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Aerodynamik von Vorwiérts und Riickwairts gepfeilten Fliigeln mit einem Triebwerk in
Uberfliigelanordnung

Dissertation, Technische Universitdt Braunschweig

In dieser Dissertation wird der Einfluss von Strahltriebwerken mit sehr groem Bypassverhaltnis
in Uberfligelanordnung auf die aerodynamischen Charakteristika des Fliigels anhand von zwei
Flugzeugkonfigurationen untersucht. Das Triebwerk ist dabei oberhalb der Fligelhinterkante
positioniert. In Reiseflugbedingungen, bei einer Machzahl von 0.78, werden verschiedene
Aspekte untersucht, um ein grundsatzliches und allgemeingultiges Verstandnis fur die damit
einhergehenden Installationseffekte aufzubauen.

Zu Beginn ermdoglicht ein Vergleich zwischen Fligel-Rumpf und Fligel-Rumpf-Pylon-Triebwerk
Konfiguration mit rliickwarts gepfeiltem Fllgel die Identifikation der Installationseffekte. Eine
Variation des Triebwerksschubs bietet die Moglichkeit einer weiterfiihrenden Detaillierung der
aerodynamischen Interaktion zwischen Fliigel und Triebwerk in Uberfligelanordnung.

Die Untersuchungen zeigen einen deutlichen Einfluss auf die Druckverteilung der Flugeloberseite
durch die Installation der Gondel oberhalb der Fligelhinterkante, wohingegen die
Fligelunterseite nahezu unbeeinflusst ist. Der Druck entlang der Fllgeloberseite ist dabei
abhangig einerseits von der Prasenz der Triebwerksgondel und andererseits von dem
Schubzustand des Triebwerks, wobei der raumliche Einflussbereich in stromauf und
spannweitiger Richtung in der GroRenordnung des Gondeldurchmessers liegt. Dies fihrt unter
anderem zu einer stromauf Verschiebung der StoRRlage auf dem Fligel. Darlber hinaus sind
weitere Stromungsbeeinflussungen ausgehend von der OWN in Querstromungsrichtung zu
beobachten, welche zu weiteren Uberschallgebieten und stoRinduzierten Ablésungen fihren.

Des Weiteren ermdéglicht die Variation der vertikalen und horizontalen Triebwerksposition einen
weiteren Einblick und Bewertung beziiglich der Ausldser, die beispielsweise zur Anderung der
StoRposition oder Stréomungsabldésungen fihren, und die damit einhergehende Anderung der
aerodynamischen Koeffizienten. In diesem Zusammenhang werden die aerodynamischen
Koeffizienten mit Hilfe von Oberflachen- und Volumen-basierten Auswerteverfahren untersucht,
um damit den raumlichen Ursprung als auch die Art des generierten Widerstands zu
identifizieren. Die vertikale Triebwerksposition wirkt sich dabei hauptsachlich auf die
Unterschallstrémung entlang des hinteren Fligelsegments aus, wodurch primar der
Auftriebsbeiwert beeinflusst wird, wohingegen die horizontale Triebwerksposition einen Einfluss
auf den Gesamtwiderstand und die StolRposition aufweist.

Die Untersuchung der OWN an einem sowohl riuckwarts als auch vorwarts gepfeilten
Tragflachengrundriss bietet die Mdglichkeit die Installationseffekte und damit einhergehenden
aerodynamischen Eigenschaften an einer weiteren Konfiguration zu analysieren, um damit auf
der einen Seite den Einfluss der Vorwartspfeilung zu untersuchen und auf der anderen Seite eine
erweiterte, sowie allgemeingultige Bewertung der OWN-Installation abzuleiten. Die Analyse der
OWN an der vorwarts gepfeilten Konfiguration zeigt vergleichbare Installationseffekte, wie sie
auch fur den rickwarts gepfeilten Fligel zu beobachten sind. Jedoch hat sich durch den
negativen Pfeilungswinkel der dominante Storbereich vom aufReren zum inneren Fligelsegment
verschoben.
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Braunschweig

Aerodynamics of Forward and Backward Swept Wings with an Over-Wing-Nacelle

Doctoral Thesis, Technical University Braunschweig

In this thesis the impact of ultra-high bypass ratio over-wing-nacelle installation on aerodynamic
wing characteristics is investigated on the basis of two aircraft configurations. The engine was
placed above the wing trailing edge. For cruise flight conditions, at a Mach number of 0.78,
different aspects are evaluated to build up a fundamental and generalized understanding of the
associated installation effects. The investigation is accomplished with the aid of numerical
simulations.

At first, a comparison of wing-body and wing-body-engine-pylon configuration for a swept-back
wing enables the identification of basic installation effects. The variation of the engine power
setting provides a further detailing of the aerodynamic interaction between wing and OWN.

The investigations reveal a significant effect on the upper wing pressure distribution due to the
installation of an OWN-UHBR engine, while the lower wing is almost unaffected. The upper wing
surface pressure is influenced on the one hand by the presence of the engine and on the other
hand the engine power setting, whereby the sphere of influence in upstream and sideways
direction is within the order of the engine diameter, leading to an upstream shift of the wing shock
position in front of the engine. Moreover, flow disturbances originating from the OWN, are induced
along the wing span, especially in the direction of the wing sweep, resulting in additional regions
of supersonic flow and shock induced flow separations.

The impact of an engine position variation in vertical and horizontal direction enables insight and
assessment of the causes resulting in e.g. shock position variation or flow separations and their
associated impact on aerodynamic coefficients. In this regard, the aerodynamic coefficients are
evaluated with the aid of surface- and volume-based approaches to identify the type of generated
drag component as well as the place of origin. The vertical engine position affects mainly the
subsonic rear wing pressure level and thus has solely an impact on the wing lift coefficient, while
the horizontal engine position is dominant with respect to the overall drag and affects the wing
shock position.

The investigation of OWN installation on a backward and forward swept wing planform offers an
examination of the installation effects and accompanied aerodynamic characteristics on an
additional configuration to derive on the one hand the impact of forward sweep and on the other
hand achieve an extended and more general evaluation. The OWN installation on the forward
swept wing configuration reveals similar interactions, as observed for the backward swept wing,
whereby the main area of interference switches for the negative sweep angle from outer to inner
wing segment.
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Abstract

In this thesis the impact of ultra-high bypass ratio over-wing-nacelle installation on
aerodynamic wing characteristics is investigated on the basis of two aircraft con gura-
tions. The engine was placed above the wing trailing edge. For cruise ight conditions,
at a Mach number of 0.78, di erent aspects are evaluated to build up a fundamental and
generalized understanding of the associated installation e ects. The investigation is
accomplished with the aid of numerical simulations.

At rst, a comparison of wing-body and wing-body-engine-pylon con guration for a
swept-back wing enables the identi cation of basic installation e  ects. The variation of
the engine power setting provides a further detailing of the aerodynamic interaction
between wing and OWN. The investigations reveal a signi cant e  ect on the upper
wing pressure distribution due to the installation of an OWN-UHBR engine, while the
lower wing is almost una ected. The upper wing surface pressure is in uenced on
the one hand by the presence of the engine and on the other hand the engine power
setting, whereby the sphere of in uence in upstream and sideways direction is within
the order of the engine diameter, leading to an upstream shift of the wing shock position
in front of the engine. Moreover, ow disturbances originating from the OWN, are
induced along the wing span, especially in the direction of the wing sweep, resulting in
additional regions of supersonic ow and shock induced ow separations.

The impact of an engine position variation in vertical and horizontal direction enables
insight and assessment of the causes resulting in e.g. shock position variation or ow
separations and their associated impact on aerodynamic coe cients. In this regard,
the aerodynamic coe cients are evaluated with the aid of surface- and volume-based
approaches to identify the type of generated drag component as well as the place of
origin. The vertical engine position a ects mainly the subsonic rear wing pressure level
and thus has solely an impact on the wing lift coe  cient, while the horizontal engine
position is dominant with respect to the overall drag and a  ects the wing shock position.

The investigation of OWN installation on a backward and forward swept wing planform

0 ers an examination of the installation e ects and accompanied aerodynamic charac-
teristics on an additional con guration to derive on the one hand the impact of forward
sweep and on the other hand achieve an extended and more general evaluation. The
OWN installation on the forward swept wing con guration reveals similar interactions,

as observed for the backward swept wing, whereby the main area of interference
switches for the negative sweep angle from outer to inner wing segment.



Ubersicht

In dieser Dissertation wird der Ein uss von Strahltriebwerken mit sehr grol3em By-
passverhaltnis in Uber (gelanordnung auf die aerodynamischen Charakteristika des
Flugels anhand von zwei Flugzeugkon gurationen untersucht. Das Triebwerk ist
dabei oberhalb der Flugelhinterkante positioniert. In Reise ugbedingungen, bei einer
Machzahl von 0.78, werden verschiedene Aspekte untersucht, um ein grunds atzliches
und allgemeing ultiges Verstandnis fur die damit einhergehenden Installationse ekte
aufzubauen.

Zu Beginn ermdglicht ein Vergleich zwischen Fl Ggel-Rumpf und FI tgel-Rumpf-Pylon-
Triebwerk Kon guration mit r tckw arts gepfeiltem Flugel die Identi kation der In-
stallationse ekte. Eine Variation des Triebwerksschubs bietet die M 6glichkeit einer
weiterf threnden Detaillierung der aerodynamischen Interaktion zwischen Fl Ggel und
Triebwerk in Uber iigelanordnung. Die Untersuchungen zeigen einen deutlichen
Ein uss auf die Druckverteilung der FI ligeloberseite durch die Installation der Gondel
oberhalb der Fligelhinterkante, wohingegen die Fl tgelunterseite nahezu unbeein-
usstist. Der Druck entlang der FI Ugeloberseite ist dabei abhangig einerseits von der
Prasenz der Triebwerksgondel und andererseits von dem Schubzustand des Triebwerks,
wobei der r aumliche Ein ussbereich in stromauf und spannweitiger Richtung in der
GroRenordnung des Gondeldurchmessers liegt. Dies fuhrt unter anderem zu einer
stromauf Verschiebung der Stol3lage auf dem Fllugel. Dartber hinaus sind weitere
Stromungsbeein ussungen ausgehend von der OWN in Querstr démungsrichtung zu
beobachten, welche zu weiteren Uberschallgebieten und stoRinduzierten Abl 6sungen
fuhren.

Des Weiteren ermgglicht die Variation der vertikalen und horizontalen Triebwerksposi-
tion einen weiteren Einblick und Bewertung bez Uglich der Ausl dser, die beispielsweise
zur Anderung der StoRposition oder Str dmungsablésungen fiihren, und die damit ein-
hergehende Anderung der aerodynamischen Koe  zienten. In diesem Zusammenhang
werden die aerodynamischen Koe zienten mit Hilfe von Ober achen- und Volumen-
basierten Auswerteverfahren untersucht, um damit den r aumlichen Ursprung als auch
die Art des generierten Widerstands zu identi zieren. Die vertikale Triebwerksposi-
tion wirkt sich dabei haupts achlich auf die Unterschallstr dmung entlang des hinteren
Fligelsegments aus, wodurch prim ar der Auftriebsbeiwert beein usst wird, wohinge-
gen die horizontale Triebwerksposition einen Ein uss auf den Gesamtwiderstand und
die Sto3position aufweist.

Die Untersuchung der OWN an einem sowohl r tckw arts als auch vorwarts gepfeilten
Trag achengrundriss bietet die M dglichkeit die Installationse ekte und damit einherge-
henden aerodynamischen Eigenschaften an einer weiteren Kon guration zu analysieren,
um damit auf der einen Seite den Ein uss der Vorw artspfeilung zu untersuchen und
auf der anderen Seite eine erweiterte, sowie allgemeingtiltige Bewertung der OWN-
Installation abzuleiten. Die Analyse der OWN an der vorw arts gepfeilten Kon guration
zeigt vergleichbare Installationse ekte, wie sie auch fiir den r ickw arts gepfeilten Fligel
zu beobachten sind. Jedoch hat sich durch den negativen Pfeilungswinkel der dominante
Storbereich vom aufReren zum inneren Flligelsegment verschoben.
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1 Introduction

The current progress in the design of fuel-e cient passenger aircraft is largely based
on developments by engine manufactures, since the wing and tube layout was not
changed within the past decades. The latest single-aisle aircraft, operating on short and
mid-range missions, are equipped with very-high-bypass ratio engines to achieve a
signi cant speci ¢ fuel reduction due to the increasing bypass ratio, the ratio between
bypass and core mass ow. In the recent past, the impact of under-the-wing mounted
engines is considered by an integrated wing design. This is possible due to years
of experience and profound understanding of the interaction between under-wing
nacelles (UWN) and wing. Thus, unexpected e ects due to the engine installation can be
eliminated. Nevertheless, the increasing bypass-ratio is accompanied by an increasing
engine diameter because the core size cannot be reduced signi cantly and instead the
bypass diameter needs to be adapted. Due to the constrained ground clearance, the
option to install future, more e  cient engines below the wing is challenging or even
limited.

Therefore, di erentlocations for the mounting of ultra-high bypass-ratio (UHBR) engines
need to be investigated. Besides the installation at the rear fuselage, a familiar mounting
position of business-jets, the engine installation above the wing at the wing trailing
edge should be considered. The application of over-wing nacelles (OWN) was taken
into account so far only rarely, nevertheless some commercial aircraft were and are
equipped with OWN. The rst successful implementation of OWN engines on a certi ed
passenger aircraft was achieved in the 1970's by VFW-Fokker [4]. The latest example for
an OWN con guration is the business jet con guration by Honda [ 5]. However, both
con gurations are equipped with engines featuring small bypass ratios and thus small
engine diameters. For the application of OWN installation on large passenger aircraft,
the impact of future UHBR engines needs to be evaluated to achieve a comparable
aerodynamic knowledge of the associated installation e ects, as for the UWN, especially
in consideration of high-bypass ratio engines and transonic speed.

Previous investigations of OWN con gurations have revealed complex aerodynamic
interference phenomena between nacelle and upper-wing surface, but the cause and
coherence were not described yet. The observations range from two sequential shocks on
the wing upper surface over drag bene ts on the nacelle up to improvements regarding
the drag divergence Mach number, the maximum Mach number featuring a de ned
drag increment with increasing Mach number. Consequently, the interference between
the transonic ow around the wing and an OWN causes multiple aerodynamice  ects.
These e ects need to be understood to achieve an e cient UHBR engine integration
with minimum risk during the design of future aircraft. In this regard, the present study
will focus on the fundamental e ects occurring from the close coupling of tube and
wing aircraft and UHBR over-wing-nacelles.

1



2 1 Introduction

A central role within the recent years of research can be assigned to Lockheed Martin,
performing extensive investigations both numerically [ 6] [7] and experimentally [ 8]
to demonstrate the aerodynamic potential of ultra-high bypass ratio (UHBR) OWN
con gurations. They stated a bene cial interference e ect, which increases with
increasing engine diameters [8]. However, a generalized description of the interference
e ects between OWN and wing at transonic ight conditions is not described yet. For
this reason, the present work serves to investigate the interference e ects between
engine, streamtube and wing upper surface to build up a profound knowledge of the
aerodynamic interactions. Thus, a deep understanding of the synergy and detrimental
interference between over-the-wing mounted nacelles and transonic wings can be
established for cruise ight conditions. Thereby, identi cation and comprehension

of cause and e ect are essential. Based on this knowledge, primal challenges in the
aerodynamic design of an OWN con guration during cruise ight operation can be
taken into account and avoided, which in turn enables the consideration of OWN
con gurations and accompanied bene ts during the design of future aircraft. The
impact of the OWN installation on the high lift capabilities requires his own and separate
consideration.

1.1 State of the art

Today's large transonic operating commercial aircraft are characterized by a wing
and tube layout with engines mounted below a backward swept wing. The general
arrangement has not signi cantly changed within the past 60 years, but was continuously
optimized. Improvements in manufacturing, materials, and multidisciplinary design
processes implicated a continuous improvement. Moreover, accompanying processes of
the airlines are tailored to this layout to achieve most economic operation. Examples
for this are the easy access to maintain engines or e cient procedures at airports.
However, this well understood layout o ers hardly any possibilities for aerodynamic
improvements. In the past decades, the development and utilization of methods, like
computational uid dynamics (CFD), enabled a detailed prediction of aerodynamic
characteristics within the design process. Consequently, the aerodynamic performance
could be further optimized for given constraints, e.g. spar height, closed coupled
engine integration and design speeds. However, the latest developments of the two
largest civil aircraft manufactures Airbus and Boeing, like the Airbus A320neo, Boeing
737MAX or A330neo, depend mainly on the improvements by engine manufactures,
providing more e cient engines, while other promising technology developments,
like (hybrid-)laminar ow, were not industrialized yet on current aircraft concepts

to obtain signi cant aerodynamic improvements accordingly drag reductions. The
aerodynamically e cientinstallation of new engines with larger diameters was achieved
based on the existing generalized model, which describes the fundamental interference
e ects of UWN. Exemplary, a detailed description of engine /airframe interference for
varying engine sizes can be found in [9]. In general, installing an engine below the
wing leading edge a ects both wing upper and lower surface. Comparing a wing-body
(WB) and wing-body-engine-pylon (WBEP) con guration at identical angle of attack,
an upstream shift of the shock position on the wing upper surface can be detected
caused by a reduction of the local ow incidence induced by the engine. On the wing
lower surface, the ow is disturbed by the pylon and a channel between nacelle, pylon



1.1 State of the art 3

and wing leads to a ow acceleration. Inboard of the nacelle, ow accelerations on
the wing lower surface lead to an increased pressure level along the chord, which is
associated with a local lift loss. Simultaneously, the pressure distribution on the upper
surface features a small increase of the pressure level, but a distinct upstream shift of
the shock location, resulting in an additional lift loss. The airfoil section outboard of
the nacelle indicates only minimal variations along the wing lower surface. This can
be addressed to the reduced overlap of nacelle and backward swept wing. But the
wing upper surface indicates a distinct drop of the low pressure level in the supersonic
segment in addition to an upstream shift of the shock location. The variation in the
chordwise pressure distributions involves a decreasing local incidence, thus the UWN
installation is accompanied by a reduced e ective angle of attack .¢;. However, the
decline of ¢ is not limited to the region around the UWN, buta ects the full wing
span. Consequently, the entire spanwise lift distributionisa ected resulting in a distinct
lift loss from wing root to tip. Consequently, the WBEP con guration has to operate at
higher angles of attack to obtain the identical lift coe cient as the WB con guration.
These interference e ects of an UWN installation become more intense with increasing
engine diameter.

The current progress towards a reduction of the speci ¢ fuel consumption (sfc) is largely
based on an increasing bypass ratio (BPR) associated with a signi cant increasing engine
diameter. For example the CFM International LEAP-1A engine features a BPR of about
11 and diameter of about 2.5m [10] [11]. Compared with the CFM56-5B4 [12], which is
applied on the A320ceo0, the bypass ratio was almost doubled and the engine diameter
increased by 25%. The installation of more e cient but larger engines is challenging
due to limited space between wing lower surface and ground. This constraint might
lead to unusual nacelle designs, e.g. observable on the Boeing 737-30013] and the
latest Boeing 737MAX, which features a non-symmetrical nacelle with attened lower
side, while the upper side extends above the wing leading edge. This indicates that the
space limits below the wing are already reached. Consequently, engines with further
increasing BPR>15, o ering an improved e ciency, could probably not be mounted
below the wing without a detrimental impact on the overall aircraft design and thus,
the future development of more e cient aircraft necessitates extensive modi cations of
the current layout.

The limitation for the under-wing mounted engines necessitates the investigation of
alternative engine mounting options. In the past, the consideration of OWN was
occasionally investigated. With the aid of wind tunnel tests and numerical studies
of OWN con gurations, an aerodynamic proof of concept was con rmed. Some
investigations actually resulted in a nal aircraft design. A current example is the
HondaJet [5], a small business jet for up to 6 passengers, which features GE Honda
HF-120 engines with a BPR of 2.9 mounted on top of the wing to maximize the internal
space of the fuselage. During the design of the aircraft, a bene cial impact of the OWN
on the drag divergence Mach number was proven to increase the ight speed above the
design point of about M =0.72 without a signi cant wave drag rise compared with the
clean wing con guration [14].

Already in 1975 the VFW-Fokker VFW614 (see Fig. 1.1) celebrated its entry into service,
taking the advantage of an OWN installation into account. The VFW614 [ 4] [15] was
designed to transport up to 44 passengers over a range of 1200km. The OWN layout
was driven exemplary by a minimum loading height, reduced risk of foreign object
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damage to operate on unpaved runways and an acoustic shielding of engine noise by the
wing. However, the ight Mach number was limitedto M =0.65 to exclude supersonic
areas on the wing. The associated engine RRSNECMA M45H is characterized by a
maximum diameter of about 1m and BPR <3. The installation of the small OWN on the
VFW614 a ected the aerodynamics on the upper wing, but neither distinct bene cial nor
detrimental aerodynamic performance variations could be detected. However, wind
tunnel and ight tests during the design of the VFWG614 exhibited a favorable e  ect
of OWN engines on the high-lift performance and an increasing zero incidence lift in
comparison with under-wing mounted engines. Nevertheless, the ow acceleration
between rear wing upper surface and over-wing nacelle resulted in an increasing
nose down pitching moment especially for engine idle. This aerodynamic feature was
additionally reinforced by an increasing ight Mach number and might result in speed
instabilities for M 0.6 [16].

Fig. 1.1 Experimental Aircraft ATTAS based on VFW 614 [1]

Ensuing from the insights of the OWN installation on the VFW614, further investigations
were initiated. Reubusch [17] performed wind tunnel tests for M =0.5...0.8 with a generic
wing-body con guration and powered nacelles in the NASA Langley 16-ft transonic
wind tunnel. The nacelles were located above the wing without a physical linkage to the
aircraft model. The nacelle exit position was varied between wing leading and trailing
edge. The force measurements revealed a bene cial interference on the wing-body drag
due to the presence of the nacelle. However, the test setup was not able to capture
detrimental e ects on the nacelle.

Further investigations with an turbopowered simulator (TPS) were performed by
Szodruchand Kotschotd 18] on the basis of the VFW614 design. They stated, that intake
and outlet ow of the engine a  ect the interference between airframe and nacelle. In
addition, they claimed, that the longitudinal engine position is more relevant than the
vertical engine position. A comparison between under- and over-wing mounted TPS
revealed an improvement of maximum lift-to-drag ratio of 6.5% at take-o . However,
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these wind tunnel experiments focused on the engine installation above the wing leading
edge resulting in a bene cial jet /wing interaction for high velocity ratios V;=V; .

In the course of the development of the HondaJet, Honda designed the experimental
aircraft MHO2 [ 19]. This con guration is characterized by a high-wing and closed
coupled over-the-wing mounted nacelles. Additionally, the wing features a forward
sweep (12 at 25% chord). The engines are located on top of the junction between wing
and fuselage and extend over the entire root chord length. This engine position was
driven with respect to the center of gravity and a minimal lever arm in case of one-engine
inoperative (OEI). Besides a minimization of foreign object damage (FOD), the over-wing
position enabled the mounting of inconclusive engine diameters. However, signi cant
interference drag of 0.002 was obtained in wind tunnels tests caused by the deviation of
the spanwise lift distribution due to this particular, closed coupled OWN installation.
Nevertheless, the basic idea to mount the engines on the wing instead of the fuselage of
a business jet was maintained and later applied to the HondaJet [5].

Following, the installation of an OWN on the DLR-F6 con guration was investigated by
Sasaki and Nakahashi [20]. Therefore, the through ow nacelle (TFN) of the DLR-F6
was positioned above the wing. By optimizing nacelle position, nacelle shape and wing
shape, the overall aircraft performance with respect to L /D in cruise ight (M =0.7) was
comparable to the UWN DLR-F6. Thereby, the drag evaluation of the OWN exhibited
increasing pressure drag on fuselage and inboard wing. However, this was compensated
by signi cant negative pressure drag values on the nacelle, leading to a comparable
overall drag at constant lift for the OWN con guration.

In the past ten years, detailed investigations regarding the potential of OWN positoned
at the wing trailing edge, especially with high bypass ratios (BPR >9), at transonic
cruise conditions were carried out under the control of Lockheed Martin [ 6] [7] [8] [21].
Numerical investigations revealed a bene cial interference between large nacelles and
wing for an OWN installed at a typical transport aircraft con guration with backward
swept wings operating in the range of M =0.8...0.85 §]. Due to the location of the
nacelle leading edge in the high velocity ow eld above the wing, a negative drag
component can be induced, resulting in a bene cial installation e  ect. However, the
reaction of the nacelle on the wing results in strong variations of the ow characteristic
above the wing associated with a signi cant interference drag of up to 60 drag counts
(1 dct. b 0.0001Cp), which equals about one quarter of the overall drag for the WB
con guration. Thus, a redesign of the wing is required to take the disturbance by the
OWN into account and achieve nally an optimized con guration including a low drag
wing design [6].

Based on these investigation by Hooker et al., over-wing mounted nacelles were applied
on a hybrid wing body con guration, also known as blended wing body, which can be
described as xed wing aircraft without a clear separation line between wings and main
body. Numerical investigations were performed to determine an optimized engine
position along the wing trailing edge to achieve favorable interference drag of 1.2 dcts.
compared with the isolated aircraft and isolated engine performance [ 7]. Subsequent,
a wind tunnel test in the National Transonic Facility was performed by Lockheed
Martin, NASA and the Air Force Research Laboratory [ 8] [21]. Two di erent through
ow nacelle designs, representing the high bypass ratio turbofans Rolls-Royce Ultra
Fan and the GEnX engine designed by GE, were manufactured and tested at three
di erent positions. The wind tunnel results con rmed the bene cial interference drag



6 1 Introduction

due to the OWN installation at the wing trailing edge. Furthermore, the bene cial
interference increases with the larger Ultra Fan nacelle. A comparison between the
di erent engine positions revealed an increasing drag for under-wing and a decreasing
drag for over-wing installations with increasing nacelle diameter. In addition, the
impact of a varying engine mass ow on the interference e ects was investigated by
using di erent plugs. The mass ow variation of +/-15% resulted in minimal changes in
total drag. Thereby, a decreasing drag with increasing mass ow could be observed. In
summary, this extensive investigation by Lockheed Martin in cooperation with various
research partners was able to prove a bene cial interference drag between wing and
over-the-wing mounted nacelles, for high-bypass ratio engines located at the wing
trailing edge with the aid of simulations and cryogenic testing at high Mach numbers
M 0.8.

Motivated by the promising results of Lockheed Martin, the reference con guration

3 (REF3) was designed within the Collaborative Research Center (CRC) 880 funded
by the German Research Foundation (DFG). This con guration, illustrated in Fig. 1.2,
is the basis for investigations and explorations of various topics ranging from engine
integration, circulation control for high lift to noise mitigation. In particular, the present
research work is based on this aircraft con guration to investigate the aerodynamic
interference between over-the-wing mounted engines and airframe. The overall aircraft
design of REF3 was provided by Heinze [ 2] with the aid of the PrADO (Preliminary
Aircraft Design and Optimization) tool [ 22]. The design is characterized by an UHBR
OWN positioned at the trailing edge of a backward swept wing. This con guration
features an attachment of the landing gear below the engines in an extended pylon fairing
to prevent a tailstrike due to the resulting center of gravity. To address the unfavorable
aerodynamic e ects of the landing gear mounting, the reference con guration 4 (REF4)
was designed. The de ning di erence between REF3 and REF4 is an alteration of the
wing planfrom from a double-trapezoidal backward swept wing (REF3) towards a
single-trapezoidal forward swept wing (REF4) as shown in Fig. 1.3. This modi cation
allowed a landing gear attachment in the wing-belly junction due to the backward shift
of the wing root, which resulted in a signi cantly shrinkage of the engine pylon in
comparison with REF3. In addition, the modi cation allows laminar ow at transonic
speed, which is not disturbed by an engine mounted in front of the wing. A combination
of OWN and laminar ow is reasonable. A ight test of the VFW614 with a laminar
glove indicated no impact of the OWN on the natural laminar ow along the wing
upper surface [23].

Basic knowledge about the design of a forward swept con guration with the OAD tool
PrADO was established in an extensive conceptual design study atthe German Aerospace
Center (DLR) leading to the LamAIR (Laminar Aircraft Research) con guration [ 24][25].
During the evaluation of the aerodynamic characteristics with the aid of high- delity
CFD, a strong inboard shock unsweep and high pre-shock Mach numbers were observed
in cruise condition at M =0.78. By adaptation of the root airfoil, the shock was moved
downstream and the pre-shock Mach number was reduced. This was achieved by
an aft shift of the maximum thickness of the wing. Nevertheless, this region causes
unsatisfying wave drag components especially for an increased Mach number of 0.8
resulting in signi cant reduction of lift-to-drag ratio in o -design conditions. In spite
of this drawback, the forward swept wing o  ers several advantages. McGeer R6]
predicted a potential improvement of induced drag by 10% by optimizing the wing
planform.
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Fig. 1.2 Sketch of REF3 based on OAD Fig. 1.3Sketch of REF4 based on OAD
data [2] data [3]

1.2 Objectives and outline

Bene cial e ects due to OWN installations in transonic conditions were revealed by
Lockheed Martin and Honda. Numerical and experimental investigations point out an
overall drag bene t in cruise ight for ultra-high-bypass engines installed above the
wing trailing edge in comparison with the under-wing mounting. In addition, the OWN
position could increase the drag divergence Mach number and thereby improve the
o -design performance. Besides these aerodynamic e ects, other disciplines could take
advantage of the over-wing mounted nacelle. For example, the wing could be used for
acoustic shielding to reduce the fan noise propagation to the ground. Simultaneously,
previous studies exhibit also detrimental e ects on the aerodynamic characteristic of
the wing due to an OWN. The alterations include shock position displacements, ow
separations and in uences on ight stability. These aerodynamic ow phenomena are
accompanied by lift losses and drag increases. Nevertheless, aircraft with OWN, like
the HondaJet or VFW614, demonstrate a successful realization of the general concept.
But the latest studies from Lockheed Martin also expose the necessity to address the
aerodynamic challenges, which correlates with the over-wing-nacelle installation.

The state of the art of research for OWN engine installations indicates that a fundamental
and generalized characterization of the complex interference of wing upper surface
and over-the-wing mounted engines is missing. Therefore, this thesis aims for an
explanation of the mutual interference of an UHBR engine located above the trailing
edge of a wing in transonic ow conditions. The study will be performed considering
short-range transport aircraft con gurations, designed carrying up to 100 passengers, in
combination with UHBR engines. Thereby, not a through- ow nacelle is considered, but
an entire powered engine including core engine and jet e ects. A variation of the wing
planform towards a forward swept con guration is carried out to reveal the impact
of the OWN on the upstream located wing segment. The aim is to understand the
interaction between engine and shock positions and the correlation between engine
power setting and wing surface pressure

Fig. 1.4 provides a conceptual sketch of a model illustrating the interference between
wing and OWN. The transonic wing is characterized by an area of supersonic ow
(M > 1) covering more than half of the upper wing and concluding with a shock. The
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