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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 configura-
tions. 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 charac-
teristics 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.



Ubersicht

In dieser Dissertation wird der Einfluss von Strahltriebwerken mit sehr groflem By-
passverhiltnis in Uberfliigelanordnung auf die aerodynamischen Charakteristika des
Fliigels anhand von zwei Flugzeugkonfigurationen untersucht. Das Triebwerk ist
dabei oberhalb der Fliigelhinterkante positioniert. In Reiseflugbedingungen, bei einer
Machzahl von 0.78, werden verschiedene Aspekte untersucht, um ein grundsatzliches
und allgemeingiiltiges Verstandnis fiir die damit einhergehenden Installationseffekte
aufzubauen.

Zu Beginn ermoglicht ein Vergleich zwischen Fliigel-Rumpf und Fliigel-Rumpf-Pylon-
Triebwerk Konfiguration mit riickwarts gepfeiltem Fliigel die Identifikation der In-
stallationseffekte. Eine Variation des Triebwerksschubs bietet die Moglichkeit einer
weiterfithrenden Detaillierung der aerodynamischen Interaktion zwischen Fliigel und
Triebwerk in Uberfliigelanordnung. Die Untersuchungen zeigen einen deutlichen
Einfluss auf die Druckverteilung der Fliigeloberseite durch die Installation der Gondel
oberhalb der Fliigelhinterkante, wohingegen die Fliigelunterseite nahezu unbeein-
flusst ist. Der Druck entlang der Fliigeloberseite ist dabei abhédngig einerseits von der
Prasenz der Triebwerksgondel und andererseits von dem Schubzustand des Triebwerks,
wobei der rdumliche Einflussbereich in stromauf und spannweitiger Richtung in der
Groflenordnung des Gondeldurchmessers liegt. Dies fiihrt unter anderem zu einer
stromauf Verschiebung der Stofilage auf dem Fliigel. Dariiber hinaus sind weitere
Stromungsbeeinflussungen ausgehend von der OWN in Querstromungsrichtung zu
beobachten, welche zu weiteren Uberschallgebieten und stoffiinduzierten Ablosungen
fithren.

Des Weiteren ermdglicht die Variation der vertikalen und horizontalen Triebwerksposi-
tion einen weiteren Einblick und Bewertung beztiglich der Ausloser, die beispielsweise
zur Anderung der Stofposition oder Strémungsablésungen fiihren, und die damit ein-
hergehende Anderung der aerodynamischen Koeffizienten. In diesem Zusammenhang
werden die aerodynamischen Koeffizienten mit Hilfe von Oberfldchen- und Volumen-
basierten Auswerteverfahren untersucht, um damit den rdumlichen Ursprung als auch
die Art des generierten Widerstands zu identifizieren. Die vertikale Triebwerksposi-
tion wirkt sich dabei hauptsichlich auf die Unterschallstromung entlang des hinteren
Fliigelsegments aus, wodurch primér der Auftriebsbeiwert beeinflusst wird, wohinge-
gen die horizontale Triebwerksposition einen Einfluss auf den Gesamtwiderstand und
die StofSposition aufweist.

Die Untersuchung der OWN an einem sowohl riickwirts als auch vorwarts gepfeilten
Tragflichengrundriss bietet die Moglichkeit die Installationseffekte und damit einherge-
henden aerodynamischen Eigenschaften an einer weiteren Konfiguration zu analysieren,
um damit auf der einen Seite den Einfluss der Vorwirtspfeilung zu untersuchen und
auf der anderen Seite eine erweiterte, sowie allgemeingiiltige Bewertung der OWN-
Installation abzuleiten. Die Analyse der OWN an der vorwirts gepfeilten Konfiguration
zeigt vergleichbare Installationseffekte, wie sie auch fiir den riickwirts gepfeilten Fliigel
zubeobachten sind. Jedoch hat sich durch den negativen Pfeilungswinkel der dominante
Storbereich vom dufseren zum inneren Fliigelsegment verschoben.
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1 Introduction

The current progress in the design of fuel-efficient 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
significant specific fuel reduction due to the increasing bypass ratio, the ratio between
bypass and core massflow. 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 effects 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 significantly and instead the
bypass diameter needs to be adapted. Due to the constrained ground clearance, the
option to install future, more efficient engines below the wing is challenging or even
limited.

Therefore, different locations 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 first successful implementation of OWN engines on a certified
passenger aircraft was achieved in the 1970’s by VFW-Fokker [4]. The latest example for
an OWN configuration is the business jet configuration by Honda [5]. However, both
configurations 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 effects, as for the UWN, especially
in consideration of high-bypass ratio engines and transonic speed.

Previous investigations of OWN configurations 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 benefits on the nacelle up to improvements regarding
the drag divergence Mach number, the maximum Mach number featuring a defined
drag increment with increasing Mach number. Consequently, the interference between
the transonic flow around the wing and an OWN causes multiple aerodynamic effects.
These effects need to be understood to achieve an efficient UHBR engine integration
with minimum risk during the design of future aircraft. In this regard, the present study
will focus on the fundamental effects occurring from the close coupling of tube and
wing aircraft and UHBR over-wing-nacelles.

1
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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
configurations. They stated a beneficial interference effect, which increases with
increasing engine diameters [8]. However, a generalized description of the interference
effects between OWN and wing at transonic flight conditions is not described yet. For
this reason, the present work serves to investigate the interference effects 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 flight conditions. Thereby, identification and comprehension
of cause and effect are essential. Based on this knowledge, primal challenges in the
aerodynamic design of an OWN configuration during cruise flight operation can be
taken into account and avoided, which in turn enables the consideration of OWN
configurations and accompanied benefits 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 significantly 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 efficient procedures at airports.
However, this well understood layout offers hardly any possibilities for aerodynamic
improvements. In the past decades, the development and utilization of methods, like
computational fluid 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 efficient engines, while other promising technology developments,
like (hybrid-)laminar flow, were not industrialized yet on current aircraft concepts
to obtain significant aerodynamic improvements accordingly drag reductions. The
aerodynamically efficient installation of new engines with larger diameters was achieved
based on the existing generalized model, which describes the fundamental interference
effects 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 affects both wing upper and lower surface. Comparing a wing-body
(WB) and wing-body-engine-pylon (WBEP) configuration 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 flow incidence induced by the engine. On the wing
lower surface, the flow is disturbed by the pylon and a channel between nacelle, pylon



1.1 State of the art 3

and wing leads to a flow acceleration. Inboard of the nacelle, flow 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 effective angle of attack a.rr. However, the
decline of a.s is not limited to the region around the UWN, but affects the full wing
span. Consequently, the entire spanwise lift distribution is affected resulting in a distinct
lift loss from wing root to tip. Consequently, the WBEP configuration has to operate at
higher angles of attack to obtain the identical lift coefficient as the WB configuration.
These interference effects of an UWN installation become more intense with increasing
engine diameter.

The current progress towards a reduction of the specific fuel consumption (sfc) is largely
based on an increasing bypass ratio (BPR) associated with a significant 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 A320ceo, the bypass ratio was almost doubled and the engine diameter
increased by 25%. The installation of more efficient 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 737-300 [13] and the
latest Boeing 737MAX, which features a non-symmetrical nacelle with flattened 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, offering an improved efficiency, could probably not be mounted
below the wing without a detrimental impact on the overall aircraft design and thus,
the future development of more efficient aircraft necessitates extensive modifications 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 configurations, an aerodynamic proof of concept was confirmed. Some
investigations actually resulted in a final aircraft design. A current example is the
Honda]Jet [5], a small business jet for up to 6 passengers, which features GE Honda
HEF-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 beneficial impact of the OWN
on the drag divergence Mach number was proven to increase the flight speed above the
design point of about M=0.72 without a significant wave drag rise compared with the
clean wing configuration [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 flight Mach number was limited to M=0.65 to exclude supersonic
areas on the wing. The associated engine RR/SNECMA M45H is characterized by a
maximum diameter of about 1m and BPR<3. The installation of the small OWN on the
VFW614 affected the aerodynamics on the upper wing, but neither distinct beneficial nor
detrimental aerodynamic performance variations could be detected. However, wind
tunnel and flight tests during the design of the VFW614 exhibited a favorable effect
of OWN engines on the high-lift performance and an increasing zero incidence lift in
comparison with under-wing mounted engines. Nevertheless, the flow 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 flight 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 configuration 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 beneficial interference on the wing-body drag
due to the presence of the nacelle. However, the test setup was not able to capture
detrimental effects on the nacelle.

Further investigations with an turbopowered simulator (TPS) were performed by
Szodruch and Kotschote [18] on the basis of the VFW614 design. They stated, that intake
and outlet flow of the engine affect 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-off. However,
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these wind tunnel experiments focused on the engine installation above the wing leading
edge resulting in a beneficial 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 configuration 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, significant
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 configuration was investigated by
Sasaki and Nakahashi [20]. Therefore, the through flow 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 flight (M=0.7) was
comparable to the UWN DLR-Fé6. Thereby, the drag evaluation of the OWN exhibited
increasing pressure drag on fuselage and inboard wing. However, this was compensated
by significant negative pressure drag values on the nacelle, leading to a comparable
overall drag at constant lift for the OWN configuration.

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 beneficial interference between large nacelles and
wing for an OWN installed at a typical transport aircraft configuration with backward
swept wings operating in the range of M=0.8...0.85 [6]. Due to the location of the
nacelle leading edge in the high velocity flow field above the wing, a negative drag
component can be induced, resulting in a beneficial installation effect. However, the
reaction of the nacelle on the wing results in strong variations of the flow characteristic
above the wing associated with a significant interference drag of up to 60 drag counts
(1 dct. =0.0001 Cp), which equals about one quarter of the overall drag for the WB
configuration. Thus, a redesign of the wing is required to take the disturbance by the
OWN into account and achieve finally an optimized configuration 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 configuration, also known as blended wing body, which can be
described as fixed 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 different through
tlow 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
different positions. The wind tunnel results confirmed the beneficial interference drag
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due to the OWN installation at the wing trailing edge. Furthermore, the beneficial
interference increases with the larger Ultra Fan nacelle. A comparison between the
different 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 massflow on the interference effects was investigated by
using different plugs. The massflow variation of +/-15% resulted in minimal changes in
total drag. Thereby, a decreasing drag with increasing massflow could be observed. In
summary, this extensive investigation by Lockheed Martin in cooperation with various
research partners was able to prove a beneficial 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 configuration
3 (REF3) was designed within the Collaborative Research Center (CRC) 880 funded
by the German Research Foundation (DFG). This configuration, 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 configuration 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 configuration
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 effects of the landing gear mounting, the reference configuration 4 (REF4)
was designed. The defining difference 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 modification
allowed a landing gear attachment in the wing-belly junction due to the backward shift
of the wing root, which resulted in a significantly shrinkage of the engine pylon in
comparison with REF3. In addition, the modification allows laminar flow at transonic
speed, which is not disturbed by an engine mounted in front of the wing. A combination
of OWN and laminar flow is reasonable. A flight test of the VFW614 with a laminar
glove indicated no impact of the OWN on the natural laminar flow along the wing
upper surface [23].

Basic knowledge about the design of a forward swept configuration with the OAD tool
PrADO was established in an extensive conceptual design study at the German Aerospace
Center (DLR) leading to the LamAiR (Laminar Aircraft Research) configuration [24] [25].
During the evaluation of the aerodynamic characteristics with the aid of high-fidelity
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 significant reduction of lift-to-drag ratio in off-design conditions. In spite
of this drawback, the forward swept wing offers several advantages. McGeer [26]
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.1.3 Sketch of REF4 based on OAD
data [2] data [3]

1.2 Objectives and outline

Beneficial effects due to OWN installations in transonic conditions were revealed by
Lockheed Martin and Honda. Numerical and experimental investigations point out an
overall drag benefit in cruise flight 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
off-design performance. Besides these aerodynamic effects, 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 effects on the aerodynamic characteristic of
the wing due to an OWN. The alterations include shock position displacements, flow
separations and influences on flight stability. These aerodynamic flow 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 flow conditions. The study will be performed considering
short-range transport aircraft configurations, designed carrying up to 100 passengers, in
combination with UHBR engines. Thereby, not a through-flow nacelle is considered, but
an entire powered engine including core engine and jet effects. A variation of the wing
planform towards a forward swept configuration 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 flow
(M > 1) covering more than half of the upper wing and concluding with a shock. The
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straight shock is characterized by a sudden increase of static pressure, density and
temperature as well as a drop from supersonic to subsonic velocities. Moreover, shocks
are in principal accompanied by energetic losses, thus a drag increment, which depends
on the shock strength accordingly the pressure difference between left and right state
of the shock. The flow along the upper wing interacts with a streamtube entering the
engine, located above the wing trailing edge. The flow deceleration upstream the fan,
operating in standard cruise conditions, is achieved through the engine inlet [13]. As
a consequence, a positive pressure gradient dp/dx in upstream direction is induced.
Since information are propagating in subsonic flow in both, upstream and downstream
direction, the wing would be affected by the presence of the OWN and associated power
setting. This pressure gradient might also affect the propagation of the supersonic
flow (M > 1) by a displacement of the wing shock position in upstream direction.
The interference effects between engine, streamtube and wing upper surface will be
investigated to build up a profound understanding of this aerodynamic interaction
outlined in Fig. 1.4.

Us
= > c

engine’s streamtube 3/X

~

dpdx > 0

Fig. 1.4 Sketch of OWN/wing interference

Moreover, the spanwise propagation of the disturbance induced by the OWN needs to
be evaluated. At the same time, the flow redirection around the wing with respect to the
engine streamtube will be of interest. Conclusively, the investigation of a backward and
forward swept wing planform enables a differentiation of the observed effects to build
up general-purpose correlations. The evaluation of the backward swept wing affiliates
the existing investigations and aims for a profound understanding regarding the impact
of an OWN on the aerodynamic features on the wing, like shock position, pre-shock
Mach number and local flow incidence by varying the engine’s position and operating
points. The additional investigations of an OWN in combination with a forward swept
wing allows a verification of the previous obtained insights.

This work is divided in six chapters. At first, results of previous research activities
are summarized and essential insights highlighted. Chapter 2 provides all necessary
information about the numerical methods utilized for flow simulation, grid generation,
optimization, and evaluation. Thereby, the validity of the selected settings is demon-
strated. Chapter 3 describes the overall aircraft design of REF3 and REF4. Besides
general aircraft specifications, the aerodynamic characteristics of isolated backward and
forward swept wings are shown exemplary on the basis of the wing-body configurations
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of REF3 and REF4. Chapter 4 focuses on aircraft configuration REF3. Initially, basic
features of the OWN installation are described. Subsequently, a variation of the thrust
setting provides evidence to clarify whether the actual presence of a displacement body
or the variable adverse pressure gradient depending on the engine setting dominates the
wing pressure distribution. Additionally, the impact of the engine position on the wing
aerodynamics is investigated with the aid of a surrogate-based model approach. For
this purpose, the variation of the aerodynamic coefficients and their physical cause is
taken into account. The results for REF4 are presented in chapter 5, analog to chapter 4.
However, it should be noted that the redesign of REF4 enabled a larger parameter space
for the engine position variation and thus an extended significance to describe the impact
of the OWN position on the aerodynamic wing characteristic. The additional benefit
of utilizing laminar flow to reduce drag will not be taken into account in the course of
this work. The 6th chapter summarizes and discusses the findings and evaluates the
aerodynamic potential of OWN configurations while highlighting key findings.

Concluding, this investigation contributes to the fundamental understanding of OWN
installation effects. Based on the resulting knowledge concerning the aerodynamic
characteristics occurring through the interference between OWN and wing, the full
potential of an OWN configuration can be exploited in future aircraft designs.






2 Numerical methods

The following section deals with the numerical tools and associated methods utilized
within this work. Basic principles of the CFD solver DLR TAU-code [27] will be presented.
The characteristics of the commercial grid generator Centaur will be highlighted. In
addition, the drag prediction tools AeroForce [28] and ffd00 [29] will be outlined. Finally,
a tool verification to specify a valid setup for the subsequent investigations and the
optimization framework POT [30] will be presented.

2.1 High-fidelity RANS simulation with DLR TAU-code

The present study utilizes the DLR TAU-code [27], which solves the three-dimensional,
compressible Reynolds-averaged Navier-Stokes (RANS) equations with the aid of a
finite-volume approach. The solver is based on an edge-based dual-cell approach. Thus,
the RANS-equations are solved within control volumes, which are constructed around
the vertices of the grid by connections between the surrounding grid cell centers and
cell face centers. In the following, fundamental equations building the basis for the
RANS equations will be outlined based on the comprehensive overview by Blazek [31].

2.1.1 Governing equations

The numerical investigation of aeronautical applications are typically based on the
conservative laws of fluid mechanics, considering the atmosphere as a continuum.
Moreover, air can be characterized as Newtonian fluid. Thus, the Navier-Stokes
equations can be utilized for this type of application. Those include a general description
of mass, momentum and energy conservation over an an arbitrary control volume V.
Assuming a fixed volume V in time and space and neglecting body forces and heat
transfer, the integral equation can be written as

ff %WdV+fff.ﬁds:o, W = |pit @.1)
\% S

The first addend contains the temporary change of the vector of conservative flow
variables W within the control volume V. The second addend describes the fluxes over
the control volume’s surface S by the product of the flux density tensor F and the local

11
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normal vector 77 of the surface element dS. Thereby, the temporal change of the flow
state within the control volume equates to the fluxes over the control surface. The vector

W assembles five properties composed of the mass flow, expressed by the density p, the
momentum, which results from the product of density and flow velocity i = [u, v, w],
and the energy, defined by density times total specific energy E. The flux density tensor

F consist of two parts, a convective part F, and a viscous part F,:

F=F.-T, 2.2)
pil 0
F. = pi® il +Ip and F, = T (2.3)
pHil it + AVT

In addition, some further relations will be introduced to solve the above equations. In
case of a civil transport aircraft, a calorically perfect gas can be assumed as working
fluid. This results in the following correlation between pressure p, density p, specific
gas constant R and temperature T

p = pR.T (2.4)

The total specific enthalpy H is expressed by

H=£+%. (2.5)

p

Furthermore, The total energy E can be split into internal energy e = ¢, T and kinetic
energy u? + v* + w?/2. Thus, the total specific enthalpy is then derived by

H=c,T+ %ﬁz + P 2.6)

p

Combining (2.5) and (2.6) including the definition of the specific gas constant R

-1
R=c,—¢ :(KK )cp (2.7)

and the adiabatic index x = ¢,/c, results in the following expression of the total specific
energy E through the flow quantities pressure p, density p and velocity i

Ele+
p

72
1
—. 2.8

k-1 2 28)

Because of the assumption of a Newtonian fluid, implying a linear correlation between

shear stress and shear strain rate, the shear stress tensor 7 can be expressed by the
dynamic viscosity p and the spatial velocity derivative V ® il.

%:p(w@ J+(V®J)T—§(V~ﬁﬁ) 2.9)
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The dynamic viscosity u depends on the temperature T. The correlation is given by
Sutherland’s law

3/2
b (T) Tw + Ts 2.10)

Lo \To) T+Ts
with Ts = 110.4K for T,, = 273.15K.

Finally, the heat flux can be determined based on the constant specific heat capacity at
constant volume ¢, in combination with the thermal conductivity coefficient A and the
Prandtl number being set to Pr = 0.72 for air

UKCy

P
"=

(2.11)

describing the relation between viscous and thermal diffusion rate.

2.1.2 Reynolds-averaged Navier-Stokes equations

The previous section summarized the basic equations providing a system of nonlinear,
partial differential equations on the assumption of a calorically prefect gas. However, an
analytic solution for the Navier-Stokes equations only exists for specific flow phenomena
[32]. Therefore, a numerical approach is applied for complex aerodynamic problems,
which requires a time and space dependent discretization of the flow field. In the
past decades, several methods with varying accuracy and turbulence modeling efforts
were developed. For example, the highest level of effort is required for the direct
numerical simulation (DNS). However, the application of this method for complex
flows is too costly. The required performance of current supercomputers limits the
use to simple flow features at low Reynolds numbers Re, because the computational
expense of the turbulent term scales with Re®. In most cases, a resolution of all scales
of turbulence is not necessary to evaluate an aerodynamic problem on aircraft level
and thus can be approximated by modeling. Dependent on the extent of modeling,
a partly approximation of small scale turbulence in combination with resolved large
eddies up to a full turbulence modeling over the entire bandwidth of turbulent scales
can be utilized to reduce the computational costs. For the turbulence approximation,
Reynolds suggested in 1895 a decomposition of the time and space dependent flow

quantity @ into a time-averaged mean flow ® and a turbulent fluctuation @'.

O=D+P (2.12)

The time average of the fluctuating part is zero (5 = 0), while the time-average of a
product of two fluctuating quantities can differ from zero

DD = B;D; — DD; # 0. (2.13)

Besides the Reynolds-averaging approach, the so called Favre-averaging must be applied
for certain flow quantities in case of compressible flows (p # const.). This approach is
based on a mass-weighted averaging method taking the fluctuation in density and the
associated non-linear terms into account.

D=+, with  p® = po (2.14)
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Note, the Favre-weighted average of the fluctuations is zero (@ = 0), and the time-

averaged is unequal zero (®”” # 0). Following, the Favre- and Reynolds-averaged
Navier-Stokes equations are defined by:

ff WdV+fj;IE—“-ﬁdS:O (2.15)

also known as Reynolds-averaged Navier-Stokes equations (RANS). The resulting flow

variable W and flux density tensor F due to the Reynolds- and Favre-averaging is given

by:

_|r
W = ﬁg’, and

F=F.-F, (2.16)
pE
with the convective F, and viscous F, part of the flux density tensor
~ oil B 0
?C: pu®u+pu//®_)u+jﬁ and F_Z): %
ﬁﬁ5+ pu’h” + pil” @ Wil + 1/2pw” (W’ @ ") ifT + Tl + AVT
(2.17)

By introducing the mass-weighted averaged turbulent kinetic energy k=1/2i i , the
Favre-averaged total energy E and total enthalphy H is defined by:

— w2 ~ - - B ~
E=¢+ % k and H:h+u7+k. (2.18)

The derived equations are formally comparable with the Navier-Stokes equations,
including three additional terms representing the fluctuating quantities.

e pil” ® " comprises the Reynolds stress tensor and describes the transfer of
momentum induced by the turbulent fluctuations. The tensor is symmetric and
features six independent components, whereas the elements on the diagonal
represents turbulent normal stresses;

e o1l represents the turbulent transport of heat;

o Ti” —1/2put” (" ® i) describes the turbulent diffusion, thus the transformation
of turbulent kinetic energy into heat. The molecular diffusion is represented by
the first term, while the second term describes the turbulent transport of turbulent
kinetic energy.

However, the Favre- and Reynolds- averaged equations are not a closed system of
equations since the terms ®;®” do not vanish. As a consequence, additional relations
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must be supplied. The necessary conservative formulation of the Reynolds stresses
introduces higher order correlations, which makes the direct closure of the RANS-
equations impossible.

In order to close this fundamental closure problem two approaches are available. On the
one hand, the six components of the symmetric Reynolds stress tensor can be computed
at the cost of seven additional equations. This approach provides a second-order closure
model and is called Reynolds stress model (RSM). The RSM represents the currently
most complex strategy of the classical RANS turbulence models. One the other hand,
first-order closure models can be applied, called eddy viscosity models. These models
require a significantly reduced computational effort to approximate the flow turbulence.
The most common eddy viscosity models rely on a linear relation between turbulent
shear stress and the mean strain rate, which is based on Boussinesq’s hypothesis.

S = 225 3 25
T =—pu’ QU :Ht(V®u+(V®M) —gf(v'”))_gmoﬁ) (2.19)

The proportionality between the turbulent shear stress tensor T; and the mean strain rate
tensor is given by the artificial eddy viscosity p;. This parameter needs to be evaluated
by additional equations based on local flow properties and geometrical characteristics.

In similarity to the Reynolds analogy, the turbulent transport of heat within the energy
equation is defined by:

pit"h" = —\VT (2.20)
with the turbulent thermal conductivity coefficient A,

|25

/\t = CPP_rt.

(2.21)

The turbulent Prandtl number Pr,; is assumed constant over the flow field at Pr; = 0.9
for air.

The turbulent diffusion within the energy equation is sometimes neglected for the
turbulence modeling. In case the molecular diffusion and the turbulent transport of
turbulent kinetic energy is considered, the term is for example described by:

T - Ao e i) = (Mt ' &vﬁ) (2.22)
2 Ok

whereas oy represents a quantity associated with the turbulent kinetic energy, which
depends on the chosen turbulence model.

Finally, after the application of the Boussinesq hypothesis in combination with the RANS
equations two unknown are remaining, the eddy viscosity u; and the turbulent kinetic

energy k. The determination of these unknowns is dependent on the turbulence model.
Using one-equation turbulence models, one additional transport equation is solved
for either the turbulent kinetic energy or the eddy viscosity. In case of two-equation
turbulence models, usually the turbulent kinetic energy plus a variable describing the
scale of turbulence are evaluated. In the following, the utilized turbulence models are
described.
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Spalart-Allmaras turbulence model

The turbulence model by Spalart and Allmaras is the basis for today’s state of the art
turbulence modeling and widely used [33] [34]. It considers one additional transport
equation to solve the quantity v, which is related to the eddy viscosity ;. The model
builds up a relation between the vorticity of the flow and the production of turbulence.
Thus, the new transport quantity v is derived from the eddy viscosity:

78 (2.23)

p

In addition, a differentiation between viscous regions and the free flow is introduced
with the aid of the function f;:
v f1 with f, X dX P
= pVfy With f;; = ——— and X = —
He = P s i

vl

(2.24)

The transport equation for the viscosity variable v in integral notation is expressed by:
0 —(= - + v’
M5 I (pv(ﬁ-W-(”la”)W)'ﬁds
Cp1 VZ
e (1= fa) Sp7+ 2V (1) VP = (cunfo = o fo) oo

The left hand side of the transport equation is composed of a temporal change within
the control volume V and the convective and diffusion fluxes over the control surface
S for the variable v. The right hand side introduces a source term, which includes a

(2.25)

proportional relation between the production term ¢y (1 — fi) gp? and the vorticity w
plus a correction term for viscous near-surface flows dependent on the nearest wall
distance d:

S = |5' + %fvz with® = Ve i - (V ®Z*)T (2.26)

Furthermore, the model introduces three damping functions:

X3 1+ct, 1/e
- S fo = = z 227
ARt Ut e =
with _ _
X:K,'g:r+cwz(r6—r);r:,.v . (2.28)
v Kya
Finally, the constants used the turbulence modeling are defined as:
2
cp1 = 0.1355,¢pp = 0.622,0 = 3
k=041,c0 =700 = 2 4 1592 (2:29)
I3 o

Cun = 0.3, Cw3 = 2
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There are several extension of the standard SA turbulence model available. In the
following, two widely used versions will be highlighted, first the Negative Spalart-
Allmaras One-equation model (SA-neg). This formulation is identical with the original
SA turbulence equations for v > 0, but fixes y; to zero and solves a slightly adapted set
of equations in case of v < 0 [34]. Second, the Spalart-Allmaras One-equation model
with quadratic constitutive relation (QCR) describes a nonlinear model version. This
is obtained by adding to the linear Boussinesq relation an antisymmetric normalized
rotation tensor to improve the eddy-viscosity approximation [35].

Reynolds stress model

The second-order closer model is not relying on the Boussinesq hypothesis to approxi-
mate the Reynolds stresses, instead the Reynolds stress turbulence models solve the
differential transport equation. Thus, complex flows can be predicted more accurate by
computing each component of the Reynolds stress tensor individually. Consequently,
the anisotropic characteristic of turbulent flows is considered. In particular the SSG/LRR-
In w turbulence model was utilized in this work. This model is a combination of the
Speziale-Sarkar-Gatski (SSG) pressure strain model and the Launder-Reece-Rodi (LRR)
model for near-surface flows. The turbulent length scale is provided by Menter’s
BSL-w-equation. The transport equation of the SSG/LRR-w model is composed of six
terms. The production term pP;; is exact, because the mean flow velocities and Reynolds
stresses are given by the equation system. Moreover, the system rotation term pF;; can
be computed exactly. Instead, the pressure strain correlation p®;;, dissipation term pe;;,
and viscous diffusion term pD;; require modeling. The last term, the mass flux term
pM;j, representing compressible effects, is neglected. As a result, the transport equation
for the six independent Reynolds stresses is given by:

%fffpu u”dV+ffpu u’! u—Ab -7idS

(2.30)
= ff ﬁpl] + ﬁq)l] + ﬁé‘i]‘ + ﬁD” + EP”) -dV.
%

For the closure of the equation system, an additional transport equation is necessary.
In case of the SSG/LRR-In w model, a blending between the e-equation outside the
boundary layer and Wilcox” w-equation near the wall was chosen following the approach
of Menter, where the isotropic dissipation rate is defined by

e = Cykw with C, = 0.09 (2.31)

whereas the specific kinetic energy%depends on the specific Reynolds stress component

— 1 —
k=3Ry (2.32)

Finally, the length scale is provided by In w, thus the dependency of the solution on the
y*(1) resolution is reduced. More details concerning the RSM turbulence modeling can
be found in [36].
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Boundary conditions

In order to solve the system of equations suitable boundary conditions have to be defined,
since the numerical simulation considers only selected parts of the physical domain.
Along these artificial boundaries of the computational domain, physical quantities, like
pressure, temperature or velocity, need to be specified. These include exemplary the
farfield boundary, symmetry plane as well as engine inlet and outlet faces. [31]

Following, the selected engine boundary condition is described in more detail [37].
Within the present work, the pressure ratio p;/py and temperature ratio T;/T;, are
specified for the engine outlet face. Thereby, py and T, describe the local flow conditions
on the outlet planes. Based on these information and in combination with the free
stream flow quantities, the density at the engine outlet face can be computed. The Mach
number on the engine outlet face is determined using the isentropic relationship

x—1/x
_ l(r 2
M= \/[(p—o) - 1] . (2.33)

Thus, the necessary physical conditions on the boundary face are defined. Moreover,
the knowledge about density and flow velocity enables the calculation of the outlet
mass flow, which is represented by the integral value over all boundary nodes of the
engine outlet face.

The resulting mass flow 7z is then used as input variable for the engine inlet face. Note,
in case of several outlet planes, e.g. core and bypass, the sum over all outlet faces is
taken into account for a correct balancing between engine inlet and outlet. As additional
parameters, the area relation

A

1
= e 2.34
T At At M- R Pa P @34
and Laval number
(k+1)-M?
La = 2.
? \/(K—l)-M2+2 (2:35)

are introduced for the inlet face. Finally, starting from an initial static pressure on the
inlet face, La is adapted in an iterative process until the inlet and outlet mass flow match.

2.1.3 Spatial and time discretization
The discretization of the computational domain into a finite number of control volumes

defines the maximum flow resolution. Assuming a constant flow variable for a fixed
control volume in space and time, the temporal change of the conservative flow variable

W, (2.1) is defined by:
f f F - itds. (2.36)
s

| o

W
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f fs F - i7dS denotes the convective and viscous fluxes over the boundary of the control
volume. Thus the change of the flow variables within a control volume is defined by
the fluxes over the boundary faces. These fluxes are for instance computed by finite
difference formulations.

For the present study, both the convective and viscous fluxes were derived by a second
order central scheme in combination with matrix dissipation. This implies that the
fluxes are determined by the average of fluxes between neighboring control volumes.
However, the simple consideration of the flux averages over the adjacent cells without
any information about the directional propagation can result in instabilities. For an
improved numerical stability, artificial dissipation is introduced and added to the
convective flux. In this particular case matrix dissipation [38] was used, which is
an extension of the scalar dissipation approach presented by Jameson, Schmidt and
Turkel. It combines second and forth difference terms depending on the local flow
characteristic. The second difference term is activated by a pressure sensor in regions
with large pressure gradients, like shocks. Thereby, the scheme is switched to a first-
order approach reducing the risk of overshoots. The remaining flow field is covered
by the second-order accurate forth difference scheme to improve the stability with a
minimal amount of dissipation. For the matrix dissipation scheme, the scalar dissipation
is additionally extended by individual scaling factors extracted from the convective flux
Jacobian instead of one scaling factor for the scalar dissipation, defined by the maximum
eigenvalue of the the matrix. Thus, the dissipative terms of each governing equation is
multiplied by appropriate eigenvalues leading to a minimized artificial dissipation [31].

Besides the spatial discretization, a discretization in time is essential to solve the time-
dependent equations starting from a known initial state until a final steady solution
is achieved. In principal, a distinction is made between explicit and implicit schemes.
The explicit time-integration, for example Runge-Kutta [39], is characterized by an easy
implementation and a moderate amount of computer memory. However, the maximum
time-step is limited by the Courant-Friedrichs-Levy (CFL) condition due to stability
limitations [40]. Especially for viscous flows and highly stretched grid cells, the required
number of iterations increases significantly until a converged steady state is reached. In
contrast, the implicit time-integration enables considerably larger time steps without
causing instabilities. Thus, less iterations are required to achieve a converged solution.
Nevertheless, the implementation is more difficult and the computational effort per
iteration is usually higher in comparison with an explicit scheme [31]. For this work,
the Backward-Euler implicit time-stepping scheme is applied. The associated system of
equations is solved with the aid of the Lower-Upper Symmetric Gauss-Seidel (LUSGS)
method [41].

In addition, a multigrid method and local time stepping was utilized to accelerate the
convergence [31]. The utilization of multigrid allows for the simulation on a series of
derived coarser grids. Thereby, the solution updates from the coarse grids are combined
and added with the solutions of the finer grids. The solving of the governing equations
on coarser grids can accelerate the achievement of a steady-state on the finest grid. The
local time stepping considers the largest possible local time step for the integration
of the governing equation with respect ot the size of each control volume. Thus, the
convergence is accelerated. However, before obtaining a steady-state result the transient
solutions are not temporally accurate. To guarantee a comparability between all results,
the Cauchy convergence criterion was activated, monitoring the drag coefficient. The
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allowed absolute error within 750 iterations was limited to ACp = 0.00001.

2.2 Hybrid grid generation with Centaur

Hybrid grids are composed of prismatic/hexahedral elements and pyramidal/tetrahedral
elements. The near surface volume is covered by prismatic/hexahedral elements to
obtain a detailed spatial discretization, e.g. to resolve the boundary layer flow and
high flow gradients. The pyramidal/tetrahedral elements are used to fill the remaining
regions with a minimum number of nodes. The grids for all configurations were created
with the commercial grid generator Centaur by CentaurSoft [42]. The grid generator
is characterized by a fast and stable grid generation process to later resolve complex
three-dimensional flows with a RANS solver. The hybrid grids is based on a mainly
unstructured surface grid leading to structured prism layers for the resolution of the
near-surface flow. The remaining flow field is covered by tetrahedral elements. To
guarantee a sufficient and smooth boundary layer resolution by the prism layers, an
initial cell spacing and stretching ratio in wall-normal direction can be defined. The size
of the initial cell spacing v, needs to assure a dimensionless wall distance y* < 1. This
dimensionless parameter is defined by

Ynlhep
yt = (2.37)
u
using the shear stress velocity u,
T
Uy = [— (2.38)
p
and wall shear stress 7,
1
Ty = 5 crep- u? (2.39)

An empirical estimation of the skin friction coefficient ¢ can be found exemplary in [32].
The maximum layer thickness can be estimated by

lref

e = 037555,

(2.40)

The stretching ratio in combination with the number of prism layers needs to be selected
to build a total height of the prisms layers, which at least have to cover the approximated
boundary layer thickness. Besides global parameters controlling the size of surface,
prism and tertrahedral cells, local flow refinements can be defined within Centaur by
using geometric sources in form of e.g. spheres, hexahedrons and cylinders. These
sources are applied to actively manage mesh properties in selected regions. Thereby,
the cell size and growth rate of surface, prism and tetrahedral cells can be controlled
within the affected source area. Thus additional spatial refinements, for example due to
high flow gradients along the wing leading edge, could be achieved. For this work, the
so-called CATIA-to-Centaur Sources were utilized. These sources enable a direct linkage
between the computer aided design (CAD) environment CATIA and the geometric
grid-sources used by Centaur by defining the sources by a direct linkage along the
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geometric model as shown by the magenta lines and surfaces in Fig. 2.1 and Fig. 2.2. As
a result, geometrical modification leads to an automatic adaptation of the grid-source
location. Thereby, the comparability between the grids for various configurations
and geometry variations is significantly improved and uncertainties through the grid
generation minimized. In the course of the present investigation, the engine position
was significantly changes (e.g. AX > 800mm), which is accompanied by modifications of
the pylon shape and wing-pylon junction. Thereby. local refinements along the nacelle
highlight and junctions could be maintained.

Fig. 2.2 Geometric sources from CATIA in Centaur

A representative grid is shown in Fig. 2.3. The total number of grid points is about 31
million including 43 semi-structured prism layers with a stretching ratio of 1.23 and an
initial layer thickness of 0.004 mm (Re = 21mio.) resulting in a maximum stack height of
128 mm. The verification of an appropriate spatial resolution is provided in chapter 2.4.
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Fig. 2.3 Representative visualization of Centaur grid with slice through prism (light
green) and tetrahedral (dark green) cells

2.3 Prediction of aerodynamic coefficients with AeroForce
and f£d00

A central aspect of the aerodynamic analysis is the determination of aerodynamic
coefficients respectively forces to predict the aerodynamic performance of an aircraft.
Furthermore, the absolute values or variations of these coefficients can be associated
with aerodynamic phenomena, like flow separations or the presence of strong shocks.
Thus, the post-processing of numerical flow solutions with the aid of appropriate tools
is crucial to obtain a comprehensive impression of aerodynamic characteristics. In case
of numerical flow solutions, two different methods for the prediction of aerodynamic
forces are available, surface-based and volume-based approaches. Both were applied by
the utilization of AeroForce and ffd00 within the following investigations. The basic
principals together with pros and cons will be discussed in the following sections.

2.3.1 Surface-based drag evaluation with AeroForce

AeroForce is a DLR in-house tool developed for the data post-processing of numerical
flow solutions [28]. The evaluation is based on the surface solution and makes use
of pressure and friction values to predict forces and aerodynamic coefficients by
integrating over the surface distribution. Consequently, the drag breakdown is limited
to the differentiation between friction and pressure drag. Nevertheless, the surface-based
approach enables a fragmentation of the overall coefficients for individually defined
geometric components, like fuselage, nacelle and wing. In addition, the segmentation
of the surface provides the opportunity to book-keep thrust and drag in case of engine
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powered configurations. An algorithm, which detects the stagnation line at the nacelle
highlight, enables the isolation of stream tubes and calculation of net-thrust as well as
the accompanied pre-entry and post-exit thrust losses.

The essential AeroForce output includes a table list of force and moment coefficients in
the body-fixed and aerodynamic coordinate system. The aerodynamic coefficients are
calculated by taking into account the aircraft’s incidence. Furthermore, the aerodynamic
force coefficients, namely lift, drag and side force, plus the moment coefficients for
yawing, rolling and pitching, are subdivided into friction and pressure components.
Finally the engine related coefficients are listed. These imply on the one hand the
intrinsic or gross thrust, which is calculated by integrating the momentum gain over
the simulated engine boundary conditions. Note, the thrust vector is defined parallel
to the engine axis and might differ from the aerodynamic x-axis. Consequently, the
thrust component affects not only the force vector in direction of flight but may also
impact other aerodynamic coefficients. From the airframe side of view, the momentum
over the entire stream tube between —oo to oo is relevant to assess the balance between
airframe drag and engine net thrust. The difference between net and gross thrust are
losses, which can be divided into pre-entry and post-exit drag. To predict the flow state
at —oco and oo, the mass flow within the stream tube is assumed constant. Furthermore,
an isentropic expansion is assumed. The pre-entry losses are equatable to the so-called
ram drag, which is composed of the stream tube mass flow and the reference velocity.
The post-exit drag depends on the expansion over the engine nozzle. In case, the static
pressure at the nozzle exit p, already reached p.,, the post-exit losses are minimal. If
Pe > P, @ post-expansion takes place, resulting in notable post-exit losses. In addition,
the friction and pressure losses on the inner engine surfaces, starting from the stagnation
line at nacelle highlight over the engine inlet and outlet faces up the the nozzle trailing
edge, are taken into account to finally determine the engine net thrust. Since the engine
stream tube interacts with the outer surface of the airframe, the forces acting on the
stream tube are considered as correction terms on the overall aerodynamic coefficients
to receive finally the correct aerodynamic forces.

Concluding, AeroForce enables a detailed thrust-drag bookkeeping and a drag break-
down for specific geometric segments. Thus, the place of origin of aerodynamic forces
can be predicted accurately. However, the forces are solely separated into friction and
pressure components. Thus, the identification of the actual physical cause, evoking for
example a drag rise, is not possible. Therefore, a volume-based evaluation is necessary
to gain a more detailed insight.

2.3.2 Volume-based drag evaluation with ffd00

In the course of this investigation, drag evaluation was additionally performed with
the aid of ffd00, which was provided by The Office National d'Etudes et de Recherches
Aérospatiales (ONERA). ffd00 features the identical basis as ffd72 [29], but with a reduced
range of functions. ffd0O combines a near-field and far-field drag evaluation. The
surface-based approach provides a drag breakdown into friction and pressure drag,
analogous to AeroForce. Whereas the volume-approach enables a drag breakdown into
induced, viscous pressure and wave drag. Since the pressure drag, extracted from the
surface, should equal the volume drag components, the total drag arise from the sum of
friction, induced, viscous pressure and wave drag.
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The interaction between solid surface and viscous flow results in viscous drag, which
is composed of friction and viscous pressure drag. Friction drag is extracted from the
surface, while the viscous pressure drag represents the pressure difference caused by
examined body and the associated viscous displacement body in the near-field. Wave
drag can be understood as an irreversible total pressure loss over a discontinuity in a
compressible flow. Finally, the induced drag arises dependent on the lift generated by
a finite wing. Thereby, two origins are involved. On the one hand, lift-induced drag
occurs whenever a lifting body redirects the airflow, because the change of flow direction
requires a force applied to the fluid. Besides the lifting force component perpendicular
to the flow, the accompanied force component in flow direction is added to the overall
drag. On the other hand the pressure equalization at the wing tips results in a wing tip
vortex. These vortices induce an additional drag component, accordingly a pressure
drag contribution.

The difference between near-field and far-field drag is called spurious drag and can
be used as indicator for the mesh quality, whereby this component should be close
to zero. The cause of spurious drag can be subdivided in three components. First,
entropy production and total enthalpy changes in regions with high gradients induced
by spurious vorticities normal to the velocity streamlines, e.g. around the leading edges,
can cause spurious drag. This problem can be addressed by local grid refinements.
Second, spurious drag can originate from an irreversible vortex diffusion and thus
equals the streamwise loss of induced drag. Consequently, an accurate detection of
vortices minimizes spurious drag. Third, the selection of insufficient far-field size can
result in an additional spurious drag component.[43]

Summarizing, ffd00 enables a detailed analysis of the physical drag sources throughout
this investigation. Thus the impact of an OWN and interaction with an aircraft can be
understood and described in more detail.

2.4 Verification of simulation environment

The previous sections de-
scribed the tools utilized

) Coarse Mid Fine
for the numerical evalua-
tion. However, a verifica- Total number of
tion of the settings used for points 4,072,834 | 12,694,693 | 43,356,890

the subsequent investiga- .
tions needs to be accom- | Firstwallnormal | 4 50 | 0042mm | 0.0029mm
plished to ensure an ap- layer spacing
propriate approximation

of the physical behavior. Stretching ratio 1.53 1.223 1.1
Therefore, a gird conver- Max. no. of

gence study plus a turbu- wall-normal 22 44 88
lence model variation was layers

carried out.

The spatial discretization Tab. 2.1 Properties of the three grid resolution levels

was investigated with the
aid of three grid density levels. A guidance for a coherent method is given by [44],
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suggesting a scaling factor of V3 = 1.4422 for the grid refinement sources to obtain
a consistent grid family. Additionally, the parameters controlling the prism layer are
adapted for each grid refinement level taking account of y* values of about 1 and below.
The prism layer height of each case features a different combination of wall-normal
stretching ratio and number of layers to achieve a similar coverage of the near-surface
volume. The properties of the three grid resolutions are given in Tab. 2.1.

Each grid refinement level was analyzed with the DLR TAU-code at a fixed angle of
attack of @ = 3° using the specified settings in Sec. 2.1. Furthermore, three different
approaches for the turbulence approximation were tested:

e Spalart-Allmaras + Negative formulation
e Spalart-Allmaras + QCR correction

e Reynolds-Stress-Model (Inw-formulation)

The converged numerical results were evaluated with the aid of the surface-based
drag prediction tool AeroForce providing the overall aerodynamic coefficients C; =
L/(1/2pu?,S) and Cp = D/(1/2pu%S) and additionally a drag breakdown into friction
(Cp,s) and pressure (Cp,) drag. The coefficients are plotted over a grid index factor in
Fig. 2.4 to Fig. 2.7. The factor is defined by the inverse of the total number of points to the
power of 2/3. This illustration was chosen with respect to the Richardson Extrapolation
[45], a method to evaluate higher order grid convergence by predicting the target value
for an infinite number of grid points (1/[Gridsize*®] — 0) [46]. Thereby, a required grid
refinement can be identified, which is sufficiently representative for an infinitely fine
grid.

Fig. 2.4 displays the progression of the total drag coefficient Cp for the three turbulence
model settings with respect to the gridsize. In general, an increasing Cp-value for an
increasing number of points can be observed. For the smallest number of points, SA-neg
and RSM feature similar absolute values, about 5 drag counts (1 dcts =0.00001Cp, )
above the predicted drag coefficient by SA-QCR. With increasing number of points the
predicted drag coefficients of RSM and SA-QCR are converging, whereas the SA-neg
maintain at nearly constant offset with respect to the results of the SA-QCR turbulence
modeling. Comparing the gradients over the grid refinement levels, an asymptotic
behavior can be identified for all three approaches. For example, the difference for
the SA-QCR between coarse and mid refinement totals 10 dcts., whereas a further
refinement, which correlates with a tripling of grid points, results in a drag increase of 2
dcts.

The grid convergence study was performed for a constant angle of attack, thus the
variation of the lift coefficient C; is plotted in Fig. 2.5. Based on this figure, a parallel
alignment of C; for SA-neg and SA-QCR over the grid refinement levels can be observed.
The difference is less than 1 lift count (1 lct =0.01C;). The results for the RSM turbulence
model feature more than 2 Icts difference on for the coarse grid with respect to the the
SA turbulence models. This gap between the turbulence models decrease to less than 0.5
Icts between SA-QCR and RSM for the mid and fine grid. The progression of C; features
a similar behavior as discussed for Cp. The largest variation is traceable between the
coarse and mid grid. A further refinement results in AC; < 11ct. As a result it can be
stated, that the mid grid refinement level is able to predict the overall aerodynamic
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coefficients for this configuration with sufficient accuracy (AC; < 1llct, ACp < 2dcts).
The required computational cost for the fine grid bear no proportion to the gain in
information quality in comparison with the mid refinement level.

Subsequently, the choice of an suitable turbulence model will be discussed. Therefore, not
only the total aerodynamic coefficients should be discussed but also the approximation
of physical features. As starting point, the separation of Cp into pressure and viscous
drag is presented in Fig. 2.6 and Fig. 2.7. For the pressure drag Cp, a good agreement
between SA-QCR and RSM is given. The results for SA-neg are aligned parallel with
a constant distance of +3 dcts. By contrast, the plot of friction drag Cp ¢ exhibits an
identical behavior for SA-neg and SA-QCR and the results for the RSM turbulence
model are converging from a difference of 4 dcts. for the coarse grid towards the values
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of the SA models for the fine grid. Thus, RSM and SA-QCR provide similar results for
the mid and fine grid but SA-neg overestimates both Cp and C;. However, the values
for SA-neg on the mid grid are comparable with the results for SA-QCR and RSM on
the fine grid. Accordingly, the uncertainty between the turbulence model are within the
order of uncertainty between the mid and fine grid.

Concurrently the computational time should be considered because of the proposed
parameter variation to investigate two different OWN configurations. The computations
on the mid grid revealed the fastest converged solution for SA-neg. In contrast RSM
required twice the time and the implementation of SA-QCR in the TAU-code needed
nearly triple the time. Consequently, a time efficient simulation is solely achievable with
the SA-neg turbulence approach. Nevertheless, the investigations are not only targeting
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the discussion of drag values. Instead, physical phenomena should be investigated.
Thus, the aerodynamic characteristics on the basis of the pressure ¢, = (p — peo)/(P0 — Peo)
and friction ¢y, coefficient is visualized in Fig. 2.8 and Fig. 2.9 for the mid grid level. In
addition, a similar evaluation over the grid levels considering the SA-neg turbulence
model can be found in appendix A.

SA-neg c,[-] SA-QCR RSM

0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2

Fig. 2.8 Top view on pressure distribution of REF3-WB for SA-neg, SA-QCR and RSM
for the mid grid level

SA-neg RSM

Fig. 2.9 Top view on skin friction of REF3-WB for SA-neg, SA-QCR and RSM for the
mid grid level

A comparison of the pressure distribution in Fig. 2.8 along the wing upper surface
reveals no distinct differences between the three turbulence models. However, the
visualization of the skin friction coefficient c¢,, in Fig. 2.9 exhibits a small flow separation
for the two SA turbulence model settings around the kink at the wing trailing edge. For
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RSM, the flow is fully attached. The tendency of the SA turbulence model to a premature
flow separation in aerodynamically critical areas is known from various investigations
[47]. In the past, a great number of validation cases proved an improved approximation
of physical phenomena with the aid of the RSM turbulence model in comparison with
SA. However, the results for both SA models with the small flow separation reveal no
distinct effect on the pressure drag and the pressure distribution. Consequently, the
difference between the three models is still minor.

Summarizing, three different approaches for the turbulence modeling on three different
grid refinement levels were evaluated. Initially, the mid grid resolution was classified
as sufficient to obtain meaningful information from the numerical calculations. A
comparison of the results with the aid of SA-neg, SA-QCR and RSM revealed small
differences. The pressure and viscous drag values for SA-QCR and RSM were nearly
identical. However, the computational time for RSM and SA-QCR differ from SA-neg
by at least a factor of 2. The visualization of pressure and skin friction coefficients
revealed a small flow separation for the two SA approaches. In comparison, the RSM
result features a fully attached flow. Anyway, there exists one additional limitation due
to the utilization of the drag prediction tool ffd00. At this point in time, ffd00 is not able
to post-process the results obtained with the RSM turbulence model. Consequently a
decision had to be taken between an improved turbulence model and the advantage of
the far-field drag breakdown by ffd00 to gather more information about physical drag
components. Thus, it has been decided to run all simulations with the Spalart-Allmaras
turbulence model extended by the negative formulation. The SA-QCR turbulence model
offered no accuracy advantage but would be more time consuming as well as the RSM
model. At the same time, RSM and SA-neg converge to comparable values within the
grid convergence study, while the correct description of the flow separation cannot
be decided without experimental validation data. Thus the SA-neg turbulence model
offers the best compromise between computing time, robustness and applicability for
the investigation of complex engine installation effects.

2.5 Surrogate-based investigations with the optimization
tool POT

The objective of this work is the investigation of a range of geometrical parameters
controlling for example the engine’s position. Therefore, the optimization environment
Powerful Optimization Tool with Surrogate Modelling (POT) is utilized. POT is a DLR
in-house tool, compiled by Wilke [30]. With the aid of this optimization tool a predefined
parameter space can be investigated by a design of experiments (DoE) providing an
initial exploration of the parameter range and parameter sensitivity. The subsequent
optimization enables the detection of an optimal parameter combination, while during
the process the surrogate model will be improved to guarantee an optimal approximation
of the physical characteristics by the surrogate model. Finally, the impact of individual
parameters and dependencies can be extracted from the surrogate model. Thus, not only
a beneficial engine position or wing shape can be identified, but moreover a physical
explanation can be provided about the disadvantages of other parameter combinations
together with their impact on the objective function. In the following, POT will be
outlined and basic principles used for the present investigations are highlighted.
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Various optimization tasks without any bond to a certain CFD solver, mesh generator
or computer aided design (CAD) software can be solved with the aid of POT. For this
purpose, a wide range of algorithms and techniques for direct, single and variable-
tidelity surrogate-based optimization is implemented, while the fidelity refers to the
accuracy of the applied simulation method. The present work utilized a single fidelity
surrogate-based optimization. The optimization procedure can be subdivided into three
steps:

e design of experiments (DoE)
e surrogate models

e optimization strategy

In the beginning, a DoE needs to be accomplished to explore the predefined parameter
space by a certain number of samples. Based on the DoE sampling a surrogate is created,
which represents a first approximation of the actual properties and sensitivities within
the multi-dimensional parameter space with respect to the objective function. POT offers
arange of algorithms to select an initial sampling to achieve a homogeneous distribution
within the parameter space by using a minimal number of sample points. The first data
set is crucial with respect to the initial approximation by a surrogate model because the
number of subsequent iterations depends on the quality of the initial surrogate model.
Otherwise, a large number of additional iterations are necessary for the improvement
of the surrogate model until a minimal acceptable uncertainty and prediction error is
achieved. For the present investigations, an advanced Latin Hypercube, the Central
Voroni Tessellation (CVT) [48] was chosen for the selection of DoE sample points.

The surrogate model is generated based on the simulation data of the individuals of
the DoE with the aid of a kriging method [49]. Kriging combines a trend function
and radial basis function to obtain a sensible approximation of the objective function
depending on the sampling. In addition, several settings, like regression model or
treatment of numerical noise, can be adapted to achieve a robust, efficient, and accurate
approximation by the surrogate model describing the actual physical behavior. Based
on the surrogate model, the optimization is started targeting both, a global optimum
but also an optimal representation of the parameter space with the aid of an adaptive
sampling strategy. A hybrid optimization approach is utilized, composed of a Differential
Evolutionary (DE) algorithm and a non-gradient based simplex pattern search method.
By means of this procedure, global regions of interest will be identified by the DE,
whereas the pattern search determines the local optimum in these regions more accurate.
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This work considers two aircraft configurations, selected from the work performed by
the Collaborative Research Centre (CRC) 880. In total five concepts were designed within
this project [50]. At first, two conventional configurations were designed, representing
state of the art technologies, whereat one is equipped with under-the-wing mounted
turbo-fan engines and the other with turbo-prop engines. Thereon, three configurations
with potential technology assumptions were created: one turbo-prop configuration
and two configurations with ultra-high bypass, over-the-wing mounted turbo-fan
engines. The preliminary aircraft designs for all five configurations were obtained
by the application of the simulation tool PrADO (Preliminary Aircraft Design and
Optimization) [51]. The present work focuses on both turbo-fan aircraft with over-wing
nacelles (OWN)), positioned at about one-third of wing span above the wing trailing
edge. The most significant difference between these configurations is the wing planform.
The reference aircraft 3 (REF3) is characterized by a double-trapezoid backward swept
wing. By contrast, the reference configuration 4 (REF4) features a single-trapezoid
forward swept wing. Because both aircraft were driven by the overall aircraft design
(OAD) all aspects of an complete design were taken into account. Besides the classical
key performance indicators, like mission, aerodynamic performance, weight, and block
fuel, selected preliminary assumptions were investigated with higher fidelity methods
on the basis of REF3 and REF4. Exemplary, the research topics acoustic [52], active
flow control [53] and structure design [54] was investigated in more detail and results
were fed back to the OAD. As a consequence, the underlying reference configurations
represent a complex, multi-disciplinary design. As part of these investigations, the
present work focuses on the aerodynamic installation of UHBR engines above the wing
trailing edge. Previous studies by Lockheed Martin, outlined in chapter 1.1, had shown
that the interference between wing and OWN is crucial for an efficient design and
depends on the engine position, wing planform and shape. However, basic effects
describing the interference between a transonic wing and ultra-high bypass OWN were
not described yet. Therefore, this study targets the investigation of general installation
effects on two representative configurations.

The following sections will elaborate the aircraft configurations REF3 and REF4 from
the perspective of the OAD. Furthermore, general aerodynamic features of a forward
and backward swept configuration will be presented on the basis of the wing-body-
configuration (WB). In general, both aircraft were designed with respect to the same top
level aircraft requirements (TLAR)[50]. These demand a mission range of 2000 km with
maximum payload (100 PAX with baggage, 2.2t freight). Without freight but maximum
passenger number, a range of 2800km should be covered. The cruise velocity is defined
at Mach number M = 0.78 at a flight level of 37,000 ft (FL370). Additionally, a short
take-off and landing (STOL) capability was demanded to enable the operation with a

31



32 3 Aircraft configurations

maximum runway length of 900m.

3.1 Reference aircraft configuration 3

The reference aircraft configuration REF3 is equipped with a double-trapezoidal back-
ward swept wing, designed for a transport mission of 100 PAX over a range of 2000 km
at M = 0.78. This section provides an insight into the overall aircraft design of REF3
and general aerodynamic characteristics of backward swept wings are discussed on the
basis of this configuration.

3.1.1 Overall aircraft design

Fig. 3.1 Sketch of REF3 based on OAD data [2]

The reference configuration 3 (REF3), illustrated in Fig. 3.1, is designed for a transport
mission of 12000 kg payload (100 passengers with baggage and 2.2 t freight) over 2000 km.
The cruise Mach number is defined by M = 0.78. This necessitates a swept wing with a
wing leading edge sweep of 26° (50% chord sweep = 15.2°(inboard) / 20.6°(outboard)).
Moreover, turbo-fan engines are required to operate efficiently at M = 0.78. The engines
are ultra-high bypass ratio (UHBR) engines with an bypass ratio BPR of 17. One feature
of the REF3 is the engine position. Instead of an engine installation below the wing,
the UHBR engines with a diameter of 2299 mm (fan diameter = 2025 mm) are located
over the wing mounted at the wing trailing edge. As a consequence the empennage is
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a T-tail to eliminate an aerodynamic interaction between horizontal tail plain and the
engine jet for cruise conditions such that the necessary handling qualities are ensured.
A general view of the principle dimensions is given in Fig. 3.2. The wing reference area
totals 99 m? with an aspect ratio of 8.35. The wing shape is based on the DLR-F15 airfoil,
which was extracted from the FNG wing [55]. The high-lift system is characterized
by a combination of various new technologies. The leading edge is equipped with a
smart morphing droop nose to increase the maximum angle of attack during take-off
and landing. Along the trailing edge, five flaps and one aileron are installed including
an active flow control system to increase the maximum lift by blowing air over the
trailing edge devices to further increase the high-lift performance [56]. Because of this
high-lift system, the REF3 features STOL capabilities allowing the aircraft to operate on
short runways of about 900 m with a maximum take-off weight (MTOW) of 46.2 t. The
investigation of the high-lift performance is not part of this work. More information can
be found in [50] and [53]. The arrangement of the landing gear is unusual for a turbo-fan
powered aircraft. It is located below the engines in an enlarged pylon fairing, which is
dimensioned to house the retracted undercarriage. This design decision was necessary
because of the aircraft’s mass distribution and the resulting risk of a tail strike. The
center of gravity is shifted significantly rearward due to the engine’s location behind
the wing, which prevented, in combination with the necessary space for the electrical
compressors, the use of a body mounted landing gear.

The expected advantages of the engine position is driven by various aspects. First, the
shielding of the wing regarding engine fan noise leads to a reduction of perceived noise
on the ground. Additionally, weight savings can be achieved due to the short landing
gear and the risk of foreign object damage during ground operation is reduced for the
engine. Finally, beneficial aerodynamic installations effects between wing and OWN
can be exploited to reduce the overall drag of the aircraft in cruise flight.

Wing:
Sref= 99 m?
MAC =3805 mm
Taper ratio = 0.321
Aspect ratio = 8.35

d 28757.9 mm

< 32589.5 mm )\

Fig. 3.2 Principle dimesnions of REF3 [2]

This work focus on the cruise configuration. The design flight condition is defined at an
altitude of 11277 m at M = 0.78. The intended aerodynamic performance by the OAD
requires a lift-to-drag ratio of 13.6 at a lift coefficient C; = 0.469.
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3.1.2 Aerodynamic characteristic of BSW without OWN

The following section focuses on the general aerodynamic features of a backward swept
wing, exemplary presented by means of the REF3 WB configuration. Therefore, the
wing-body configuration was analyzed with the aid of numerical simulations to assess
the characteristics of the BSW without the impact of an engine. The evaluation is carried
out at M=0.78 and target lift of C; = 0.469, resulting in an incidence angle of @ = 2.43°.

The magnitude of wing sweep is driven by the design cruise speed. Thereby, the
wing sweep at the chordwise shock position is decisive to minimize the wave drag,
originating from compression losses at the closing face of the local area of supersonic
flow. Furthermore is known, that an elliptical spanwise lift distribution is beneficial
with respect to lift induced drag. This can be achieved by either an elliptical wing
planform, which implies a complex and costly manufacturing, or the application of a
tapered planform and spanwise twist distribution. Concurrently, the effectiveness of
trailing edge high-lift devices reduces with increasing trailing edge sweep angle. As
a consequence, the wing planform of most transonic civil aircraft is characterized by
a tapered, backward swept wing. In case of REF3, the leading edge sweep totals 26°.
Resulting from the double trapezoidal wing planform, the sweep angle at 50% chord is
15.2° for the inner and 20.6° for the outer wing section. Transonic aircraft operating at
similar conditions are equipped with twist angles changing from root to tip by up to —5°
[57]. The preliminary design for REF3 specified an initial spanwise twist distribution at
wing root and kink of 0°, and —6.94° at the tip. The reason behind this unusual spanwise
twist distribution is the design objective of REF3 focusing on low speed performance
with active blown flaps, which necessitates large negative twist angles to prevent tip
stall [57].

An impression of the pressure coefficient c, on upper and lower wing surface is given in
Fig. 3.3. The surface coloring represents the pressure coefficient supported by dashed
lines marking the arrangement of the isobars. In addition, the critical pressure coefficient
Cp,crit, indicating the transition between super- and subsonic regions, is highlighted by a
red solid line. The upper part of Fig. 3.3 provides a top view on the WB configuration,
wheres the lower surface is displayed on the bottom.

On the wing upper surface, the blue area represents the supersonic low pressure region
covering almost three quarter chord length in average. The shock position can be
identified by both, the color transition from blue to green and the red solid line.

The mid wing section is characterized by an almost constant pressure level along the
region of supersonic flow. Downstream of the shock, the pressure rises. The isobars
are aligned at constant percentage chord depth between leading and trailing edge.
This preferred pressure distribution is representative for a transonic wing based on a
supercritical airfoil featuring a rooftop characteristic [58].

Nevertheless, a deviation from this preferred c,-distribution can be found at wing root
and tip, a well known and described phenomena of finite swept wing [59]. On the
inner wing section, the formation of a leading edge pressure peak is observable. This
disturbance is caused by the intersection of belly and wing leading edge. A smooth
pressure decrease in flow direction up to the shock can be observed. Concurrently, the
isobars deviate from the preferred alignment and are shifted downstream.

At the wing tip, the pressure distribution is disturbed by the pressure equalization
between upper and lower surface. As a result, the area for M > 1 ranges not up to the
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Fig. 3.3 Visualization of surface pressure coefficient on REF3 WB configuration

wing tip and the leading edge suction peak is less pronounced. By observation of the
dashed lines, an upstream shift of the isobars can be detected. This deviation from
the preferred isobar alignment is reversed to the observations at the wing root. The
particular shift of the isobars is indicated by black arrows.

This effect is also traceable on the wing lower surface on the bottom of Fig. 3.3. A large
part of the lower surface is colored in green, indicating pressure coefficients between
—-0.4 < ¢, < 0. At the wing trailing edge, a distinct red strip can be recognized, which
implies high pressure values around c¢,=0.4. This intended feature is called rear loading
and enables a lift gain due to an increased pressure difference between upper and lower
surface.

In addition, Fig. 3.4 visualizes streaklines on the REF3 wing. The streaklines are based
on the dimensionless surface shear stress vector. The surface coloring displays the
skin-friction coefficient in x-direction c,. This coefficient provides information about the
interaction between boundary layer flow and surface. This can be used to identify areas,
where the flow is close to separation or in case of c¢s, < 0 most likely already separated.
For orientation, the area of local supersonic flow is again outlined by the red solid line.
First, the streaklines on upper and lower side are not orientated in line of flight but
lean outboard following the leading edge sweep. After a few percent chord length, the
streaklines are reorientation inboard through a flow acceleration perpendicular to the
wing leading edge following the main curvature. This effect decreases with increasing
distance covered. At the wing trailing edge, the streaklines are pointing again outboard,
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Lower surface

Fig. 3.4 Visualization of skin friction coefficient and streaklines on REF3 WB configu-
ration

revealing a crossflow towards the wing tip evoked by the backward sweep. This trend
is amplified by a decreasing vector component in x-direction. The drop in ¢y, occurs on
the upper wing surface downstream of the shock and on the lower wing in the region of
the rear loading. The disturbance induced by the transition from super- to subsonic
flow results in a distinct weakening of the boundary layer flow. However, reverse flow
and thus a flow separation could not be detected for the WB configuration in cruise
flight conditions. Consequently, pressure information is propagating on a backward
swept wing in particular from inboard to outboard.

Summarizing, the REF3 WB-configuration represents the design of a common transonic
wing, which is characterized by a supercritical airfoil and a backward swept, tapered
wing. Solely the values of the wing twist distribution deviates from the usual known
ranges due to the challenging high-lift requirements. Known features of a finite
swept wing could be detected at wing root and tip. The WB-configuration reveals
no flow separations at the defined cruise flight conditions. Consequently, the REF3
WB-configuration is suited to investigate the integration of an over-wing-nacelle.
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3.2 Reference aircraft configuration 4

The reference aircraft configuration REF4 is equipped with a single-trapezoidal forward
swept wing, designed for a transport mission of 100 PAX over a range of 2000 km at
M = 0.78. This section provides an insight into the overall aircraft design of REF4 and
general aerodynamic characteristics of forward swept wings are discussed on the basis
of this configuration.

3.2.1 Overall aircraft design

Fig. 3.5 Sketch of REF4 based on OAD data [3]

The reference configuration 4 (REF4) is illustrated in Fig. 3.5. Most aircraft data are
identical to REF3. The wing reference area totals also 99 m? with an aspect ratio 8.35.
The wing shape is based on the DLR-F15 airfoil [60]. The required transport mission
of 100 passengers over 2000 km is identical to REF3. Analogous to REF3, the high-lift
system is characterized by a combination of smart morphing droop nose and an active
flow control system at the trailing edge, composed of five flaps and one aileron. Because
of this high-lift system, the REF4 features STOL capabilities allowing the aircraft to
operate on short runways of about 900m with a maximum take-off weight (MTOW) of
45.5t.

The most significant design change is the wing planform. The REF4 features a single
trapezoidal forward swept wing with a 50%-chord sweep angle of 20.7° to operate at
M = 0.78, resulting in a leading edge sweep angle of 14°. The utilized UHBR engines
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with BPR of 17 are identical for both configurations and also located at the wing trailing
edge above the wing. The modified wing planform results in a slightly decreased wing
span of 28.75 m and mean aerodynamic chord MAC = 3.77 m for a constant aerodynamic
reference area S;,r=99 m?. The general difference between REF4 and REF3 is illustrated
in Fig. 3.6.

Based on Fig. 3.6, a significant rearward shift of the wing mounting can be identified.
The difference totals 3.1 m. As a consequence, the landing gear can be placed at the
wing-belly junction and retracted into the fuselage, which in turn effects the engine
pylon. The wetted pylon area is reduced by a factor of 3 (Awetted area = 13.05 m?) and
the mass per pylon is decreasing by 236 kg. The fuselage weight increases by about
530 kg due to the skin thickening in front of the wing connection and the necessary
pressure bulkheads in the main wheel bay/[3].

Fig. 3.6 Compariosn of REF4 and REF3 [2] [3]

The REF4 operates in cruise flight at an altitude of 11277m at M = 0.78. The intended
aerodynamic performance is defined by a lift-to-drag ratio of 13.6 for a lift coefficient
Cr = 0.479.

3.2.2 Aerodynamic characteristic of FSW without OWN

Subsequent, the general aerodynamic features of a forward swept wing will be discussed
based on the REF4 WB configuration. Thereby, characteristics of a FSW in absence of
an engine can be analyzed. The evaluation is accomplished at M = 0.78 and target lift
Cr = 0.479, resulting in an angle of attack « of 1.485°.

Accounting for the design cruise speed, the wing planform requires an appropriate
sweep angle. Analogous to REF3, the wing sweep at 50% chord is set to 20.7°. In
combination with the tapered wing, the sweep angle at the leading edge (14°) is smaller
then for the trailing edge (27°). In addition, the forward swept wing requires a spanwise
twist distribution, which features the largest twist angle of 2.82° at the wing tip and 0° at
the wing root. This twist variation complies with the LamAiR design [24]. The beneficial
feature of lower twist angles to obtain similar spanwise lift distributions was also stated
by Hepperle [61], while comparing backward and forward swept configurations. Note,



3.2 Reference aircraft configuration 4 39

this wing twist is contrariwise to the backward swept wing. In addition, forward swept
configurations are characterized by an inboard wing loading. This is advantageous for
the wing structure. However, the inboard loading in combination with an increasing
angle of attack might evoke wing stalls in the root section instead of the tip region. This
might be beneficial with respect to maneuverability due to usable ailerons but causes a
detrimental pitch-up moment.

Fig. 3.7 illustrates the surface pressure distribution on the WB-configuration of REF4.
The surface coloring represents the pressure coefficient supported by dashed lines
marking the arrangement of the isobars. In addition, the critical pressure coefficient

Cp,crit

x/x—1
1 [(1+1/2(K—1)M§o) _1] 31)

Cp,crit = 1/2KM%O 1/2(K + 1)

is highlighted by a red solid line. This coefficient indicates a local Mach number of
1, thus the transition between super- and subsonic regions. The upper part of Fig. 3.7
provides a top view on the WB configuration, wheres the lower surface is displayed on
the bottom.

Upper surface

T
) v

Concentration E Y W

of isobars

Lower surface
Fig. 3.7 Visualization of surface pressure coefficient on REF4 WB configuration

The surface pressure distribution on the upper wing reveals a uniform blue area in
the mid wing section, representing a large low pressure region over the first 65% of
chord in average. This feature is caused by utilization of the same supercritical airfoil as
for REF3. However, the red line, indicating the area of supersonic flow is not directly
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located downstream of the dark blue area instead in a region of gradual color change
in chordwise direction, which is indicating a smooth transition from super- a subsonic
tflow for this particular flow condition. The isobars on the mid wing section are aligned
at constant relative chord depth between leading and trailing edge.

The wing ends are again characterized by the known three-dimensional phenomena
of a finite swept wing [59]. In the wing root section, a narrowing of the low pressure
region can be observed. Concurrently, the red line is located directly downstream of
the shock, which indicates a strong pressure gradient. In general the isobars are shifted
upstream at the wing belly junction. This is a known feature of forward swept wings
caused by the intersection between belly and wing. Several studies at DLR [24] [25] [61]
referred to this issue. Moreover, it is known from [59], that an adaptation of the airfoil
thickness can influence this effect. [24] has applied this knowledge to a forward swept
configuration while maintaining the negative pressure gradient within the region of
supersonic flow by shifting the maximum airfoil thickness aft. A drawback was noted
at higher Mach numbers. An increasing wave drag induced by a strengthening of the
inboard shock resulted in performance losses. Note, the isobar displacement at wing
root of the forward swept wing is contrary to the trend observed on the backward swept
wing.

A similar statement can be made with respect to the wing tip. There, a concentration of
the isobars towards the trailing edge are observable, contrary to the observations on the
BSW. Additionally, a limited extend of the low pressure region up to the wing tip can be
noted due to the pressure compensation.

The lower wing surface on the bottom of Fig. 3.7 displays again the observed isobar
displacement at root and tip equivalent to the upper wing surface of REF4. Moreover,
the high c,-values, indicated by the red surface coloring, expose the rear loading
characteristic of the selected supercritical airfoil.

Finally, the skin friction coefficient cy, is visualized for REF4 in Fig. 3.8. Again, the
streaklines are based on the surface shear stress vector. The surface coloring displays
the skin-friction coefficient in x-direction cy,. Like for REF3 this coefficient provides
information about the interaction between boundary layer flow and surface. This can
be used to identify areas, where the flow is close to separation or in case of ¢, < 0
already separated. For orientation, the area of local supersonic flow is outlined by the
red solid line. As seen for REF3, the streaklines are not orientated in line of flight. After
the initial disturbance along the leading edge, the streaklines lean outboard caused
by the flow acceleration along the main curvature orientated perpendicular to the
leading edge. At wing trailing edge, the streaklines are pointing inboard, revealing
a crossflow towards the wing root due to the increasing local sweep angle caused by
the forward swept planform. This trend is amplified by a decreasing velocity vector
component in x-direction. On the upper wing of REF4, two red areas are pointing out
crx-values close to zero. One the one hand, a small strip can be found on the inner
wing section, directly downstream of the shock. There, the c,-distribution in Fig. 3.7
indicated a strong pressure shock, which causes a local pressure disturbance associated
by an momentum loss in the near-wall flow and thus a weakening of the boundary
layer. The benefit of a smooth pressure gradient from super- to subsonic can be noted
on the mid and outer wing, where almost no alteration in cs,, can be detected around
the shock position. On the other hand, a spanwise spreading red area along the trailing
edge is obvious. There, the inboard facing crossflow component dominates the local
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Upper surface

Lower surface

Fig. 3.8 Visualization of skin friction coefficient and streaklines on REF4 WB configu-
ration

skin friction vector. Generally, reverse flow and thus a flow separation could not be
detected for the WB configuration in cruise flight conditions. Consequently, pressure
information propagating on a forward swept wing in particular from wing tip to root.

Summarizing, the REF4 WB-configuration features fundamental and representative
characteristics of a forward swept wing operating at transonic speed. The configuration
is characterized by a supercritical airfoil in combination with a tapered wing. Known
features of a finite forward swept wing could be detected at wing root and tip. The
WB-configuration reveals no flow separations at the defined cruise flight conditions.
Therefore, this configuration represents a reasonable design of a FSW, which is useful
for the investigation of over-wing-nacelle integration.






4 Aerodynamic impact of an OWN on a
backward swept wing

Following on the general aerodynamic features of a wing-body configuration including
a backward swept wing, this chapter will deal with the aerodynamic installation effects
caused by an OWN. Therefore, the fundamental phenomena for an arbitrary over-wing
engine position is investigated on the basis of the REF3 in combination with an UHBR
engine. To build up a comprehensive understanding of the OWN installation effects, the
engine thrust setting and engine position are altered and investigated regarding their
impact on pressure distributions, aerodynamic coefficients and associated aerodynamic
characteristics.

4.1 General features of OWN installation

® Reference points

Fig. 4.1 Sketch to illustrate the engine position definition for REF3

The following section focuses on the impact of the OWN installation on the backward
swept wing. For the engine placement above the wing, several options were outlined in
section 1.1. The most promising engine position in combination with an UHBR engine
is the installation along the wing trailing edge, so that the engine inlet is placed above
the trailing edge. The spanwise engine position was defined at about one-third of the
wing, close to the kink between inner and outer wing section. The exact engine position,
as sketched in Fig. 4.1, is defined on the basis of two reference points, one on the wing
and one on the nacelle. The wing reference point is defined at the wing trailing edge at

43
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y/s = 0.314. The nacelle reference point is defined on the engine highlight at 6 o’clock
position. In the following, the engine position is specified by the horizontal (x/c) and
vertical (h/c) distance between these two points. In the course of this initial investigation,
the engine highlight is located at x/c = 0.0 and h/c = 0.135 to describe the general features
of an OWN installation. The spanwise engine position is fixed at y/s = 0.314.
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Fig. 4.3 Impact of OWN engine on pres-
sure distributions of backward
swept wing at a=2.43°

Fig. 4.2 Pressure coefficient distributions
of the WB at a=2.43° for the BSW

The comparison between WB and Wing/Body/Engine/Pylon (WBEP) configuration is
performed at identical angle of attack a and additionally at constant lift coefficient
Cr =0.469 at M = 0.78 and Re = 21.5 mio. The boundary conditions for the powered
engine were specified on the basis of a previous design study with GasTurb[62] [63].
The pressure and temperature ratios for the conditions at the jet outlet planes inside the
UHBR engine are given for the bypass as T;/Ty = 1.102 and p;/po = 2.021 and for the
core through T;/T}y = 2.552 and p;/py = 1.470. The inlet mass-flow is coupled with the
exhaust massflow, which is iteratively derived by the solver from the core and fan jet
flow according to the defined engine settings. The resulting thrust is almost equivalent
to the overall drag of the WBEP configuration, which results in steady flight conditions.
An investigation by Renganathan et. al [64] stated that the interaction for an OWN
configuration is dominated by the influence of the wing on the engine, but not vice
versa. Thus, a difference between thrust and drag is considered to be acceptable for an
aerodynamic evaluation without the necessity to establish an exact thrust/drag balance
for all investigated engine positions.

At first, the WB and WBEP configuration at identical angle of attack a = 2.43° will be
compared to avoid an additional influence of a varying incidence. Therefore, pressure
distributions were extracted at six equidistant spanwise sections. For a qualitative overall
impression of the wings surface pressure, the distributions are plotted as transparent
overlay above the geometry in Fig. 4.2 for the WB. Note, the pressure distributions
are reversed, so negative pressure coefficients point upwards. Thin black lines on the
wing surface indicate the underlying airfoil section of each pressure distribution. The
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Fig. 4.6 Pressure coeftficient distributions
of the WB and WBEP at y/s=0.487
(a=2.43°) for the BSW

aerodynamic characteristics on the wing of the WB configuration, presented in 3.1.2,
can be recognized. Based on these six sections, a typical transonic pressure distribution
can be observed. First, the pressure distribution along the suction side features a strong
decrease of ¢, at the leading edge accompanied by local supersonic flow. Along the
first two-thirds of chord the gradients of ¢, are small and the local pressure coefficient
remains at a low level. The segment of low pressure ends with a strong gradient,
indicating the shock position. The appearance of the pressure distribution is a typical
transonic rooftop pressure distribution. The pressure distribution on the lower wing is
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dominated by a rear loading in the aft wing section. For the inner sections, the relative
chordwise shock position is closer to the trailing edge. With increasing wing span, the
relative shock position shifts upstream until no distinct shock could be detected for the
outmost section. This behavior correlates with the three-dimensional effects of a finite
backward swept wing, described in 3.1.2. The transition from supersonic to subsonic
speed, especially for the inboard wing, is associated with a strong shock. The shock
correlates with a strong change in pressure resulting in high drag values.

The impact of the OWN installation on the pressure distributions is presented in Fig. 4.3.
In this plot, the ¢,-distribution for the WB (black) and WBEP (red) configuration at
identical a are assembled to facilitate a qualitative assessment of the engine’s presence.
Starting with the most inboard section, an extensive increase of ¢, on the rear wing, in
front of the engine, can be observed. Simultaneously, a detailed plot of the ¢,-distribution
in Fig. 4.4 reveals a static pressure decrease at the wing trailing edge. This indicates
a local flow acceleration, which is caused by the channel between nacelle, wing and
fuselage.

The second c,-distribution on the inner wing section in front of the engine, shown in
Fig. 4.3, reveals a distinct increase of ¢, on the upper surface from the leading edge
down close to the wing trailing edge. In addition, the pressure coefficient on the lower
wing surface alternates in comparison with the WB configuration. As highlighted in
Fig. 4.5, the red pressure coefficient for the WBEP configuration increases over the first
half of the section. Then, a distinct ¢, decrease is traceable. This behavior is caused by
the pylon mounted on the wing lower surface. The displacement effect of the pylon
geometry induces first a flow deceleration in front of the pylon/wing junction, thus c,
decreases, followed by flow acceleration around the elliptical pylon shape.

The two mid sections in Fig. 4.3 feature a downstream shift of the final shock location in
comparison with the WB. Moreover, an increasing pressure level of the suction peak and
decreasing c, along the wing lower surface can be observed for the outer c,-distributions.
The varying pressure level can be associated with a reduction of the effective angle of
attack a,¢s along the entire span of the WBEP configuration. However, this assumption
contradicts the downstream movement of the shock, exemplary shown in Fig. 4.6 at
y/s = 0.487. Typically, a decrease of a.s¢ in the linear range around the cruise operation
point is associated with an upstream shift of the shock position. Thus the relocation
must have an other cause. This feature will be investigated at a later stage. At first,
the assumption of an decreasing «.¢s between WB and WBEP for identical a will be
evaluated. This change in a,¢f implicates an impact on the spanwise load distribution.
Consequently, a comparison between both configurations is presented in Fig. 4.7.

The spanwise distribution of the lift coefficient C; is plotted along the y-axis over the
normalized spanwise coordinate y/s. The spanwise lift distribution for the WB is colored
in black, while the result for the WBEP at a=const. is represented by a red line. The
engine location is marked with the aid of a vertical dashed line at y/s = 0.314. For both
configurations, a similar variation of C;, for 0 < y/s < 0.13 can be observed. This is
caused by evaluating the lift coefficient over the entire aircraft including fuselage and
belly. Starting from y/s = 0, Cy, is rising up to a first maximum caused by an increasing
presence of the belly in combination with large chordwise fuselage sections. Due to
the normalization of the lift force with respect to the mean aerodynamic chord, the
local lift coefficient 6C;/6(y/s) obtains high values. Then, 6C../6(y/s) drops to a local
minimum caused by the declining slice planes of the fuselage sections in y-direction.
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Fig. 4.7 Spanwise lift distribution of WB and WBEP for a=const. for the BSW

Simultaneous, the minimum marks the junction between belly and wing. The new
increase of 6C1/6(y/s) is based on spanwise slices, which contain shares of wing and
fuselage. At the second local maximum, the lift integration over the extracted spanwise
section includes only the wing. Based on Fig. 4.7, a distinct lift loss for the WBEP can
be observed, caused by the OWN installation. Inboard of the engine, the local lift
coefficient 6C;/6(y/s) of the WBEP is reduced by one-third of the WB. Outboard of the
engine, the relative local lift losses are even higher. For an increasing spanwise location,
the difference in C; between WBEP and WB is decreasing. Consequently, the OWN
installation causes a decreasing effective angle of attack a.fr, which affects the entire
wing and results in significant lift losses for an identical a.

To verify the hypothesis of a decreasing effective angle of attack, the local angle of attack
is evaluated. Therefore, the local angle of attack ;.. is calculated from

Qjocal = arctan2 (%) * 180° /. (4.1)

An analysis of the a;y, for the WB and WBEP configuration at a=2.43° is presented in
Fig. 4.8 and Fig. 4.10. Therefore, the flow field data is visualized on a volume slice, which
is positioned about 10% x/c in front and parallel to the wing leading edge, as shown
in Fig. 4.9. Red indicates high a;,.,;, while blue represents aj,.s < 0°. By comparing the
extension of the red area, an impact of the OWN installation on a.., along the full wing
span for a=const. can be identified. Around the fuselage, the highest values for a;,.; can
be observed due to the flow around the inclined fuselage. The comparison of Fig. 4.8
and Fig. 4.10 gives the impression of an decreasing «;,;; due to the OWN installation.
To quantify the change of a;,.; between WB and WBEP configuration, an extract of each
data set was projected on an artificial plane to allow a direct quantification of Aavjc.

The result is presented in Fig. 4.11. The green coloring in front of the wing represents
a reduction of a;,.; by about 0.45° along the evaluated volume slice due to the OWN
installation. This area ranges from the fuselage up to the wing tip and reaches a Aajoc
of about -0.8° in front of the outer wing section. Thus it is proven, that the installation of
the UHBR-OWN results in a reduced effective angle of attack at a=const..
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Fig. 4.8 Local angle of attack in front of WB  Fig. 4.9 Slice position for analysis of local
configuration on a volume slice angle of attack
parallel to the wing leading edge
ata=243°

Acy,, [ I T
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Fig. 4.10 Local angle of attack in front of Fig. 4.11 Visualization of Aae, in front of
WBEP configuration on a volume the wing due to the OWN instal-
slice parallel to the wing leading lation
edge at 0=2.43°

To emphasize the impact of the OWN on the transonic characteristic of the wing, iso-
Mach lines were extracted from the volume solution. Regions for M > 1 are illustrated
for identical spanwise locations for both WB and WBEP in Fig. 4.12. Note, additional
supersonic regions on the nacelle are blanked out. Based on this visualization, a distinct
reduction of the area of supersonic flow can be observed, especially for the three inner
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Fig. 4.12 Regions of M > 1 for WB and WBEP at a=2.43° for the BSW

sections. This agrees with Fig. 4.4 and Fig. 4.5 showing a forward shift of the shock
location from x/c ~ 0.8 (WB) to about x/c = 0.5 (WBEP). Moreover, a double shock
structure in the third section and a downstream shift of the shock position for the
remaining outer sections can be detected for the WBEP.

In summary, the installation of an over-wing nacelle on a backward swept wing has a
significant impact on the upper wing pressure distribution. Three main effects can be
observed:

1. Pressure level on rear wing in front of the engine increases
2. Decrease of effective angle of attack a,sr along the entire wing span

3. Flow acceleration at wing trailing edge caused by the displacement effect of the
nacelle

In total, the installation of an UHBR-OWN engine on the REF3 configuration causes an
overall lift coefficient reduction by about 40% at identical a. Consequently, a needs to
be increased to achieve a comparable lift coefficient C; for the WBEP. The investigation
of the resulting flow characteristics at identical C; allows for a further insight into the
interaction between powered engine and the upstream located wing.

Initially, an illustration of the areas of supersonic flow comparing the WBEP at a=const.
(red) and WBEP at C,=const. (green) with respect to WB is presented in Fig. 4.13. For
this purpose a was increased by 1.42° to obtain the same lift coefficient as the WB
configuration.

On the basis of this plot, a larger area of supersonic flow can be observed in all sections
for the WBEP at C;=const. However, the area increases mainly in vertical direction,
while the shock positions remain nearly constant despite the increasing a. Only the
outer sections reveal a minor downstream shift of the shock location, which meets one’s
exceptions due to an increasing incidence. In addition, the double shock characteristic
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Fig. 4.13 Regions of M > 1 for WBEP at C; =const. and WBEP at a=const. for the BSW

becomes more obvious and expands further outboard along the two mid-sections due
to the increasing a and associated aerodynamic load.

C,=const.

Fig. 4.14 Qualitative pressure distributions comparing WBEP at C; =const. and WBEP
at a=const. for the BSW

Continuing with an illustration of the surface pressure coefficient c,, qualitative pressure
distributions for both WBEP configurations are shown in Fig. 4.14 as transparent overlays
based on the same six sections extracted along the wing span. Comparing against the
WBEP at a=const., the effect of an increasing a becomes apparent along the wing leading
edge. The pressure level on the lower wing surface is increased, concurrent the pressure
level on the upper wing surface is decreasing right up to the shock position. Thus, the
area enclosed by the pressure distribution is increasing, which implies an increasing
aerodynamic force.
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Fig. 4.15 Pressure coefttficient distributions Fig. 4.16 Pressure coefficient distributions
of the WBEP for C;=const. and of the WBEP for C; =const. and
a=const. at y/s=0.348 for the a=const. at y/s=0.487 for the
BSW BSW

Exemplary, two pressure sections are plotted in Fig. 4.15 and Fig. 4.16 for a detailed
analysis. Therefore, the pressure coefficient c, is plotted over the normalized local wing
chord x/c. Additionally, the critical pressure coefficient ¢, .;; is plotted by a light blue
dashed line to mark the transition between sub- and supersonic areas. Fig. 4.15 was
extracted at y/s = 0.348 close to the engine’s spanwise position. The pressure coefficient
on the lower surface reveals the expected increase of c, resulting from the increased a.
The upper surface features a distinct pressure decrease up to x/c ~ 45%. The indication
of the critical pressure coefficient ¢, ;; clarifies, that the variation of the upper surface
pressure is limited to the supersonic segment. Downstream of the transition from
supersonic to subsonic speed, the static pressure coefficient is nearly identical for both
configurations. Concluding from this observation, it can be assumed that the presence
of the powered engine is dominating the pressure coefficients locally on the rear wing
despite increasing the angle of attack by 1.42°. A similar behavior can be observed in
Fig. 4.16, which shows the pressure distributions at y/s = 0.487. In case of the WBEP
at C =const., this section reveals a distinct pressure increase of about Ac, ~ 0.5 on the
upper surface, resulting in a strong shock. Consequently, a disturbance is induced into
the ensuing pressure distribution leading to a minor deviation from the rear upper
surface distribution of the WBEP at a=const. Nevertheless, the shape and magnitude of
the second pressure peak at x/c = 80% is almost identical for both configurations.

The preceding evaluation suggests a dominant impact of the powered engine on the
upper rear wing pressure distribution. The shock locations on the inner wing sections
are unaltered in spite of a distinct incidence increase. Therefore, a direct comparison of
the surface pressure coefficients Ac, between WBEP at C; =const. and a=const. could
provide further insights.

Fig. 4.17 shows a top view on the WBEP configuration. In this plot, red indicates a
pressure increase from WBEP at a=const. to WBEP at C;=const., while blue represents
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Fig. 4.17 Pressure difference between WBEP at C; =const. and WBEP at a=const. for
the BSW

a decrease of ¢,. The light colored area highlights regions with almost no static
pressure deviation. Because both simulations were performed on the identical grid, a
differentiation of the surface pressure coefficient could be achieved. The blue region
along the wing leading edge and outer wing describes the decrease of ¢, caused by the
increased a to obtain the target C; of the WB configuration. The red stripes identify
the shock positions, which intensifies with increasing aerodynamic loads but remain at
the same chordwise position. Accordingly, the engine’s impact propagates exclusively
with an elliptical characteristic in the the area of subsonic flow. There, information are
redirected both down- and upstream. The hyperbolic characteristic of supersonic flows
forward information solely in downstream direction. Consequently can be assumed,
that the chordwise shock position is defined by the subsonic streamtube induced by the
powered engine.

Finally, the spanwise load distributions for the WB and both WBEP configurations
are shown in Fig. 4.18. The shapes of the WBEP configurations are similar, showing
a uniform increase of the local lift coefficient along the wing span. By comparison
with the WB configuration can be stated, that the lift loss on the inner wing section is
compensated by higher aerodynamic loads along the outer wing to achieve identical
overall lift coefficients.

4.2 Impact of engine’s thrust setting

In the previous section, a distinct impact of the engine’s presence on the aerodynamic
characteristic of the wing was found, especially at the rear section. To build up a superior
understanding of the interference between engine and wing, the REF3 was investigated
under consideration of a different engine power setting at target « = 2.43°. For a detailed
insight, the largest physically reasonable variation of the engine settings was realized by
adjusting the power setting from cruise to zero net thrust (ZNT). Therefore, the boundary
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Fig. 4.18 Spanwise lift distribution of WB, WBEP at a=const. and WBEP at C; =const.
for the BSW

conditions at bypass and core outlet were set in order to simulate an approximately zero
net thrust. This was achieved by choosing a pressure ratio of p;/py = 1.49466, which is
equivalent to the isentropic ratio

_ x/x—1
(1 + ! -Mﬁo) 4.2)

at M = 0.78 and « = 1.4. The temperature ratio was set to 1.

Fig. 4.19 Qualitative pressure distributions comparing WBEP at a#=2.43° for two
varying engine settings on the BSW

A qualitative illustration of the resulting pressure distributions along the REF3 is shown
in Fig. 4.19. The red curves represent the known pressure distributions for the engine’s
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design point in cruise flight, whereas the blue lines describe the pressure distributions
in the presence of the OWN at ZNT. Based on this comparison, an increasing pressure
level on the two inboard upper wing sections can be observed. The outer wing sections
are featuring a decreasing suction peak and a slightly decreasing pressure level along
the front lower wing due to the ZNT power setting. This implies a reduction of the
effective angle of attack a.y.
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For a detailed analysis, selected pressure distributions are presented in more detail in
Fig. 4.20 to Fig. 4.22. Fig. 4.20 compares the c,-distributions for both engine settings at
y/s = 0.210, inboard of the nacelle. The decreasing engine thrust and associated engine’s
inlet mass flow affects mainly the upper wing surface. The pressure level increases from
trailing to leading edge, which results in a reduced area of supersonic flow. The wing
lower surface is nearly unaffected by the varying engine thrust.

The increasing pressure level is also evident over the first 80% x/c at y/s = 0.487 in
Fig.4.21. By contrast, the second suction peak on the rear wing increases. The cause
for this flow acceleration is attributed to the flow displacement, induced by the engine
nacelle. In this case, the mass flow decrease leads to a stagnation line movement at the
nacelle highlight towards the engine inlet. As a consequence, the flow coming over
the wings upper surface experiences a stronger redirection and acceleration around the
nacelle lip in comparison with the cruise thrust setting, which amplifies the effect. Thus,
this additional flow acceleration and displacement along the nacelle lip affects the rear
wing pressure level and results in an increasing suction peak at x/c ~ 80%.

Comparing the c,-distributions further outboard at /s = 0.765, the effect of a decreasing
effective angle of attack @, ¢s can be observed by a decreasing pressure difference between
upper and lower wing surface along the front airfoil section. Contrary to expectations,
the shock location remains at the same chordwise position. The expected upstream
displacement of the shock due to the decreasing a.fs is probably compensated by the
increased flow acceleration induced by the nacelle.

In summary, the engine power setting at ZNT influences the wing, which experiences
a further increase of the upper surface pressure level and spanwise reduction of a.y
resulting in an overall lift reduction at constant a.

Cruise Power

Fig. 4.23 Visualization of the streamtubes comparing WBEP at a=const. for two
varying engine settings on the BSW

After discussing the effect of engine thrust variation on the wing aerodynamics, the
following part will focus on the analysis of engine inflow and streamtube. At first,
the streamtube of both engine power settings is compared in Fig. 4.23. This figure
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was created by extracting volume slices in the engine symmetry plane and drawing
streamtraces, which take into account the three-dimensional velocity components,
starting from the stagnation point at upper and lower nacelle leading edge. Fig. 4.23
illustrates the streamtube of the design cruise point in red and the ZNT power setting in
black. On the basis of this visualization, the narrowing of the streamtube entering the
engine as a result of the mass flow reduction and the associated thrust minimization, can
be observed. Moreover, the movement of the stagnation points towards the fan caused
by the mass flow reduction is traceable. Nevertheless, the streamtube deformation is not
symmetrical. The boundary, which is closer to the wing surface, features a comparatively
small displacement with respect to the upper streamtube boundary. This observation
suggest, that the wing affects the streamtube.

Iso. Engine

Inst. Engine

Fig. 4.24 Visualization of the streamtubes comparing an installed and isolated engine
at ZNT power setting on the BSW

To assess the influence of the wing on the engine inflow, Fig.4.24 compares the
streamtubes of an installed and isolated engine at identical power setting, in this case
ZNT. This plot reveals the deformation of the lower streamtube boundary induced
by the wing’s presence. The deformation complies with the shape of the upper wing
surface.

In combination with the observations from Fig. 4.23, the wing seems to limit the
expansion of the streamtube for higher thrust level. The necessary mass flow increase
is achieved by sucking in additional air from the uncovered upper boundary of the
streamtube. Thus the streamtube expansion can be found especially their.

For further evaluation of the interaction between wing upper surface and engine inflow,
Fig. 4.25 illustrates the difference of the pressure coefficient ¢, between the two engine
settings in the engine symmetry plane. The difference is calculated by subtracting
the results for the cruise point thrust level from the results for ZNT. Red coloring
indicates a pressure increase, while blue represents a pressure decrease with respect
to the ZNT case. In Fig. 4.25 a large red area on top of the nacelle leading edge can be
observed. This implies an increasing pressure coefficient ¢, by increasing the engine’s
thrust. The observation correlates with the already described flow acceleration along
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Fig. 4.25 Visualization of pressure difference in engine symmetry plane between ZNT
and cruise design point power setting for the BSW

the outer nacelle leading edge due to the ZNT power setting. Furthermore, a blue
curved channel between engine inlet and wing upper surface can be identified. In this
region Ac, totals approximately —0.12. This creates the impression, that the increasing
thrust level generates a suction channel between engine and wing upper surface. That
would explain the limited expansion of the streamtube towards the wing, which builds
a physical blockage. Furthermore, a direct impact of the engine inlet pressure on the
wing upper surface pressure level can be confirmed.

Acp -0.2-0.1 0 0.1 0.2

Fig. 4.26 Visualization of iso-surface for Ac,=-0.12 between ZNT and cruise design
point power setting for the BSW

The three-dimensional extent of this channel is visualized by an iso-surface for Ac, =
—0.12 in Fig. 4.26. The shape is reminiscent of a vacuum cleaner. Consequently, it can be
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stated that the upper wing surface pressure in front of the engine has a direct correlation
with the engine thrust level. Thus, an increasing engine thrust, which implies a drop in
cp, results in a decreasing pressure coefficient on the wing upper surface in front of the
engine inlet and by association an increasing lift coefficient, because the lower wing
surface is unaffected.

4.3 Impact of OWN engine installation on drag coefficient

In the following, the impact of the OWN on the backward swept wing is analyzed
with respect to aerodynamic coefficients and physical drag components. In the course
of this analysis, WB and WBEP configuration of REF3 were evaluated at a constant
lift coefficient of 0.465. The overall drag of the WBEDP at target lift totals 317 drag
counts (dcts.) at @ = 3.84°. Compared to the WB configuration, which achieves target
Cp at @ = 2.43°, an increase of 66 drag counts has been ascertained due to the engine
integration. The source of this significant drag rise needs to be identified. An evaluation
of the drag components with the aid of a software allowing for a far-field drag analysis
(fd00 [29]) provides some indication. The diagram in Fig. 4.27 compares the drag
components of the WB and WBEP configuration for C;=const.. The bar diagram consists
of four categories, which represent the physical drag breakdown provided by the far-
field drag analysis. The bars are laid over each other for a simple comparison between
WB (gray) and WBEP (green). Based on this figure, an increase in each individual drag
component due to the engine integration can be observed. The largest relative increment
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Fig. 4.27 Drag components of WB and WBEP for the BSW

can be assigned to the viscous pressure and wave drag components. The friction drag
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increment can be explained by the increase of the wetted area by about 27% due to the
installation of the pylon and nacelle. The increased lift induced drag originates from
the fact that the spanwise lift distribution of the WB configuration is disturbed by the
OWN. Due to the engine installation the local lift along the inboard wing is reduced.
This necessitates a higher a of 3.84° and correlates with an increase of the local lift on
the outer wing, as shown in Fig. 4.18, to reach target lift. As already presented in the
previous section, the engine installation at the wing trailing edge causes an substantial
impact on the wing aerodynamics. Based on the chordwise c,-distributions an alteration
of the shock position was observed. For the WB configuration, the shock is positioned
within the last quarter of the chord length. In contrast, due to the engine installation,
the shock along the inboard wing section is shifted significantly upstream for identical
Cr and a double shock structure on the outboard wing is evident.

Simultaneously, a comparison between isolated and installed nacelle, presented in
Fig. 4.28, reveals an alteration of the area of supersonic flow around the nacelle. The
dashed lines indicate M = 1, while black represents the installed configuration and red
the isolated nacelle. On the upper nacelle, the enclosed area for the installed engine
is almost double the size in comparison with the isolated nacelle. This is caused by
positioning the engine in the high velocity flow field above the wing. The additional
flow acceleration along the nacelle leads to the extended area of supersonic flow and
thus higher pre-shock Mach numbers. The Exception to this can be found on the lower
nacelle. There the area with M > 1 is significantly smaller due to the flow disturbance
induced by the pylon intersection.

: {Inst. Engine

Fig. 4.28 Comparison of areas of supersonic flow between installed and isolated nacelle
on the BSW

Taking the above described effects into account, the increase of wave drag due to the
engine installation can be explained. The OWN installation on the REF3 is accompanied
by a large pylon, which is not only used as structural joint between engine and wing
but in addition serves as aerodynamic fairing for the main landing gear. Due to the
dimension of the pylon fairing, a distinct aerodynamic impact can be assumed, especially
on the drag coefficient. Thus the influence of the pylon should be taken into account
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and determined. Therefore, an additional configuration, composed of wing, body and
engine (WBE), is analyzed.

c, [-] 1 -06-0202 06 1

Fig. 4.29 Comparison of surface pressure distribution on WBE and WBEP indentical
on the BSW

At first, a comparison of the flow features of WBE (left) and WBEP (right) is provided in
Fig. 4.29. The engines are located for both configurations at the identical position. To
assure a similar upstream effect of the powered engine, the engine boundary conditions
of the WBE configuration was defined by a target inlet mass-flow to assure an identical
static pressure on the inlet face. This modification was necessary, since the absence
of the pylon in the nozzle would have affected the engine mass-flow, while keeping
the pressure and temperature ratios on the outlet faces unchanged. The identical
static inlet pressure can be observed by the coloring of the surface with respect to
¢y in Fig. 4.29. Furthermore, only small and local variations in the surface pressure
distribution between WBE and WBEP can be noted. The upstream shift of the shock as
well as the double shock structure on the outer wing can be identified in accordance on
both sides. Nevertheless, an area with c, > 0 is present below the free flying nacelle of
the WBE configuration. This can also be identified on the WBEP configuration at the
junction of pylon and wing. However, this comparison clarifies, that this local positive
pressure coefficient is mainly induced by the OWN and just amplified by the presence
of the pylon.

However, this first comparison reveals neither a beneficial nor detrimental impact of
the enlarged pylon fairing on the aerodynamic characteristics of the wing. To assess the
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drag increase, the physical drag components of the WBE configuration were extracted
with the aid of far-field drag analysis at target C; and compared with WB and WBEP.
The results are plotted in Fig. 4.30.
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Fig. 4.30 Drag components of WB, WBE and WBEP for the BSW

The bar diagram consists of four categories, which represent the physical drag breakdown
into friction, viscous pressure, wave and lift induced drag provided by far-field drag
analysis. The bars are laid over each other for a simple comparison between WB (gray),
WBE (black) and WBEP (green). Consequently, a comparison between the black and
gray bar represents the impact of the installed but free flying nacelle and the difference
between green and black bar is associated with the pylon installation. Almost the total
difference in wave and lift induced drag between WB and WBEP is caused by the OWN
installation. This correlates with the observations in Fig. 4.29, which reveals almost no
impact of the pylon installation on the surface pressure distribution. Instead, only about
half of the viscous pressure drag and two-third of the friction drag can be ascribed to the
engine installation. An investigation of the isolated engine at &« = 3.84° confirms, that the
nacelle is accompanied by about 20 dcts. friction drag and 7 dcts. viscous pressure drag.
This result of the isolated simulation matches the identified viscous pressure and friction
drag increase between WB and WBE. However, the observed total wave drag increase
between WB and WBEP configurations is about twice as large as the detected wave drag
component for the isolated nacelle. Thus, it can be stated, that the OWN installation
causes and disproportional wave drag increase. The remaining drag difference between
WBE and WBEP is caused by the pylon. The drag increase correlates with the size of the
large engine pylon. To assure this assumption, the spanwise distribution of the viscous
pressure drag is shown in Fig. 4.31, comparing the WBE and WBEP configuration.

The viscous pressure drag is plotted along the y-axis over the normalized wing span.
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For reference, the WBE configuration is plotted from rear view in the background. The
orange line represents the WBE, while the results extracted from the WBEP are plotted
in black. This comparison reveals a good agreement between the two configurations for
y <0.24 and y > 0.39. However, a significant deviation of the viscous pressure drag can
be observed around the engine. In case of the WBE, two local maxima can be detected
at the outer nacelle edges, including a drop at the nacelle axis. By contrast, the WBEP
is dominated by one maximum at the engine symmetry plane, which is concurrently
the pylon position. As a consequence, the viscous pressure increase can explicitly be
assigned to the presence of the pylon and the associated boundary layer displacement
thickness.

In summary, the OWN installation results in a significant drag rise of about 66 drag counts
with disproportional large contributions of the wave and pressure drag components. The
wave and lift induced drag is exclusively dominated by the pure presence of the ONW
nacelle. Whereas the friction and viscous drag increase is evoked by the installation of
OWN as well as pylon, since these parts are accompanied by a considerable increase in
wetted area.

4.4 Interference effects on BSW caused by OWN position
variation

The following section provides further insight into the general installation effects of
an OWN on a backward swept configuration at transonic cruise conditions. For this
purpose, the aerodynamic coefficients of the wing in dependence of the OWN engine
position are analyzed. The spanwise engine position is kept unchanged at y/s = 0.314.
Variations in horizontal and vertical direction are considered. However, the associated
parameter space is limited because of the restrictions of the landing gear fairing below the
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nacelle, which was necessary for REF3. The horizontal engine position x/c ranges from
-2.5% to +2.5% mean aerodynamic chord around the wing trailing edge. The vertical
distance reflects an engine position between 10% to 15% mean aerodynamic chord length
above the wing trailing edge. At first, aerodynamic coefficients of the wing component
are shown to provide an overview and for identification of trends and samples for
a subsequent detailed analysis. In Fig. 4.32 and Fig. 4.33 the componentwise lift and
drag coefficients of the wing for all samples are illustrated within the investigated
parameter space. The sampling was achieved with the aid of the surrogate-based
method, described in section 2.5. The vertical distance is referred to as h/c and plotted
along the y-axis. The x-axis represents the horizontal distanced as x/c. Negative values
for x/c indicate an overlap of nacelle highlight and wing trailing edge. Each colored
square corresponds to an investigated sample point, while the coloring reflects the
contour value.
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Fig. 4.32 Componentwise lift coefficient Fig.4.33 Componentwise lift coefficient
Cr. of BSW in the presence of the Cp of BSW in the presence of the
OWN OWN

All samples are performed with a target lift coefficient of C; = 0.46944 for the full aircraft
by adapting the angle of attack a. In case of disturbances of the wing lift, other aircraft
components, e.g. fuselage or nacelle, have to compensate the wing lift variation to reach
the overall target coefficient. As a result, a trend within the data can be observed. The
variation of Cp yiug OVer the parameter space is within a range of 0.5 Icts.. The lowest
CL,wing is given for the minimal vertical distance between wing and nacelle. An increase
of the wing lift component is traceable for an increasing overlap of nacelle and wing. But
generally, the dominant trend depends on an increase of the vertical distance between
nacelle and wing.

By contrast, the wing drag component Cp s, in Fig. 4.33 ranges from 150 up to 190
dcts.. This significant impact of the engine position on the wing drag component is
dominated by the horizontal distance between nacelle and wing. The most downstream
positions of the engine result in the lowest wing drag contribution. Moreover, a slight
decrease of Cp ing With increasing vertical distance can be observed.
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Fig. 4.34 Volume slice showing the pres- Fig. 4.35 Volume slice showing the pres-
sure coefficient at y/s=0.314 sure coefficient at y/s=0.314
(h/c=0.10) for the BSW (h/c=0.127) tor the BSW

Fig. 4.36 Volume slice showing the pres-
sure coefficient at y/s=0.314
(h/c=0.15) for the BSW

For detailed investigations with respect to the lift coefficient Cp g, three samples
were selected at x/c=0 with vertical distances 1/c of 0.1, 0.127 and 0.15. Fig. 4.34 to
Fig. 4.36 provide a lateral view on the pressure coefficient c, in a volume slice at the
engine symmetry plane. For orientation, the slice is transparent and the critical pressure
coefficient ¢, i, representing M = 1, is marked by a black solid line. The contour level
ranges from -1 to +1, while blue indicates pressure coefficients close to -1 and red
colors c,-values in the range of +1. The vertical distance between nacelle and wing is
changing, whereas the horizontal distance is identical. All three figures feature a region
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of supersonic flow on wing and nacelle upper surface. With increasing vertical distance,
a flow with M > 1 occurs on the nacelle lower leading edge. However, based on this
illustration no obvious variations between the three configurations with respect to the
wing can be observed.

h/c=0.1 - AoA=3.92° PRy
h/c=0.127 - AoA=3.87°
h/c=0.15 - AoA=3.81°

Fig. 4.37 Comparison of the iso-Mach lines for varying vertical distance on the BSW

Thus, the iso-Mach lines for M=1 are consolidated in Fig.4.37. The plot shows a
superposition of volume slices through the engine symmetry plane. Thus, not only the
wing and engine cross section but also a cut through the pylon is visible in dark gray.
To bring the dashed iso-Mach lines and different vertical engine positions in context, the
colors of the nacelle outer edges and iso lines are harmonized. Furthermore, the regions
of supersonic flow are exemplary highlighted white for the configuration with i/c = 0.1.
The legend additionally provides the necessary angle of attack a to achieve target C;.
Based on Fig. 4.37, a minimal downstream shift of the shock position can be observed
with increasing vertical distance. In addition, it should be noted, that the angle of attack
decreases from 3.915° to 3.81° with increasing vertical distance. Thus, it can be stated
that the shock position shifts downstream despite a decreasing a.

However, the variation of C; ,i,e cannot solely be attributed to the alterations of the
area of supersonic flow. For that reason, the surface pressure distributions for the three
samples are plotted in Fig. 4.38. The pressure coefficient ¢, is plotted reverse along the
y-axis over the normalized wing chord x/c. In addition, the figure contains a zoomed
section around the shock position. Note, the pressure distribution visualizes mainly
the wing upper surface. The lower wing surface is cut at about x/c=0.25 due to the
intersection of wing lower surface and engine pylon. The coloring for the identification
of the engine positions is identical with Fig. 4.37. Based on the pressure distributions,
the downstream shift of the shock is confirmed. Moreover, an expected increasing ¢, uin
for an decreasing a can be detected. The reason for the increasing lift coefficient can be
found along the rear wing. The pressure coefficient along the upper surface decreases
with increasing vertical distance. Concluding from this observation, a direct impact of
the nacelle’s presence on the pressure coefficient along the wing upper surface can be
stated. With increasing vertical distance, the wing is less affected by the OWN. Thus the
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Fig. 4.38 Comparison of the pressure distributions for h/c=0.1 (black), h/c=0.127 (red)
and h/c=0.15 (green) on the BSW

integral area of the lift curve increases due to an decreasing pressure coefficient along
the upper rear wing. Consequently, in the area of the engine connection more lift can be
generated by the wing resulting in an increasing C ying-

x/c=-0.025 - AoA=3.72° I’,I'li",?’ i
x/c=0.0 - AoA=3.81° 0

x/c=0.023 - AoA=3.87°

Fig. 4.39 Comparison of the iso-Mach lines for varying horizontal distance on the BSW

The detailed analysis of the trend for the drag coefficient Cp ,i,q is based on three samples
at about 0.15 h/c for -0.025 x/c, 0.0 x/c, and 0.023 x/c. Fig. 4.39 shows a superposition
of volume slices through the engine symmetry plane analogous to Fig. 4.37. The wing,
engine and pylon cross section is visible in dark gray. Different colors were selected
to bring the dashed iso-Mach lines and different vertical engine positions in context.
Furthermore, the regions of supersonic flow are exemplary highlighted white for the
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configuration with x/c = —0.025. The legend additionally provides the necessary angle
of attack « to achieve target C;..

Starting from the engine position with the largest overlap of wing and nacelle (green) an
increasing area of supersonic flow by a downstream shift of the engine can be noted. The
corresponding angle of attack decreases with increasing horizontal distance. This trend
is reflected by the decreasing area of supersonic flow on the nacelle, which is located at
similar mounting height. The target lift values for the configuration with distinctive
overlap of nacelle and wing was reached for #=3.87°. Whereas the configuration with
most downstream located nacelle achieves target lift at a=3.72°. In addition, a direct
correlation between horizontal engine position and wing shock location can be identified.
The magnitude of engine and shock displacement are in the same order of magnitude.
A comparison of the pressure distribution provides further details.
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Fig. 4.40 Comparison of the pressure distributions for x/c=-0.025 (black), x/c=0.0 (red)
and x/c=0.023 (green) on the BSW

Fig. 4.40 presents the pressure coefficient ¢, plotted reverse along the y-axis over the
normalized wing chord x/c. In addition, the figure contains a zoomed section around
the shock position. As in Fig. 4.38, the pressure distribution depicts mainly the wing
upper surface. The lower wing surface is cut at about x/c=0.25 due to the intersection of
wing lower surface and engine pylon. The coloring for the identification of the engine
positions is identical with Fig. 4.39. The comparison of the c,-distributions confirms the
relocation of the shock by about 5% due to the horizontal engine shift from -2.5% x/c
to +2.3% x/c. On the rear wing the pressure level is lower for the engines positioned
further aft. The distributions are crossing each other at about 90% x/c till they reach
almost identical c,-levels at the wing trailing edge. Consequently, the horizontal engine
position has a minor impact on the wing lift in comparison with the vertical engine
position. Instead, the evaluation of the horizontal positions implies a significant impact
on the drag coefficient. However, the previous analysis provides no clear evidence for
the strong wing drag increase, resulting from the upstream shift of the nacelle. Therefore,
a far-field drag analysis was conducted to gather more information regarding the origin
of drag increase.
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Tab. 4.1 Drag breakdown for horizontal position variation

Horizontal position x/c

-0.025 | 0 0.023
friction drag 1274 | 1274 | 126.7
vis. pressure drag | 61.5 59.0 84.3
Drag components  wave drag 38.8 30.3 25.1
induced drag 104.4 | 1039 | 1074
Total drag 332.1 |[320.6 | 3435

The physical drag breakdown is listed in Tab. 4.1. Each column represents an engine
position. The physical drag components are listed along the rows including the overall
total sum. The friction drag component is nearly constant over the three different
horizontal engine positions. The viscous pressure drag component is decreasing for an
increasing overlap between nacelle and wing. By contrast, the wave drag component
increases for an increasing overlap. The induced drag component exhibits minor
changes, but an increase by about 3 dcts. for the most aft engine position is traceable.
Because of the opposed trends for viscous pressure and wave drag, the drag minimum
can be found for the location of the nacelle highlight above the wing trailing edge.

Following, the origin of viscous pressure and wave drag variation will be investigated
by visualizing the three-dimensional flow field. Three configurations are presented
in detail. First, the focus is set on local regions with supersonic flow. Therefore, not
only one half of the aircraft is presented but the full aircraft by mirroring the flow
solution. Thus, features outboard as well as inboard of the engine and the pylon can be
detected through the transparent fuselage. The surface is colored with respect to the
pressure coefficient c,. To detect the volumetric extent of supersonic flow, iso-surfaces
representing M = 1.2 are plotted in magenta to stand out from the surface contour.
In Fig. 4.41 to Fig. 4.43 three main supersonic flow regions can be identified: at the
wing leading edge, around the nacelle leading edge, and outboard wing trailing edge.
For the most upstream position, the second shock along the outer wing trailing edge
expands. In addition, the largest region of supersonic flow on the nacelle is present for
this engine position, which is confirmed by Fig. 4.37. By shifting the engine downstream,
both regions of supersonic flow, on the nacelle and outer wing, shrink. Thus, it can be
assumed that the wave drag component decreases, which would in turn explain the
wave drag variation from 38.82 dcts. for x/c=-0.025 to 25.13 dcts. for x/c=0.023.

Viscous pressure drag is an indicator for the boundary layer displacement thickness
induced exemplary by geometries or flow separations. Since the geometry variations
are only minor, the reason for the significantly increased viscous pressure drag must be
expected to be caused by flow separations. Instead of visualizing ¢, < 0, iso-surfaces for
flow velocities of —1m/s in x-direction are illustrated in Fig. 4.44, Fig. 4.45, and Fig. 4.46
to identify critical regions and illustrate the accompanied displacement thickness. Note,
the illustration with the aid of x,; = —1m/s does not represent the exact size of the flow
separation, but is used as indicator for the volumetric expansion of reverse flows. The
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Fig. 4.41 Visualization of Iso-Mach sur- Fig.4.42 Visualization of Iso-Mach sur-
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