttlenb performance is
better, resulting in lower thrust requirements compared to aircraft migher wing

loadings.

The impact of the BPR on the balanced field length and climb gltaike-off with OEI
constraints is negligible. The take-off constraint moves otilghtty upwards with
increasing BPR. On the one hand, the increased BPR increases th# s&pexd, as less
thrust is used for lift generation. On the other hand, more forthandt is available, which

increases the acceleration and improves the climb performance.

The thrust required to meet the minimum climb rate at top of clintbeases with
increasing BPR, as the thrust available at cruise altitude is decreasingcreasing BPR.
However, the thrust required for the different requirements related teothkad landing
is significantly higher compared with the thrust required for tpeofaclimb requirement.

The climb constraints for the MA segments are close to therdpsigt which is a result
of the flap angle selection documented in the previous section.fldpeangles for

approach are chosen so as to deliver the required performance.
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Table 17 shows the different design points for the different Bifesthe design mission
fuel burn for the design mission relative to the fuel burn obih&aft with the BPR of 6.2.
The decreased wing loading with increasing BPR decreases the Iiigordtio and
increases the wing weight. However, due to the better SFC ofrtitafawith the higher
BPRs the total mission fuel burn is only slightly higlsempared with the aircraft with

BPR=6.2 for the investigated design mission.

Table 17. Design points for EBF aircraft with different BPRs

TIW[] | W/STkg/im?] | Mg []
6.2 0.51 580 1
BPR 8 0.49 480 1.01
10 0.48 440 1.02

Due to the slightly better mission fuel burn, the aircraft BPR=6.2 is selected for the
further comparison with the other blown-flaps aircraft. The depwmnt for this BPR is
T/ME=0.51 andV/S=580 kg/m?2.

B. USB

For the USB aircraft, an approach flap angle &f =60° and a MA flap angle of

0 =40 result in the minimum approach speed and meet the climb anglsaéetg

fMAOEI

margin requirements.

The impact of the BPR on the aerodynamic characteristics of the USHfais not
modeled as wind-tunnel data for different BPRs are not available. Howeéwe to the
different engine characteristics, the USB aircraft has an increasing leadgng with
increasing BPR for the required landing field length (see Figreo 7Figure 78). With
increasing BPR, the ram drag and the gross thrust are increasingigeee 38, p. 54),
which increase the jet momentum coefficient during approach (see I8pldherefore,
the approach speed is decreasing with increasing BPR. For a reapjmexach speed the
wing loading increases with increasing BPR.

The thrust required for top of climb is very high comparedh® EBF aircraft, which

results from the drag penalty due to the engine installatioimempper side of the wing
(see section 4.6.1). Again, with increasing BPR the thrustiresijdor top of climb is

increasing. The thrust required for top of climb is higher thartlthest required for the
take-off requirements or the MA requirements.
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Figure 76. Matching chart for USB aircraft, BPR=5
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Figure 77. Matching chart for USB aircraft, BPR=7.5
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Figure 78. Matching chart for USB aircraft, BPR=10
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Table 18 shows that the aircraft wi#PR=10 has the lowest overall mission fuel burn and
is therefore selected for comparison with the other aircraft. The lowebifurl results
from the higher wing loading and better SFC with increasing BPR.design point has a
thrust-to-weight ratio oT/W=0.42 and a wing loading 8/S=500 kg/mz.

Table 18. Design points for USB aircraft with diffeent BPRs

TWE |WiSkgmd| my [ | Co, [ | C,. [
5 0.38 470 1.2 0.08 0.49
BPR 75 0.41 480 1.09 0.1 0.55
10 0.42 500 1.0 0.12 0.6

C. AIBF

For the AIBF aircraft, only the engine with a BPR of 10 was iciemed feasible, due to the

suitable fan pressure ratio (see section 4.3). An approach flap artglgpeﬁm and a MA
flap angle ofd; _ =45° result in the minimum approach speed and meet the clime ang!

and safety margin requirements. For take-off, only a flap angdegﬁ:30° is available.

The wing loading for the design point\i8/S=550 kg/m2 determined by the landing field
length constraint, which for the AIBF aircraft is a vertical line ab®M&0.3. Above
T/WE=0.3, there is more thrust available than necessary to achiewvedhbired approach
speed and the required approach angle. A higher installed thrusthdb@&sprove the
landing performance, as the thrust during approach would anywaytbewe reduced to
meet the required approach angle. Therefore, the LFL is not a funétibe thrust-to-
weight ratio installed. Belowl/W=0.3, the entire installed thrust can be used during

landing, with the result that the landing constraint is a fanaif the installed thrust.
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Figure 79. Matching chart for AIBF aircraft, BPR=10
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The thrust-to-weight ratio for the design pointTi8\=0.44, determined by the MA with
OElI constraint. A lower flap angle for MA OEI could reduce the threguired, but would
result in a safety margin that is below the one required (seeeFigur, appendix E).

D. IBF with Exhaust Offtake

For the IBF aircraft with exhaust offtake as well as with bypassk#ftonly the engine

with a BPR of 5 is feasible, due to the suitable fan presstice(see section 4.3). For the

IBF aircraft with exhaust offtake, a flap angle 6I;APP =60° and a MA flap angle of

o) =45 result in the minimum approach speed and meet the climb angleafeid s

fMAOEI

margin requirements. Thereby, the best valuer ier0.6 (60 % of the total mass flow). A
higher value would further decrease the approach speed but also tieelsedety margin
for MA with OEI (see Figure 138, appendix E).

For the take-off segment, the lower BFL is achieved with a #agle of 6fm =15°

compared with a flap angle odSfTO =30°, while at this flap angle the offtake-ratio has

almost no impact on the BFL (Figure 139, appendix E). Sdrae value 0t=0.6 as for

landing is selected.
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Figure 80. Matching chart for IBF aircraft with exh aust offtake, BPR=5

The design point for the IBF aircraft with exhaust offtak€/\8=0.44 and//S=520 kg/m2,

determined by the landing constraint, BFL constraint and theaph angle required.

E. IBF with Bypass Offtake
An approach flap angle 0d; =55° and a MA flap angle oB; _ =45° result in the

minimum approach speed and meet the climb angle safety margin requirements.
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Compared with the IBF aircraft with the exhaustaié a slightly lower approach flap angle is
necessary to meet the required approach angleh&dBF aircraft with bypass offtake, only
around 20 % of the thrust is produced by the cackacting in forward direction. With the
approach flap angle of 60°, the total forward fascaot enough to maintain the -6° approach
angle. The IBF aircraft with exhaust offtake ha$/40f the gross thrust produced in a forward
direction, which allows for a higher approach fiapgle which produces more lift and less
thrust with the jet momentum that goes througHltpes compared to the lower flap angle.
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Figure 81. Matching chart for IBF aircraft with byp ass offtake BPR=5

With increasing wing loading along the BFL consttathe thrust-to-weight ratio required
increases, which has opposed trends with respeaision fuel burn. For this reason, for the

determination of the best design point, the desigsion fuel burn has to be considered.
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Figure 82. Block fuel overT/W and W/Sfor IBF aircraft with bypass offtake
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Figure 82 shows the design mission fuel burn avévy andW/Sin a carpet plot including
the considered constraints. The green area represents the combirfafiMsiodW/Sthat
meet all requirements. Between a wing loading\dB5=525 kg/m2 andW/S=575 kg/m2
almost no difference is observable. The combinatiom/@#0.45 andW/S=525 kg/m? is

selected as the design point for the IBF aircraft with bypass offtake.
F. Comparison of Design Points

Table 19 compares the design points for the different blown-flaps faimd their
absolute values for BFL and LFL. The tail volumes determinedhennext section are,
thereby, applied. The design of the reference aircraft is documentegbrevious study

(Gologan, Stagliano et al. 2009).

Table 19. Comparison of design points for blown-flas aircraft

Unit | Reference USB EBF AIBF IBF-by IBF-ex
T/W - 0.27 0.42 0.51 0.44 0.45 0.44
W/S kg/m? 510 500 580 550 525 520
BFL m 1,900 750 1,000 880 1,000 1,000
LFL m 1,450 1,000 1,000 1,000 920 1,000

The USB aircraft has the lowest required thrust-to-weight ratio comhpaite the other
blown-flaps aircraft, but also the lowest wing loading. Thé ig-exactly 1,000 m, as the
design point lies exactly at the landing constraints. The BRI50 m and shorter than the
one required, as the thrust-to-weight ratio at the required wing p&loetermined by the
top of climb constraint; the thrust-to-weight ratio required for th& Bonstraint is lower
than the thrust required for top of climb condition. The EBF dir¢ras the highest/W
required, but also the highest wing loading. The BFL and &fe exactly 1,000 m, as the
design point is determined by the take-off and landing consdtraihe AIBF aircraft has a
LFL of 1,000 m, as the wing loading (550 kg/m?) is deteadiby the landing constraint.
The BFL is 880 m, which is shorter than that required, as thauet is installed due to the
missed approach with OEI segment than required for the 1,0B6LmThe IBF aircraft
have similar design points. The IBF aircraft with bypass offtakeanasL of 920 m, as a
lower wing loading than the one required was selected for the dasiigin While the wing
loadings of the blown-flaps aircraft are comparable or even higher compéfredhe

reference aircraft, the thrust-to-weight ratio is significantly higher.

Table 20 compares the take-off with OEI of the different blown-flapsadt. The USB,
EBF and AIBF aircraft have similar flap deflections and take-off speetide the IBF
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aircraft have a smaller flap angle and, therefore, higher take-off speed heehigher
take-off speed, the lift coefficients are lower (between 2.15 and, 2vbile the USB, EBF
and AIBF aircraft have higher lift coefficients (around 3.0). All titefficients are above
typical values for aircraft with mechanical high-lift devices; the referemwzaft has a
take-off lift coefficient of 1.67 and a take-off speed of 135 ktse EBF aircraft has the
highest jet momentum coefficien€=1.38), while the USB and AIBF aircraft have jet
momentum coefficients approximately 1.0. The IBF aircraft with tigaby offtake has a
jet momentum coefficient of 0.71, while the IBF aircraft with éxdaust offtake has a jet
momentum coefficient of 0.44. The low jet momentum and lift coeffisierf the IBF
aircraft with the exhaust offtake is explained by the comparablyaloaunt of engine jet
momentum that goes through the jet flaps (60 % of the totahe@mngass flow).

Table 20. Comparison of take-off with OEI

Unit USB EBF AIBF | IBFby | IBFex
C, - 1.04 1.38 0.99 0.71 0.44
C. - 2.87 3.18 3.22 2.51 2.15
c, - -0.28 -0.10 -0.21 -0.15 -0.19

y deg 5.6 1.8 3.7 3.5 5.0
S deg 30 35 30 15 15
Vo kts 103 105 102 113 121
Vi kts 93 105 96 105 109
Vine kts 94 96 93 103 111

The lift coefficients and the jet momentum coefficient for take-off are bélewnaximum
lift coefficients measured in wind-tunnel for blown flaps. The reaswasthe limitations
that occur if applying blown flaps to a real aircraft. Figure l83as how the lift (left) and
lift coefficient (right) change during the iteration of the take-off sfeethe USB aircratft.
The algorithm starts at the minimum speeg,, where wind-tunnel data is available
(30.5 m/s). At this pointC, equals 3.06 and the lift coefficient that satisfies the safety
margin is 4.85, but the lift that is produced by the air¢280 kN) is not enough to lift the
aircraft MTOW (540 kN). Therefore, the aircraft cannot take off and pleed has to be
increased, which decreases the jet momentum coefficient and thus toefiitient. The
speed is increased until the lift equdd OW An additional reduction of the total lift
coefficient results from the lift coefficient required to trim the aircfefimpare lift of the

wing-fuselage configuration and the total aircraft lift in Fig883.
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Figure 83. Lift and lift coefficient during take-off speed iteration

The take-off with AEO has the same lift coefficients as the OE}d¢dikas it occurs at the
same speed as the take-off with OEI. The same trends compared télttak&off apply
to the jet momentum coefficients, while the absolute values arerhaghéhe thrust of all

engines is available. As a consequence of the higher available theustintb angles are

higher compared to the OEI take-off (see Table 21).

Table 21. Comparison of take-off with AEO

Unit USB EBF AIBF IBF-by | IBF-ex

C. - 1.26 1.67 1.20 0.86 0.53
C. - 2.87 3.18 3.22 2.51 2.15
c, - -0.64 -0.49 -0.55 -0.39 -0.39
y deg 12.6 8.7 9.8 8.8 10.2

Table 22 compares the approach with OEI of the different aircraftEBfeaircraft has
the highest jet momentum coefficient and makes use of the entire &val&h thrust
during approaché=1), while the other aircraft have to reduce their thrust to achieve the
required approach angle. The lift coefficients are between 2.34 (USB) ahdA1E¥F)
and, thus, in the same range as the take-off lift coefficients or ewan.IThe reason for
the relatively low lift coefficients are that the full potential of tlewn flaps cannot be
used. Reasons are the limitations the required approach path, thieedeglimb
performance during missed approach and due to the lift coefficient sagetin. The
approach speeds are between 103 kts and 110 kts and lower thize fefierence aircraft
with mechanical high-lift devices, which has an approach speggfl30 kts at a lift
coefficient ofC =1.67.
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Table 22. Comparison of final approach

Unit USB EBF AIBF IBF-by IBF-ex

C. - 0.63 1.14 0.60 0.64 0.47
0 - 0.74 1.0 0.7 0.83 0.97
CL - 2.34 2.64 2.81 2.78 2.40
C, - 0.25 0.30 0.30 0.30 0.26

Cm - -0.49 -0.58 -1.24 -0.71 -0.58
O dec 60 50 60 55 60
Vapp kts 108 110 104 103 110

6.2.3 Tail and Aileron Sizing

In this section, the tradgudies performed to size the tail are discusgatiédJSE aircraft and the
IBF aircraftwith bypass offtak, as examplesThe trade studies performed to determine th
volumes of the othdnlown-flaps aircraft are given in appendix FHgure 84 compares the side
force coefficient required to trim the aircrafttive case of OEI &v; andviyc over the vertical tail

volume coefficientcalculated according to sect4.2.3.The side force coefficient requiratv; is

higher, as the dynamic pressure is lower at tiisi@pee For bothaircrafi, CYv,eq decreases with

increasing vertical taiMT) volume coefficient,. The maximum side force coefficient definec

section 6.1.2 i€, ., =0.5 The USB aircraft requires a larger vertital volume coefficient o

¢, =0.155compared to the IBF aircraft with bypass offtakbjclv requires ivertical tail volume
coefficient ofc, =0.09. The reasss are the following: fie IBF aircraft has a lowBPR engine,
which has a lower windiilling drag, and has a lower lever-arm, bec#lusdypass of the engine
is spread over the entire flapped se. Additionally, the IBF aircraft take-off at a higher speed

compared witthe USB aircra (see Table 20), which results in higiteandvme
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Figure 84.VT sizing for USB (left) and IBFwith bypass offtake (right)
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Figure 85 compares theT lift coefficient requirecto trim the aircraft longitudinall'over
the HT volume coefficienfor the different segments documented in sec4.2.5. The

maximum HT lift coefficient available for trim defined section 6.1.2 i<C, ., =1.3. The

HT volume required for the USB aircrés cy=1.2 and for the IBF aircraft with bypa
offtake cy=1.6. For both aircraft, the MA segment results in the highéstdefficient
required, since during theegment the jet momenti and the flap deflection & very high.

Both increase the nosen pitching moment coefficienFigure 5 andrigure6, p. 10).
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Figure 85. HT sizing forlongitudinal trim; USB (left) and IBF with bypass offtake (right)

Figure 86compares the longitudinal stability margin over the ‘lume coefficient for tr
takeoff (TO) and landing (LD) condition of tt USB and IBF aircraftcalculated accordin
to section 4.2.4The USB aircraft requires a HT volume coefficient d51lto achieve

stability margin of 10 %, while the IBF aircraft needsodume coefficient of 1.1 onl
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Figure 86. HT sizing for longitudinal static stability; USB (left) andIBF with bypass (right)
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In total, both aircraft require a similar value for the HT volume coefficiEor the USB
aircraft, the stability constraint determines the volume coefficienthi®iBF aircraft the
longitudinal trim condition determines the HT volume coefficidiite reason lies in the
different characteristics of the pitching moment coefficient for the fusglage

configuration (Figure 87): The IBF aircraft has higher values fernihse-down pitching
moment coefficient at comparable jet momentum coefficients, which redugber lift

coefficients to trim the aircraft longitudinally. At the same tinigg gradient of the
pitching moment slope is lower compared with the USB aircraftchviequires a smaller

HT to achieve the required stability margin.

0.8
0.4
USB, Gt
=1.5
— 0 4
= 0 10 20 30——USB, Gu
qh)5_04 | ¢ / | =2.14
o™ /
—8—BF, Cu
-0.8 =1.86

a [deq]

Figure 87. Comparison of pitching moment coefficierfor USB and IBF wing-fuselage configurationg;=30°

Table 23 shows a comparison of the tail volumes required for tfezedit aircraft. The
aircraft with the internally blown-flaps systems have smaller VTim@ coefficients due
to lower wind-milling drag, lower lever arms and higher take-ofedge

The lower pitching moment coefficient for MA with AEO (Table 29) @i! (Table 30,
appendix G) and the higher approach speed are the reasons why thectBf waith
exhaust offtake has the lower HT volume coefficient compared to theaiBraft with
bypass offtake.

Table 23. Comparison of tail volume coefficients iguired

Unit USB EBF AIBF IBF-by IBF-ex
Cv - 0.155 0.135 0.125 0.09 0.09
Ch - 1.55 1.66 1.8 1.6 1.25

Table 24 shows the aileron rolling moment coefficient requiredino the aircraft in the
case of OEIl a¥mc
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6 Application of Method: Comparison of STOL Aircraft with Blowlaps

Table 24. Comparison of rolling moment coefficientequired

USB EBF AIBF IBF-by
0.13 0.13 0.08 0.08

Unit

ailreq

IBF-ex
0.07

The EBF and USB aircraft have higher rolling moment coefficients requoetbared to
the aircraft with internally blown flaps. The USB and EBF aircraftehlaigher lever arms
in the case of OEl, as the lift loss acts in the region of tier @ngine, while the for the
internally blown-flaps aircraft the lever arm is smaller, as the engihés spread in
spanwise direction. For the aileron layout selected in sectioB & ma=0.13), all aircraft
are able to trim the engine out rolling moment without speayjaluts or blowing devices.

6.3 Overall Mission Comparison

In this section, the design mission performance of the bloapsfhircraft is compared
with a conventional take-off and landing regional jet with meatemiigh-lift devices and

sensitivity studies are performed.

6.3.1 Design Mission

Based on the selected design point for each aircraft, the overabhmpesformance of the
reference aircraft and the blown-flaps aircraft is calculated. Table 25 ghewdesign
points of the different blown-flaps aircraft and the related absolutgeesdbr installed
thrust and wing area as well as the tail areas. All blown-flagsaftirhave significantly
higher thrust installed compared to the reference aircraft. The values lvatvgeen 84 %
for the AIBF to 228 % for the EBF aircraft. The difference in absolitg area is lower,
since most STOL aircraft have higher wing loadings than the referaircraft. All STOL
aircraft have larger tail areas, while the USB aircraft has by far thestatail due to the
large wing area. These differences compared to the reference aircraft are visualized i
Figure 88 where the top-views of the blown flaps aircraft are compartd the
dimensions of the reference aircraft (black contour line).

Table 25. Comparison of main design parameters

Unit | Reference USB EBF AIBF IBF-by IBF-ex
T/W - 0.27 0.42 0.51 0.44 0.45 0.44
W/S kg/m? 510 500 580 550 525 520
To KN 109.0 222.5 248.0 201.0 213.0 205.0
S m? 81 109.5 85.5 84.8 92.0 91.4
S m? 13.9 34.3 24.7 26.5 26.3 20.5
S m? 12 38.3 20.6 18.9 15.0 14.7
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- i% e

(=

IBF-ex = IBF-by

Figure 88. Top-views of investigated aircraft

Table 26 summarizes the main overall mission performance, which fipgiitie impact
of the STOL capability on the overall mission performance for thesinEgents
investigated. Figure 89 shows the field length and the nmigsoalties of the blown-flaps
aircraft relative to the reference aircraft. The block fuel consumption for 8 dircraft
is 106 % and for the EBF 35 % higher compared to the reference aivendé the fuel
burn penalty for the AIBF aircraft is 19 %. The IBF aircraft with biypass offtake has a
fuel burn penalty of 31 %, while the fuel burn penalty of the Hdf€raft with exhaust
offtake is 27 %.

Table 26. Main design mission results

Unit | Reference USB EBF AIBF IBF-by IBF-ex
Payload kg 11,220 11,220 11,220 11,220 11,220 11,220
OEW kg 24,07% 31,311 30,356 28,369 29,316 28,787
Reserve Fue kg 1,633 3,314 2,167 1,912 2,095 2,043
Block Fuel kg 4,313 8,903 5,838 5,131 5,644 5,494
MTOW kg 41,241 54,748 49,581 46,632 48,275 47,544

MTOW is increased by 33 % for the USB, by 20 % higher fer EBF aircraft and by
13 % for the AIBF aircraft. The IBF aircraft with bypass offtake &d3 % higher MTOW
and the IBF aircraft with exhaust offtake has a 15 % higher MTON¢. @enalties for
OEW are between 18 % for the AIBF and 30 % for the USB aircraft.
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ESTOL-Capability vs. Mission Penalties
mUSB
BEBF
Block Fuel AIBE
MTOW " BF-by
‘ IBF-ex
|OEW
-60% -30% 0% 30% 60% 90% 120%

Figure 89. Design mission penalties relative to refence aircraft

Table 27 shows the cruise performance of the ingatdd aircraft. The higher values
for SFC for the IBF and EBF aircraft (13 %) compavéth the reference aircraft are a
result of the lower BPR. The AIBF aircraft has tleen® BPR as the reference aircraft
but 4 % higher SFC, as the engines are over-degifmecruise and therefore run in
part load. The USB has the same SFC compared Wwéhrdference aircraft, because,
the USB aircraft uses the entire thrust duringsgwand does not suffer from a part load

penalty.

The lift-to-drag ratio at mid-point cruis&/Dc,) of the EBF and IBF aircraft is slightly
higher compared to the reference aircraft (Table 27) which results fi@siightly higher

wing loading. The AIBF aircraft has the same lift-to-drag ratiohasreference aircratft.
The lift-to-drag ratio for the USB aircraft is significantly lower @Q0which results from

the high cruise drag penalty (see section 4.6.1). The value folielsSBughly in the same
range as the lift-to-drag ratio of the YC-14 (12.3) given for Mach (M@Bnpress and

Newberry 1998) and the values given in a concept study of Bragén(Btaden, Hancock
et al. 1980b) (12.1 at Mach 0.75) or van Toor (11.0 at Mach QTodr 1979). The low

lift-to-drag ratio is the main reason, why the USB aircraft has Highest fuel

consumption.

Table 27. Cruise performance

Unit | Reference USB EBF AIBF IBF-by IBF-ex
L/D¢, - 16.7 10.8 17.2 16.7 17.0 17.1
SFCr kg/N/s| 1.65E-05 1.65E-05 1.88E-05 1.71E-05 1.87E-05 1.87E-05
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Penalty Contributions

H Block Fuel
USB
H Reserve Fuel
EBE Propulsion
m Nacelles & Pylons
AIBF =Wing
HT
IBF-by
VT
IBF-ex Undercarriage

Equipment
0% 10% 20% 30% 40%

Figure 90. Contributions to MTOW penalty

Figure 90 compares the contributions to the MTOWafig of the different aircraft. For all

aircraft, the highest contribution is from the dddiial propulsion group weight (propulsion
including nacelles and pylon) and from the addaldnel burn (block fuel and reserve fuel).
The penalty contributions of the wing and tail eoenparably low. Additional penalties result
from the additional weight of the undercarriage aodiipment due to scaling effects. The

detailed component weight breakdowns are givebsolate values in appendix H.

The results presented in this section show that fointhesstigated design mission the AIBF
aircraft has the lowest fuel burn penalty followedthg IBF aircraft and the EBF aircraft.
The USB aircraft has the highest fuel burn penaltiedldflown-flaps aircraft. These results
show that a comparison of the low-speed aerodynanaiacteristics only is not sufficient
for the selection of the preferred blown-flaps systéhme USB aircraft, for example, has
better low-speed aerodynamic performance compared tBRBReaircraft (section 2.4), but
the overall mission performance comparison showedhedEBF aircraft has a significantly

lower fuel consumption due to better aerodynamic perdoice in cruise.

6.3.2 Sensitivity Studies

In this section, sensitivity studies are performed to shewrntipact of a potential variation
of some parameters of interest. The results are given relative to thés rEsukhe
respective aircraft documented in the previous sections.

For the IBF and AIBF aircraft, the method is based on assunsptowrthe duct pressure
losses. The engine data were given for different pressure losseswof@llgensitivity
studies. For this application example the duct pressure losmpissns were based on
experimental data for a realized duct design. However, as duct pressge tas vary
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compared to the available experimental data depending on the detadedegdign, the

impact of the duct pressure losses on the take-off and landing pert@msaanalyzed.
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Figure 91. Sensitivity study for duct pressure loss for IBF aircraft with bypass offtake and AIBF aircraft

Figure 91 shows the relative BFL and LFL over a relative dewidtiom the pressure

losses that were assumed for the IBF=b %) aircraft with bypass offtake and for the

AIBF (o =10 %) aircraft. For the IBF aircraft, a pressure ratio of half of theerdée value

would result in around 9 % shorter field length; a pressure oétl.5 times the reference

value would result in a 9 % longer field length. For the Aleraft the difference in field

length is 7 % for the same relative deviation from the reference presssire lo

The pressure loss has no impact on the landing performance.stigrésss lower than the

reference value results in a higher jet momentum, and, as a consedberaegraft has to

reduce the approach thrust to maintain the required approach pathssiirpréoss higher

than the reference value is compensated for by the engine by ansenanethe thrust

during approach (see Figure 92).
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Figure 92. Approach thrust over relative pressuredss deviation
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Figure 93 shows the impact of a wing drag penalty (representiétk malibration factod)
due to engine installation on the mission fuel burn. Ifethgine installation would increase
the wing drag by 50 %, the additional mission fuel burmildvdoe between 8 % and 9.5 %.
Cruise drag due to engine installation for blown-flaps aircraft haseen a focus of
previous research except for the USB engine installation. However,nthy be an

important issue for future research because of the direct impact onisien fuel burn.

Wing Drag Penalty Sensitivity

11
1.08 /i( —o—EBF

- 1.06 —¥— AIBF
5
IS 1.04 IBF-by
1.02 —A— |BF-ex

1

1 11 12 13 14 15
d[]

Figure 93. Impact of wing drag penalty on missiondel burn

The impact of the weight penalty of the control surfaces on theami$gel burn was
studied in a previous paper (Gologan, Stagliano et al. 200%irsipdhat the control

surface weight penalty has only little impact on the missiondued.

Wing Weight Sensitivity
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~ 103 /f
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Figure 94. Impact of wing weight penalty on missioriuel burn for IBF aircraft with exhaust offtake

Figure 94 shows a potential relative wing weightgity that could result from the ducting and
heat insulation of the IBF system with exhaustas#t An additional wing weight of 25 %

causes a fuel burn increase of 4 % relative todfezence fuel burn for the design mission of
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the IBF aircraft with exhaust offtakiThe fuel burn penalty compared to the reference IC
aircraft is increased fror7 % to 32 %For a wing weight penalty of 5%, the IBF aircraf

with exhaust offtake wodlreach a fuel burn penalty which is equal to tB& Bircraft

6.4 Mission Fuel Burn vs.Field Length

The previous section presented overall mission pesaltr a field length requirement
1,000 m. In this section, thmissionfuel burn penalty ipresented for even more challeng
field length requirements down to @ m and the same transport mission d® passengers
and 1,200 nmThe respective design points that were determined thi¢ methodolog

presented are given in appendiE&ch point in Figure 95 represents ongigieed aircraf

Mission Fuel Burn vs. Field Lengtt
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Figure 95. Mission fiel burn vs. field length for different blown-flaps aircraft

Down to 800m field length the AIBF aircrathavethe best mission performance. Fa
field length below 800n the IBF aircraft with bypass offtathavethe lowest fuel bur
penalty.

Figure 96 (see also Table @&dTable 36 in appendix I) showise design points over ti
field length requirementThe IBF aircral with bypass offtakehave the highest win
loadings betweeriield length requirements of 7 m and 900n. A slighty increased
thrust requirement at the 9@09-field length is the reason for the higher fuel | of the
IBF aircraft with bypass offtakeven with the higher wing-loadingpmpared to the AIBI
aircraft. The IBF aircraft with the exhaust offtake have lowing loadings compared
the AIBF and IBF aircraft with bypass offtake and, therefore, drighel burn penaltie:
The EBF aircraft have comparable wing loadings to the AIBF aircraftsignificantly

122



6 Application of Method: Comparison of STOL Aircraft with Blowlaps

higher installed thrust, which results in higher fuel burn p@salihe USB aircraft have
by far the highest fuel burn penalties due to the low aerodynamicriparice in cruise.
The penalties range between 105 % and 300 % which are all not ateéptatommercial

application.
Wing Loading Trends Thrust-toWeight Ratio Trends
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Figure 96. Design points over field length requirerant

Included in Figure 95 are top views of the EBF aircraft for dafferfield length
requirements that show how the aircraft scale with a decreasing fielth lesggtirement.
The wing loading decreases, which increases the tail areas ammhstard@ MTOW
increases the wing area. As the MTOW increases to meet the IfPfhge requirement
due to the higher wing weight and drag, the wing area agaieases. These scaling

effects are the reason, why the fuel penalties increase reciprocally.
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7 Conclusion and Outlook

The objective of this thesis is the development of a methadethables the conceptual
design and comparison of STOL turbo-fan aircraft with different bltaps systems,
taking the implications on the overall mission performance @otsideration as well as

certification requirements as far as applicable to blown flaps.

A literature survey on the current state in blown-flaps research suma®athe
functionality of the blown-flaps systems investigated showiirad the dependence of the
aerodynamic coefficients on the engine jet momentum is the main ddéefestween
blown-flaps aircraft and aircraft with mechanical high-lift devices. Areraew of the
publicly available wind-tunnel data of blown-flaps aircraft configuratias given,
showing that there are a large number of wind-tunnel data publreljable, which can be
used for the conceptual design and comparison of blown-flaps aircrafévidw of
previous comparison studies shows the need for a better consideoétcertification
aspects for the calculation of the field length and the need for m@iéedetngine models
in conceptual design. A comparison of different blown-flaps systemsurrent transport
aircraft application is not possible based on the realized aircraftolattn flaps, as only
few data are available. Furthermore, too few blown-flaps aircraft have tgknto

generate a useful empirical database.

The approach chosen for the comparison of the diffebdotvn-flaps aircraft is the
development of methods for the calculation of theetaff and landing performance of
blown-flaps aircraft and their integration into a paramesircraft model. Therein, the
aircraft is sized for the required performance by a desigce exploration. The performance
for each relevant mission segment is, thereby, calclite checked against the required

performance to find the best design point that maetaission segment requirements.

The main focus of the thesis is on the developmedttae documentation of the adapted
methods for the take-off and landing of blown-flaps aftceince during these segments, the
physics of blown-flaps aircraft is different from aircrafith mechanical high-lift devices

due to the coupling of thrust and lift. Relatedhis tthe main issues considered are:

= Low-speed aerodynamics
» Low-speed control
» Low-speed engine modeling

= Calculation of take-off and landing performance
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Publicly available wind-tunnel data are shown to be utilizabi¢hfe determination of the
low speed aerodynamic coefficients of blown-flaps aircraft. Various camscof the
wind-tunnel data required are discussed with respect to the contipa@the different

data for the different blown-flaps systems.

Low-speed control is important for blown-flaps aircraft as they tyfyic¢ake-off and land
at lower speeds compared with conventional aircraft. The calculatitimeobne engine
inoperative (OEI) rolling and yawing moments and the statigitodinal stability made
directly from the low-speed aerodynamic data is explained. Itaésrdented, how these

results can be used to size the tails and the aileron of blownaflapaft.

The low-speed engine model developed provides scalable characterisheseofgine jet
momentum which is required for the calculation of the aerodynamiciceets. Thereby,
different bleed air offtake options are considered and quantified. dhasvn that the

offtake of engine core bleed is not a suitable method for blown flagsagon.

For the calculation of the balanced field length it is shown tiatstall speed decreases
with increasing speed, which requires an iterative calculation of takepe#d and an
interpretation of the speed safety margin from certification requireamast a lift
coefficient safety margin. The calculation of the different segmentsreelgior balanced
field length calculation can be made from the low-speed engine chasticseend the
low-speed aerodynamic data, as demonstrated in the text.

The landing field length calculation is more complex than the bathrfield length

calculation as, in addition to the approach speed, the thrugy catnmg landing has to be
iterated to meet the required approach path. Additionally, the miggpbach climb

angles with all engines operative (AEO) as well as OEI have talbelated.

Subsequently, the level of detail required for a parametric aircraft mwdetpodel the
impact of the short take-off and landing (STOL) capability providigtlown flaps on the
overall mission performance is discussed. Component-based handlettoéds from the
literature are briefly presented and their use in accounting for pergiiget blown-flaps

installations is explained.

The methods developed for take-off and landing are validated wiilalaleaflight test
data, showing good agreement of calculation and flight tebkessmMiethods are checked for

plausibility where flight test data is not available.
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In an application example, the following blown-flaps systemscampared at the aircraft

system level for a 1,200 nm mission and 110 passengers:

= Upper Surface Blown Flaps (USB)

» Externally Blown Flaps (EBF)

= Internally Blown Flaps (IBF) with bypass air offtake
= Internally Blown Flaps with exhaust air offtake

= Advanced Internally Blown Flaps (AIBF)

The trade studies required to find a suitable design pointrkats all mission segment
requirements are discussed for the EBF aircraft, as example. The rgatbhns for all
aircraft are presented, discussed and the resulting design p@ntsrapared with each
other. The trade studies performed for the sizing of the tails are pdsdiite overall
mission performance calculation shows fuel burn penalties betweén f® the AIBF
aircraft and 106 % for the USB aircraft compared with a conventionalofélemd landing
regional jet with mechanical high-lift devices. The IBF aircraft veithaust offtake has a
fuel burn penalty of 27 % and the IBF aircraft with bypass offtak&.c¥, while the EBF
aircraft has a fuel burn penalty of 35 %. The main reasons for ghddun penalties are
the higher thrust installed and the larger wings and tails, wharkase the aircraft weight
and drag, and their associated scaling effects. The very heglbdn penalty of the USB
aircraft results from a cruise drag penalty due to the enginelatstalover the wings. A
tradeoff between field length and fuel burn shows that with deagéisid length the fuel

burn penalty increases reciprocally.

With the methodology developed, the overall mission penalfidse different blown-flaps
aircraft can be determined for different design missions, such as dimpéx design range,
payload, speed or altitude. The outcomes of these studiesireatiydbe used for cost
calculation to determine the additional costs that have to beceg due to the STOL
capability. These costs can then be compared to potential benefiis SU©L operation
that, for example, can be lower delay costs or higher profit for thi@eai However,

additional aspects have, thereby, to be considered as for examgl®noiaintenance.

In the application example, aircraft with state of the art blowrsftaphnologies have been
compared with each other based on available wind-tunnel data. Wdhy's

Computational Fluid Dynamics methods, the different blown-flagstems can be
optimized and new aerodynamic data sets can be generated. Theseeoptlata can be
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compared at the aircraft system level with the method developeahgdgihe overall

mission penalties for advanced blown-flaps systems.

The documented method can be extended to account for other povitesgstéims as, for
example, propeller driven systems (e. g. deflected slipstreanfgrgt or cross-flow fans.
Other extensions can be the mapping of circulation control dewgel,as, for example,
rotating cylinders. For this purpose, the specific low-speed aeaodg characteristics
have to be analyzed and new low-speed engine models have to be getoepateide the
power characteristics required for the calculation of the aerodynamic ceeticiThe
different characteristics of the low-speed aerodynamic behavior may requ@idajstion of
the algorithms developed for the iteration of take-off and apprqaddsand mass models
may be required, for example, for the modeling of additional coemsnsuch as lift-fans

or cross-flow fans.
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A. Low-Speed Control
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Figure 97. Maximum lift increments for 25%-chord flaps (Finck 1978, p. 6.1.1.3-12)
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Figure 98. Flap-chord correction factor (Finck 1978p. 6.1.1.3-12)
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TRAILING-EDGE FLAPS
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Figure 99. Flap-angle correction factor (Finck 1978p. 6.1.1.3-13)
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Figure 100. Flap-motion correction factor (Finck 198, p. 6.1.1.3-13)
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B. Low-Speed Engine Models

Rel. Gross Thrust Rel. Ram Drag
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Figure 103. Comparison of relative gross thrust andelative ram drag, separate-flow (SF) and mixed-
flow (MF) engines
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Figure 104. Relative bypass and residual gross thst; separate-flow engines with bypass offtake=-0 %
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Figure 105. Relative ram drag, separate-flow engirsewith bypass offtakec=-0 %
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Rel. Bypass Gross Thrust Rel. Residual Gross Thrust
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Figure 106. Relative bypass and residual gross thstj separate-flow engines with bypass offtake=-3 %
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Figure 107. Relative ram drag, separate-flow engirsewith bypass offtakes=-3 %
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Figure 108. Relative bypass and residual gross thstj separate-flow engines with bypass offtake=-9 %
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Rel. Ram Drag
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Figure 109. Relative ram drag, separate-flow engirsewith bypass offtakec=-9 %
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Figure 110. Relative bypass and residual gross tmst, separate-flow engines with bypass offtake=-12 %
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Figure 111. Relative ram drag of the separate-flokengine with bypass offtakeg=-12 %
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Rel. Bypass Gross Thrust Rel. Residual Gross Thrust

11 0.3

BPR BPR
—o—5 —o—5

BN

—*—7.5 —*—7.5

(m/ Vv, )Bypass()makc / % [-]
o o
[0} ©
Tres*/ TO* [']
o o
ol N

0.7 —>—10 —10

0.6 0

0 0.1 0.2 0.3 0 0.1 0.2 0.3
Mal[-] Ma [-]

Figure 112. Relative bypass and residual gross thst) separate-flow engines with bypass offtake=-15 %
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Figure 113. Relative ram drag, separate-flow engirsewith bypass offtakes=-15 %
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Figure 114. Relative residual and exhaust offtakergss thrust, mixed-flow engine, BPR=5¢=-0 %
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Rel. Residual Gross Thrust Rel. Gross Thrust of Exhaust Offtake
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Figure 115. Relative residual and exhaust offtakergss thrust, mixed-flow engine, BPR=5¢=-12 %
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Figure 116. Relative residual and exhaust offtakergss thrust, mixed-flow engine, BPR=5¢=-18 %
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C. High-Speed Aerodynamics
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Figure 117. USB cruise drag penalty (left) for diférent engine installation configurations (right)

D. Wind-Tunnel Polars Selected for the Application Exanple

Table 28. Important operational conditions measuredn wind-tunnel experiments

AEO | AEO OEI OEl Static
Report) Sub- | ro” | p- | ABO | o | (p- | 9Bl | tuming| RD | BPR
No. | models Tall Tall
Flaps | Flaps Flaps | Flaps Data
Split | no opol Ero amo| sa - 0°, 35°,
IND- | flaps 0°, 35°| 50°, 65°| tail off | n.a. | limited | n.a. 50°. 65° ES n.a.
8061 | radius 60° ; o
o 1 ’?
USB flaps 45 75°. 90° tail off | n.a. | limited| n.a. . ES n.a.
™ X- o onol 520 amol rai R R . 30°, 75°,| not
62419 0°, 30°| 75°, 90°| tail off | 30 90 tail off 90° 3
™ X- R o ord 4o R : 30°, 55°,| not
62296 30 55°, 759 tail off n.a. 75 tail off 75° 90° 3
TN D- 0°, 15°| 45°, 60°| tail off na na na na na na
IBF 8309 30° 70° | andon T o o o ' T
™ X- 30° o —no| tail off
AW | 62145 20° 60°, 70 and on n.a. n.a. n.a. n.a. corectedn.a.
™ X- 30° o —no| tail off
62029 20° 60°, 70 and on n.a. n.a. n.a. n.a. corectedn.a.
AIBF ™ X- 30° 60° tail off| n.a n.a n.a n.a corectedn.a
62281 .a. .a. .a. .a. .a.
BPR| 35° | s55° | tailoff| 35° | 55° | tailon| 35°,65% ES| 6.2
TN D- 6.2 ’ )
8057 | BPR | ., o o . o . | tail off R o
EBE 10 0°, 35 55 tail off| 35 55 and on 35°, 65 ES 10
20°,30°
™ X- o o o ; o o H o, o, not
62197 0°, 30 55 tail off | 30 55 tail on 405;;5 , 3

" No polars, only few conditions available at tw@ieres inoperative

" TM X-62029 is the continuation of the experimestsumented in TM X-62145
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Figure 118. Corrected wind-tunnel polar for IBF, §; =15°
& % PEA%
.9/ u
J J 0
L Fo | 5 1|
L o £
y —3 3 3t ¢
Q@ q)z( ) q& 0.56
1 1 1 1.86
-20 0 20 40 -2 0, 12
a [deg] Cou, 7] Cnl]
Figure 119. Corrected wind-tunnel polar for IBF, §; =30°
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Figure 120. Corrected wind-tunnel polar for IBF, §; =45°
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Figure 121. Corrected wind-tunnel polar for IBF, é; =60°
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Figure 122. Corrected wind-tunnel polar for AIBF, 6;=30°
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Figure 123. Corrected wind-tunnel polar for AIBF, d; =60°
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USB
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Figure 124. Corrected wind-tunnel polar for USB wih AEO, é; =30°
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Figure 125. Corrected wind-tunnel polar for USB wih AEO, d; =75°
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Figure 126. Corrected wind-tunnel polar for USB wih AEO, é; =90°
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Figure 127. Corrected wind-tunnel polar for USB wih OEI, J; =30°
; ; {.J."‘% .
- vng {ﬁw %XE —0—0
— |& A f ’S‘\d N\ A |—*0.63
L 144 4 4
[ /'\ ~
g |2 . eg k ——1.4
S /"N . ?f ’\.i,, —4—2.19
_2_ 4
1 —1 1 —-—291
‘ L ¢ ¢
210 0 10 20 30 40| -1 0 1 2 3 1 0 -1 -2
a [deg] Copre, [7] Can [
Figure 128. Corrected wind-tunnel polar for USB wih OEI, J; =90°
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Figure 129. Corrected wind-tunnel polar for EBF with AEO, BPR=6.2,; =35°
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Figure 130. Corrected wind-tunnel polar for EBF with AEO, BPR=6.2, ; =65°
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Figure 131. Corrected wind-tunnel polar for EBF with OEI, BPR=6.2,4; =35°
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Figure 132. Corrected wind-tunnel polar for EBF with OEI, BPR=6.2,d; =65°
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Figure 133. Corrected wind-tunnel polar for EBF with AEO, BPR=10, J; =35°
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Figure 134. Corrected wind-tunnel polar for EBF with AEO, BPR=10, §; =65°
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Figure 135. Corrected wind-tunnel polar for EBF with OEI, BPR=10, ; =35°
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Figure 136.Corrected wind-tunnel polar for EBF with OEI, BPR=10, ; =65°
E. Sizing for Performance
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Figure 137. Safety margin(left) and climb angle for MA with OEI (right) for AIBF aircraft
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Figure 138 Safety margin (left) and approach speed (right) eer = for different values ofO_fMAOEI for

IBF aircraf t with exhaust offtake
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Figure 139 Balanced fieldlength over exhaust mass flow offtake and takeff flap angle for IBF
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Figure 140. HT sizing for EBF aircraft
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Figure 141. VT sizing for EBF aircraft
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Figure 142.HT sizing for IBF aircraft with exhaust offtake
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Figure 143.VT sizing for IBF aircraft with exhaust offtake
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Figure 144. HT sizing for AIBF aircraft
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VT Sizing AIBF
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Figure 145. VT sizing for AIBF aircraft

G. Discussion of Tak-Off and Landing

Table 29. Comparison of MA with AEO

Unit USB EBF AIBF IBF-by IBF-ex
C, - 1.25 1.70 1.27 1.13 0.71
C, - -0.36 -0.12 -0.53 -0.46 -0.39
Cn - -0.79 -0.87 -1.32 -1.02 -0.86

Table 30. Comparison of MA with OEI

Unit USB EBF AIBF IBF-by IBF-ex
C. - 0.94 1.27 0.95 0.85 0.53
C, - -0.11 -0.12 -0.06 -0.20 -0.14
Cn - -0.39 -0.59 -1.40 -0.81 -0.62
S deg 40 35 45 45 45

H. Overall Mission Comparison

Table 31. OEW breakdown

Unit | Reference USB EBF AIBF IBF-by | IBF-ex
Structure kg 13,369 17,357, 15,824 15,23¢| 15,582 15,285
Propulsion kg 2,817/ 5,375 6,035 4,82t 5,341 5,159
Equipment kg 6,099 6,801 6,709  6,51¢ 6,609 6,558
Operational Items| kg 1,790 1,778 1,787 1,78¢ 1,784/ 1,784
OEW kg 24,075 31,311 30,355 28,36¢| 29,316 28,786
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Table 32. Structure weight breakdown

Unit | Reference USB EBF AIBF | IBF-by| IBF-ex
Fuselage kg 6,284 6,208 6,284 6,271 6,316] 6,314
Wing kg 3,417 4,657) 3,931 3,789  4,047] 3,998
HT kg 227 730 481 527 522 380
VT kg 248, 1,022 496 455 353 331
Nacelles & Pylong kg 1,404 2,461 2,511 2,202 2,295 2,240
Undercarriage kg 1,789 2,279, 2,121 1,994 2,049 2,022
Total kg 13,369 17,357 15,824 15,238 15,582 15,285
I. Fuel Burn vs. Field Length

Table 33. Design points of EBF aircraft for different field length requirements,BPR=6.2

T/W[] W/S[kg/m?]

1000 0.51 580

Field length 900 0.5 470
required 800 0.5 380
750 0.5 340

Table 34. Design points of USB aircraft for differat field length requirements,BPR=10

TIW[-] W/S[kg/m?]

Field length 1000 0.42 500
required 950 0.44 460
900 0.47 420

Table 35. Design points of AIBF aircraft for different field length requirements

T/W[-] W/S[kg/m?]

1000 0.44 550

Field length 900 0.44 460
required 800 0.44 370
750 0.44 330

700 0.44 295

Table 36. Design points of IBF aircraft with bypasofftake for different field length requirements

TIW[] W/S[kg/m?]

1000 0.45 525

Field length 900 0.465 510
required 800 0.45 405
700 0.44 315
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Table 37. Design points of IBF aircraft with exhausofftake for different field length requirements

T/W[-] W/S[kg/m?]
1000 0.44 520
Field length 900 0.44 420
required 800 0.44 345
750 0.44 300
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