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Abstract

This paper describes the multidisciplinary
design optimization (MDO) of a transonic strut-
braced wing aircraft. The optimization considers
aeroelastic deformations of the wing and passive
load alleviation. The calculations reveal that the
strut twist moment provides substantial load
alleviation and significant reductions in structural
wing weight.

To benefit from the potential of applying
passive load alleviation during preliminary aircraft
design, a flexible wing sizing module has been
linked to the MDO design tool to optimize the
design of three different strut-braced wing aircraft
configurations featuring fuselage mounted engines,
underwing mounted engines, and wingtip mounted
engines.

I ntr oduction

Strut-braced wing configurations have been used
both in the early days of aviation and today's small
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airplanes. In the beginning, adopting thin airfoil
sections required external structural wing support to
sustain the aerodynamic loads. However, external
structures cause significant drag penalty. Gradually, it
was understood that the external bracing could be
removed and lower drag could be achieved by
replacing the wing-bracing structure with a cantilever
wing with an appropriate wing-box and thickness to
chord ratios.

Along with the idea of the cantilever wing
configuration with its aerodynamic advantages, the
concept of the strut-braced wing configuration also
survived. Thisis due to the tireless efforts of Werner
Pfenninger from the early 1950s until the late 1980s".
Relative to a cantilever wing, a strut offers the
opportunity to increase the wing aspect ratio and to
decrease the induced drag significantly without wing
weight penalties. Also, a lower wing thickness
becomes feasible, reducing transonic wave drag and
hence allowing lower wing sweep. Reduced wing
sweep and high aspect ratio allow for natural laminar
flow due to low Reynolds numbers and sweep.
Conseguently, a significant increase in the overall
aircraft performanceis achieved.??

A number of strut-braced wing aircraft
configurations have been investigated in the past. In
continuing Pfenninger's work, Kulfan and Vachal
from Boeing performed preliminary design studies
and evaluated the performance of a large subsonic
military airplane* They compared performance and
economics of a cantilever wing with a strut-braced
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wing configuration. Two load conditions, a 2.59
maneuver and 1.67g taxi bump were used to perform
structural analyses.

The strut resolved a ground strike problem during
taxiing encountered by the cantilever design.
Moreover, the strut-braced wing configuration
required less fuel (1.6%), and resulted in lower takeoff
gross weight (1.8%) and lower empty weight (3%)
compared to the cantilever wing configuration. Cost
comparisons showed that the operating costs of the
strut-braced wing configuration were slightly less than
those of the cantilever wing configuration because of
itslower takeoff grossweight.

Park® compared the block fuel consumption of a
strut-braced wing versus a cantilever wing. Even
though he concluded that the use of a strut saves
structural wing weight, the significant increase in the
strut thickness to cope with its buckling at the -1.0g
load condition increased the strut drag. Therefore, a
strut did not appear practical for this transport aircraft
due to an increased fuel consumption compared to the
cantilever design.

The strut-buckling problem was addressed in our
previous work®"® through an innovative concept of a
telescoping sleeve mechanism that activates the strut
only during positive g maneuvers. For negative g
maneuvers, the wing acts like a cantilever wing.
Furthermore, this arrangement allows a defined strut
force at the 2.5g maneuver design load instead of the
statically indeterminate one obtained from arigid strut
attachment. This defined strut force as well as strut
position can be optimized in order to achieve the
maximum benefits from the design concept.

Another study on strut-braced wing configurations
was conducted by Turriziani et al.® They addressed
fuel efficiency advantages of a strut-braced wing
business jet employing an aspect ratio of 25 over an
equivalent conventional wing business jet with the
same payload range. They concluded that the strut-
braced wing configuration reduces the total aircraft
weight, even though wing and strut weight increased
compared to the cantilever wing case, which is due to
aerodynamic advantages of high aspect ratio wings.
Furthermore, the results showed a fuel weight savings
of 20%.

The reduced wing thickness together with shorter
wing chords associated with strut-braced wings
significantly reduce wing-box torsional stiffness and
render the wing more sensitive to aeroelastic problems
like increased static aeroel astic deformation or reduced
flutter and divergence speeds. The present work
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highlights a possibility of resolving the problem of
increased aeroelastic deformations by employment of
the strut moment induced on the wing.

To fully exploit the synergism from the strut-
braced wing concept, an MDO approach has been
chosen for aircraft design optimization. The
multidisciplinary team consists of aerodynamics,
structures, and a detailed investigation of interference
drag. The aerodynamic analysis uses simple models
for induced drag, parasite drag, and interference drag.
All analyses are linked together, and the performance
of the strut-braced wing aircraft is then optimized for
minimum take-off gross weight.>"®

The MDO approach has been implemented in
several aircraft designs. Grossman et al.? investigated
the interaction of aerodynamic and structural design
of a composite sailplane subject to aeroelastic,
structural, and aerodynamic constraints to increase
the overall performance. They showed that the
multidisciplinary design can yield results superior to
the ones obtained from the sequential method.
Another exampleis the application of MDO to aHigh
Speed Civil Transport (HSCT). A significant effort
has been made at the Multidisciplinary Analysis and
Design (MAD) Center of Virginia Tech to perform
MDO of an HSCT. Several methods were developed
for the better use of the MDO approach for aircraft
conceptual and preliminary design. More information
about this work can be obtained from Refs. 10
and 11.

A wing sizing module developed within this
project provides two essential features within the
MDO environment. First, it is used to calculate the
structural wing weight, i.e. the bending material
weight of the wing-box. It has been found that
commonly available wing weight calculation routines
like the NASA Langley developed Flight
Optimization System (FLOPS'? are not accurate
enough in accounting for the effect of the strut.
Therefore, a program has been developed to
accurately calculate the bending material weight of
the wing based on a hexagonal wing-box model. The
non-structural wing weight like flaps, slats, spoilers,
ribs etc. is still calculated from the FLOPS equations
by replacing the FLOPS bending material weight by
the actual one.
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Cantilever baseline design configuration

— 1" : —‘

Wing mounted engine strut-braced wing design

Fuselage mounted engine strut-braced wing design

Tip mounted engine strut-braced wing design

Figurel: General configuration layouts of different investigated designs

The benefits of a strut-braced wing configuration
also result in a drag penalty due to the strut. In
particular, the potential interference drag penalty at the
junction of the strut with the fuselage and the wing is
more difficult to estimate than the drag of the main
body of the strut. In the vicinity of the junctions,
detrimental effects such as unwanted shock waves and
flow separation can cause the interference drag to
increase significantly. Therefore, an Euler analysiswas
used for assessing interference drag. Since it is not
computationally feasible to include the Euler solution
inside the optimization, aresponse surfaceis created to
approximate the dependence of the interference drag
on the strut angle and strut thickness to chord ratio. A
vertical strut offset was used asto achieve a significant
reduction in wing/strut interference drag.

3

Optimization M ethodoloqy

Four different aircraft configurations were being
considered: Cantilevered Wing, Fuselage Mounted
Engines SBW, Wing Mounted Engines SBW and Tip
Mounted Engines SBW. The cantilever design is
being used as a baseline comparison, to which we can
compare weight savings and differences in design. It
also serves as a validation case with which we can
compare with existing aircraft. The genera
configuration of the designs is shown in Figure 1.
The primary mission profile will require a 325
passenger load, Mach 0.85 cruise speed, and a 7500
nautical mile range with an additional 500 nautical
milesasreserve (Figure 2).
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Figure2: Mission profile

Table 1: Optimization constraints

Description

Constraint

Range

Calculated range > 7500nm

Initial cruiserate
of climb

Initial cruise ROC > 500
ft/min

Max. allowable Calculated maximum cruise
cruise section Cy section G; <0.8
Fuel capacity Fuel weight < Fuel capacity
Engine-out Required C, < Available G,
Wing deflection Wing deflection < 20 ft.
Second segment Calculated gradient > 0.024
climb gradient
Balanced field Balanced field length <
length 11000 ft.
Approach velocity | Approach velocity <

140 knots
Missed approach | Calculated gradient > 0.021
climb gradient

Landing distance

Landing distance < 11000 ft.

Slack load factor
upper limit

Strut slack load factor < 0.8

Slack load factor
lower limit

Strut slack load factor > 0.0

For optimization, the Virginia Tech Strut-Braced
Wing code uses the method of feasible directions
implemented in the Design Optimization Tools (DOT)
software developed by Vanderplatts R&D.' The
objective is to minimize the Take-Off Gross Weight
(TOGW) of the aircraft. This is the traditional
objective of large transport designs and is a good
measure of the total system cost?®

To maximize the beneficial influence of the strut
upon the wing structure, strut force and spanwise
position of the wing-strut intersection are optimized by
the MDO code for the 2.5g maneuver load case. To
attain acceptable aerodynamic characteristics of the
strut an airfoil cross section is considered. The strut is
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designed in a way that it will not carry an
aerodynamic load during the cruise condition.

Depending on the configuration considered, a
total of 15 to 22 design variables were used. These
include wing half-span, chords, thickness to chord
ratios, strut position and geometry, engine location,
thrust, and cruise atitude. Each design variable is
given upper and lower side constraints and then
scaled to take avalue between 0 and 1.

A tota of 13 inequality constraints were
enforced in the optimization These constraints reflect
typical restrictions on passenger transport aircraft.
Table1l liststhese constraints.

Structural Wing Moddling

Due to the unconventional nature of the proposed
wing concept, commonly available weight calculation
models for transport aircraft (such as the NASA
Langley developed Flight Optimization System
FLOPS') are not accurate enough. A special bending
weight calculation procedure was thus devel oped.

L oad Cases

To determine the bending material weight of the
strut-braced wing, two maneuver load conditions
(2.5g maneuver, -1.0g pushover) and a taxi bump
(-2.0g) are considered to be design critical. For the
-1.0g pushover and for the -2.0g taxi bump, the strut
is not active and the wing acts like a cantilever beam.
Since the strut is not supporting the wing in these
cases, high deflections of the wing occur for the -2.0g
taxi bump. As a result, an optimization procedure is
implemented to distribute the bending material to
prevent wing ground strikes.

Strut Slack | oad

The optimization of the strut force discussed
before means that the strut first engages in tension at
some positive load factor. This can be achieved by
providing a mechanism that unloads the strut tension
below a certain load factor. The optimum strut force
at 2.5g is then different from the strut force that
would be obtained at 2.59g if the strut was engaged for
al positive values of the load factor.

The slack load factor is defined as the load factor
at which the strut initially engages. It is important to
have the slack load factor always positive, otherwise
the strut would be pre-loaded at the jig shape of the
wing to achieve the optimum strut force. To prevent
the strut from repeatedly engaging and disengaging
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during cruise due to gust loads, the upper limit for the
slack load factor is set to 0.8 during the optimization.

Wing-Box M odel

A hexagonal wing-box model was implemented
into the wing weight calculation module for structural
wing sizing (Figure 3). This model was provided by
Lockheed Martin Aeronautical Systems in Marietta,
Georgia. Based upon Lockheed Martin’s experience in
wing sizing, the wing-box geometry varies in the
spanwise direction with optimized area and thickness
ratios for spar webs, spar caps, stringers, and skins. By
keeping these ratios fixed, it is still possible to reduce
all geometric data of the wing-box to one independent
thickness, which is alowed to vary in the spanwise
direction. Therefore, despite the complexity of the
geometry, a closed-form solution for the material
thickness can still be found by employing a piecewise
linear load representation.

The hexagonal wing-box allows computation of
bending and torsional stiffness with a high degree of
accuracy. This torsiona stiffness becomes essential
when calculating wing twist and flexible wing
spanload, aswell as for the incorporation of aeroelastic
constraints into design optimization. Furthermore,
minimum gauges and maximum stress cutoffs can be
accurately applied.

Aerodynamics for Wing Sizing

The aerodynamic loads are calculated based on the
vortex lattice method (VLM). For this purpose, a
linearized transonic VLM code was developed. To
account for compressibility effects, the airflow density
is corrected according to the freestream Mach number

[ Hexagonal Wing-Box

0.04
0.03 4
23? 1 —~] - Airfoil
o ‘ ‘ Z
Noo & 4 4 —
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002 | A A e
-0.03 4 \
-0.04
0 02 04 X/C 0.6 \ 08 1
Center of Gravity

Shear Center (Elastic Axis)

Aerodynamic Center

Figure 3: Hexagonal wing-box and applied sectional
forces and moments

using the internal Prandtl-Glauert correction.
Although not capable of transonic shock predictions,
this modification allows an acceptable prediction of
local lift coefficients. To take into account the
spanwise variation of the sectional pitch and dihedral,
as well as the chordwise variation of the airfoil
camber surface, the flow tangency boundary
conditionisformulated as:

U, sin(a - d)cosg = w,, cosg cod
+v, sngcosd - u, cosgsind

where a, d and gare the angle of attack, slope of
the mean camber line, and dihedral, respectively, for
each point on the curved surface. The induced
velocities Ugp, Vg and Wy, represent the backwash,
sidewash and downwash velocities, respectively,
acting on any arbitrary point C X,y.,z) of the lifting
surface due to a bound vortex AB having the vortex
strength G and the end points A (,,¥a,Z2) and B
(Xp,Y0,Zp)- A detailed description of the aerodynamic
load calculation can be found in Ref. 15.

Passive L oad Alleviation
Wing Sizing Process

For accurate wing sizing, the wing was
subdivided into 81 structural nodes representing the
spanwise grid points for the application of the
piecewise linear loads. To account for increasing
gradients in the spanload towards the wing tip, cosine
spacing was used. The aerodynamic lifting surface
features 40 spanwise and 5 chordwise vortex panels
distributed equally along the wing span. To reduce
computational time, the number of chordwise vortex
panels can be reduced to one, thus reducing the lifting
surface theory to lifting line aerodynamics. In order
to assure reliable optimization results, a
comprehensive assessment of the influence of the
vortex paneling upon wing weight has been
conducted.

Figure 4 depicts the influence of the number of
chordwise vortex panels on the calculated wing
weight for a 747 type wing. Reduction of the number
of chordwise panels proved to significantly reduce
runtime. However, this runtime reduction comes
along with an increased wing weight, therefore
leading to more conservative optimization results.
The pre-twist of the wing planform is calculated
using Lamar’'s design program LAMDES.® Due to
this pre-twist calculation, the LAMDES module
showed a much higher sensitivity to panel reductions.
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Figure 4: Calculated wing bending material weight
vs. number of chordwise vortex panel for both
aerodynamic modules

Therefore, the lower limit for the number of chordwise
panels in LAMDES was set to six, representing a
reasonable compromise between reduced runtime and
reliable wing sizing.

The initial wing deformation including sectional
twist angle, dihedral (bending slope) and deflection, is
calculated from the rigid wing spanload. which usually
is close to an elliptical one. To obtain an elliptical lift
distribution during cruise, the wing is being pre-
twisted and jig twisted. Since, for a swept wing, the
sectional streamwise angle of attack is a combination
of twist angle and bending slope, the wing bending
deformation significantly influences the aerodynamic
effectiveness of the lifting surface. Therefore, to
achieve the desired twist distribution of the wing
during cruise, thewing isjig twisted to account for the
changes in the local twist due to the bending
deformation.

Gimmestad from Boeing showed that
consideration of the jig twist for wing sizing of the B-
52 resulted in a 10% reduction in the design loads.™
Therefore, considering the jig twist during preliminary
design may result in significant structural weight
savings.

The lift distribution is recalculated iteratively based
on the actual wing deformation, yielding a new
(flexible) spanload. From there, al structural wing
parameters like bending stiffness, torsional stiffness,
and wing weight are recalculated and then again used
for computation of the flexible spanload. A detailed
description of the wing sizing process is given in
Ref. 15.
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The total wing weight, including the secondary
structure like ribs, flaps etc. is calculated using the
FLOPS equations.*? For this purpose, only the
bending material weight in FLOPS is replaced by the
bending material weight obtained from the present
model.

Validation

The structural design code was validated using
available data for the 747-100. The bending material
weight computed from the piecewise linear load
model was compared with the bending material
weights given by Torenbeek® and FLOPS™
Comparison of the results obtained using the present
structural model with the actual 747-100 weights for
both the assumption of an elliptical spanload as well
as for the consideration of passive load alleviation
showed good agreement.*

Strut-Braced Wing Sizing
Flexible Wing Spanload

The strut-braced wing has been analyzed and
sized using the new module. As an example, the wing
sizing process is described for the underwing
mounted engine configuration. Figure 5 shows the
spanload distribution on the wing for the 2.5g
maneuver obtained from the iterative process.

In Figure 5, spanload and structural wing weight
are converged to their final values. For the strut
attached at the elastic axis of the wing, the strut-
braced wing exhibits the same load alleviation

Rigid Wing

Strut at elastic axis
Strut at leading edge
Strut at trailing edge

o) S YT Y Y T T T T T |
0 0.25 0.5 0.75 1

Nondimensional wing span

Figure 5: Spanload distribution for the wing
mounted engine strut-braced wing in a 2.5¢g
maneuver
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behavior as its cantilever counterpart. Due to the
upward bending of the wing, lift loads are shifted
inboard because of the reduction of the sectional angle
of attack on the outboard wing sections (vash-out).
For arigid wing, the spanload for the 2.5g maneuver
would be approximately the cruise spanload scaled by
the load factor 2.5, i.e. an amost elliptica one.
Compared to a conventional cantilever wing, the wash-
out effect for the strut-braced wing isrelatively weak

Thetwo main reasons for this behavior are:

a) Thetorsional stiffness of the wing box is low. This
allows the wing sections to rotate more, thus
compensating in part for the angle of attack
reduction due to the upward bending of the wing.

b) The strut significantly reduces the upward bending
of the wing. This bending deflection is the main
component adding to the wash-out effect of swept
back wings.

Figure 5 also depicts one major advantage of the
strut-braced wing from the aeroelastic point of view: a
chordwise offset of the strut attachment to the wing-
box produces a twist moment acting on the wing. By
attaching the strut to the leading edge instead of the
wing elastic axis, this moment literally twists down the
wing leading edge. As a result, even more load is
shifted inboard, producing a much higher load
alleviation effect than for a conventional wing.

To further highlight the strut influence upon the
load alleviation behavior and wing spanload, the
influence of a strut attached to the trailing edge is also
illustrated in Figure 5. In this case, the strut moment
twists the leading edge of the wing upward, thus
increasing the aerodynamic loads on the outboard

Figure 6 2.5g maneuver deformation for the wing
mounted strut-braced wing configuration.

wing sections. To sustain the total lift for the
respective load factor also when considering wing
flexibility, the aircraft incidence has been adjusted
after each iteration step®

Wing Sizing From Flexible Spanload

Consideration of the actual maneuver spanloads
usuall¥ resultsin a significant reduction in the design
loads.™ Since the influence of the strut moment offers
even more potential for maneuver load alleviation,
the impact of flexible wing sizing may even be higher
than for the cantilever wing. Therefore, the wing
structure has been resized according to the actual
spanload distribution after each iteration step.

Weight calculation from the flexible design loads
reveals the significant influence of the strut moment
on maneuver load aleviation and wing weight. The
influence of the chordwise strut offset on the
calculated wing bending material weight for several
different chordwise strut positions, varying from the
leading edge to the trailing edge, has also been shown
in Ref. 15. In addition, the center of gravity of the
engine can been moved in the chordwise direction as
well. This way, two additional twist moments
influence the aeroelastic deformations, spanload, and
wing weight. Compared to the rigid wing weight,
sizing the wing using the actual design loads and
considering the appropriate chordwise positions of
engine and strut can be used to lower structural
weights for most configurations.

It is important to note that an identical wing
featuring a thin airfoil would suffer a significant
weight penalty if designed without a strut.
Calculations for a fuselage mounted engine
configuration indicate a 43% weight penalty for the
rigid wing sizing and a 29% weight penalty for the
flexible design loads in such a case.”® The impact of
the strut and engine position of the wing's
deformation behavior is highlighted in Figure 6. For
the configuration yielding the lowest wing weight,
maneuver deformations are relatively small. Even
more, the wing twist is significantly reduced. In
contrast, placing the strut at the trailing edge would
result in higher aeroelastic loads, maneuver
deformations, and wing weight (not depicted).

Aerodynamic Modding

The aerodynamics model consists of a
combination of response surface equations devel oped
from CFD analysis and theoretical models. The drag
components that are modeled are parasitic, induced,
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wave and interference drag. A detailed discussion of
these drag models can be found in previous Virginia
Tech SBW studies.”*

The parasitic drag model is based on applying form
factors to an equivalent flat plate skin friction drag
analysis. The amount of laminar flow on the wing and
tails is estimated by interpolating results from the
Reynolds number vs. sweep data obtained from the
F-14 Variable Sweep Transition Flight Experiment
(1984-1987) and the Boeing 757 Natural Laminar
Flow Glove Flight Test (1985).?2 For the fuselage,
nacelles and pylon friction drag, an input Reynolds
number is used to determine the transition location on
those components. The form factors that are then
applied are calculated using formulas supplied by
Lockheed Martin Aeronautical Systems.

To caculate induced drag, a discrete vortex
method in the Trefftz plane is being used.® This gives
the optimum load distribution corresponding to the
minimum induced drag for an arbitrary, non-coplanar
wing/strut configuration.

The interference drag of the wing, strut, and
fuselage intersections are estimated using Hoerner
equations based on subsonic wind tunnel tests.”® To
aleviate the problem associated with a sharp wing-
strut angle, the strut employed here is given the shape
of an arch and intersects the wing perpendicularly.
Analyses for an arch radius varying from 1 ft to 4 ft
were performed with CFD tools. Unstructured grids
were obtained with the advancing-front methodol ogy
implemented in the code VGRIDns. The Euler
eguations were then solved using the CFD code
USM3D at the cruise Mach number of 0.85.29%°

Weights Formulation

To calculate the individual component weights of
the aircraft, equations from NASA Langley’s Flight
Optimization System (FLOP9' and proprietary
equations supplied by Lockheed Martin Aeronautical
Systems (LMAS) were used. The wing bending
material weight is obtained from the aforementioned
wing sizing module. In addition to this, technology
factors are applied to the different weight groups to
simulate technology advances expected by the year
2010. The factors were compiled and supplied by
LMAS after a detailed study to assess technology
advances in different areas. These advances include
effects of riblets on the fuselage and nacelles,
supercritical  airfoils, induced drag reduction,
integrated flight control systems, fly by light and
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power by light, simple high lift devices, and
compositewing and tail. A detailed discussion of the
material used in the weights models can be found in
Ref. 21.

Stability and Control

FAR specifications require that an aircraft must
be able to maintain straight flight at 1.2 times the
stalling speed with one engine inoperative. It allows a
maximum bank angle of 2 with some sideslip angle.
The vertical tail is sized using a tail volume
coefficient method to meet these FAR requirements
through an inequality constraint. The lateral force
provided by the vertical tail provides most of the
reguired yawing moment needed to maintain straight
flight in an engine-out condition. However, for thetip
mounted engine configuration, circulation control is
used on the vertical tail to augment the force provided
by the vertical tail. The vertical tail lift coefficient
dueto circulation control islimited to an upper bound
of 1.0. To calculate the stability derivatives, a
modified DATCOM empirical method was used.
Ref. 27 provides a more detailed explanation of the
stability and control model.

Propulsion

GE-90 class, high-bypass ratio turbofan engines
are used in this study. The engine deck for a GE-90
like engine was obtained from LMAS, and the
necessary variables such as specific fuel consumption
and maximum thrust at cruise altitude are being
obtained through interpolation from a least square fit
to the data. A rubber engine sizing method was used
to scale the GE-90 class engine to meet thrust
reguirements.

Perfor mance

The range is calculated using the Breguet range
equation. To take into account the fuel burned during
the climb segment to initial cruise altitude, 95.6% of
the TOGW is used as the initial weight in the range
calculation. The lift to drag ratio, flight velocity and
specific fuel consumption are taken for an average
cruising altitude and Mach number. An additional
500 nautical mile range requirement is added to the
range of the aircraft to account for the reserve fuel
weight.

To calculate field performance constraints,
methods found in Roskam and Lan®® are used. The
field performance parameters that are considered are
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the second segment climb gradient, balanced field
length, missed approach climb gradient and landing
distance. These parameters are calculated for hot day
conditions at sea level. The second segment climb
gradient is calculated as the ratio of the rate of climb to
the forward velocity at full throttle with one engine
inoperative was used. The balanced field length was
calculated based on the empirical estimation from
Torenbeek.?* The missed approach climb gradient is
similar to the second segment climb gradient, but with
only 73% of the TOGW, and with all engines
operating. The landing distance is defined as the
distance from a 50-ft obstacle (clearance to the
touchdown including flare distance) to the aircraft full
stop. See Ref. 21 for a more detailed discussion of the
field performance estimation.

Optimization Results
Validation

To validate the MDO code, each component was
individually tested with data from existing transport
aircraft. In addition, the optimization results were
reviewed by LMAS, who compared it with their own
studies. The overall MDO code was validated by
comparison  with the Boeing  777-2001GW
configuration. In this case, a cantilever wing design
with all technology factors set to a value of one (i.e.
representing 1995 technology levels) was optimized.
The MDO code showed good agreement with respect
to both the TOGW and wing weight. The cantilever
wing design produced a TOGW of 592,000 Ibs. while
the TOGW of the Boeing 777-2001GW was listed in
Jane's as 590,000 Ibs. Also, the geometric properties
of the cantilever wing design were similar to that of
the Boeing 777-2001GW.
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m Fuselage Mounted Engines SBW
_l 0 Wing Mounted Engines SBW
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Figure 7: Comparison of weight components with
passive load alleviation
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Comparison with cantilever wing baseline

Two different comparisons are made with regard
to the use of the structures model in the overall
optimization of the strut-braced wing aircraft:

a) The first compares the different SBW designs
with the baseline cantilever wing design. This
comparison is made with optimum designs
obtained using the flexible wing structures model.

b) The influence of passive load alleviation is
demonstrated by comparing similar optimized
SBW designs with rigid and flexible wing sizing
applied. Here we highlight the advantages and
disadvantages in implementing such a model in
the design optimization of the SBW aircraft.

Figure 7 and Table 2 compare the component
weights for the four aircraft configurations analyzed.
For comparison purposes, Table 3 shows the
optimization results from rigid wing sizing. It can be
seen that the SBW design has a TOGW weight
savings of up to almost 14% compared to the baseline
cantilever design. The wing-mounted engine SBW
design gave the best savings in TOGW. Most of the
differences can be seen in the fuel weight, with as
much as 19% in the case of the wing mounted
engines SBW design. Coupled with a reduction of
more than 20% in required engine thrust, the SBW
design would also have less exhaust and noise
emissions compared to a cantilever design. In
general, the SBW designs have lower wing sweep
angles and smaller thickness to chord ratios, which
would result in better laminar flow over the wings.
Also, the SBW designs have lower thrust to weight
ratios and wing loading.

Although the Fuselage Mounted Engines SBW
and Wing Mounted Engines SBW have higher wing
spans compared to the cantilever baseline
configuration, it is within the current 80m airport gate
spacing. The Tip-Mounted Engines SBW design has
ashorter wing span due to the Engine-Out Constraint
which is active for this case. Due to the huge
moments created during an engine-out condition, the
optimizer found that decreasing the wing span would
meet the constraint without an excessive weight
penalty. We also notice that the Second Segment
Climb Gradient constraint is active for all the design
cases. This constraint usually drives the required
thrust of the aircraft and is an important constraint
that needs to be considered in the design of the SBW
aircraft.
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Table2: Optimization results fromflexible wing sizing

Fuselage Wing Tip
y Mounted Mounted Mounted
Cantilever Engines Engines Engines
— SBW SBW SBW
Wing Half-Span (ft) 104.97 110.39 107.97 103.99
Wing 1/4-Chord Sweep (deg) 37.93 31.43 32.56 30.99
Strut 1/4-Chord Sweep (deg) 22.67 20.49 30.93
Wing Average Chord (ft) 15.83 16.98 17.02 17.94
Strut Chord (ft) 6.70 7.10 4.70
Wing Average t/c 0.1142 0.0910 0.0951 0.1048
Engine Thrust (Ibs) 73232.8 58949.9 57749.9 63890.8
Thrust to Weight Ratio 0.2710 0.2450 0.2475 0.2640
Wing Loading (Ib/it"2) 121.76 117.68 118.81 113.10
; 481319.0 466697.2 484070.2
Takeoff Gross Weight (Ibs) 540540.9 (11.0%) (13.79%) (10.49%0)
Wing Weight (s) 557996 | (ogmn | (176w | (asr
Fuel Weight (Ibs) 190703 | 1572825 | 1547684 | 1586720
Zero fuel weight (Ibs) 349837.2 3(_2;3:%)“ 32_1113530')8 3(_2;333;)1
Active Constraints
Section CI Constraint ACTIVE ACTIVE ACTIVE_|_ACTIVE |
Engine-Out Constraint ACTIVE
Wingtip Deflection Constraint
Second Segment Climb Constrai ACTIVE ACTIVE ACTIVE ACTIVE
Balanced Field Length Constraint ACTIVE ACTIVE

Influence of passive load alleviation

Figure 8 compares the TOGW of the investigated
configurations with and without flexible wing sizing.
Thereislittle difference in the geometric properties of
the designs obtained for rigid and flexible wing
structural sizing. For the two different wing sizing
models, the TOGW savings over a similarly designed
cantilever wing aircraft have been compared. Tables 2
and 3 show that the impact of flexible wing sizing on
the weight savings of the SBW over the cantilever
designisrelatively small. Weight savings obtained for
the SBW designs using flexible wing sizing are in the
same order of magnitude like the weight gains
obtained using rigid wing sizing. As a result, flexible
wing sizing has little effect on the overall weight
optimization results. However, flexible wing sizing
allows savings of 3000-4000 Ibs in wing weight,
which are augmented by reduced fuel weight and
reduced engine thrust, leading to about 8000-13000 |bs
savings in TOGW.

The cantilever wing benefits more from the
flexible load calculation than the SBW wings. First,
the change in wing weight is slightly larger. Also, the
cantilever wing is able to reduce the wing chord and
increase the wing span, thereby increasing the aspect
ratio, reducing the drag and having amuch larger gain
in fuel consumption.

An exception to these trends is the Tip Mounted
Engines SBW design where an increase in wing
weight is observed. The cause for thisreversal in trend
is an increase in wing loading on the outboard wing
sections due to the inertia of the tip mounted engine
during maneuvers.
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Table 3: Optimization resultsfrom rigid wing sizing.

Fuselage Wing Tip
. Mounted Mounted Mounted
Cantilever Engines Engines Engines
SBW. SBW. SBW.
Wing Half-Span (ft) 104.02 110.45 107.80 103.09
Inboard Wing 1/4-Chord Sweep (deq) 36.57 31.02 28.54 30.83
Strut 1/4-Chord Sweep (deq) 22.97 21.58 31.06
Wing Average Chord (ft) 16.41 17.08 17.03 17.89
Strut Chord (ft) 6.69 7.21 4.76
\Wing Average t/c 0.1132 0.0909 0.0967 0.1052
Engine Thrust (Ibs) 76365.6 60213.5 60144.1 63586.7
Thrust to Weight Ratio 0.2758 0.2460 0.2530 0.2652
Wing Loading (Ib/ft"2) 122.48 118.16 121.78 113.45
Takeoff Gross Weight (Ibs) ss3gs2.1 | 4894889 | 4754428 | 4795611
ving wei (0 soosna | g | s | s
Fuel Weight (Ibs) 1067409 | IO | TN | Chaae
Zero fuel weight (Ibs) 357107.2 3(_275;}1%9 3;_1;‘14;%7 3;_2912‘25%';_
Active Constraints
Section Cl Constraint ACTIVE ACTIVE ACTIVE ACTIVE
Engine-Out Constraint ACTIVE
Wingtip Deflection Constraint ACTIVE ACTIVE
Second Segment Climb Constraint ACTIVE ACTIVE ACTIVE
Balanced Field Length Constraint ACTIVE ACTIVE

It is also noticed that for the Wing Mounted
Engines SBW and Tip Mounted Engines SBW
design, the wing deflection constraint is active when
designed using the rigid wing model while it is
inactive using the flexible wing model. In the case of
the Wing Mounted Engines SBW design, the
difference in the wing deflection between both cases
is 1.2 ft. However, for the Tip Mounted Engines
design, this differenceisin the order of four feet.

Another difference in the use of the flexible wing
sizing model is in optimization run time. With the
rigid wing sizing model, it takes approximately 2
seconds per aerodynamic analysis and the
corresponding structural design. This corresponds to
approximately 15-20 minutes for the MDO
optimization. However, with flexible wing sizing, it
takes approximately 17 seconds per analysis and
structural design, and 2-3 hours for the MDO
optimization. Hence, to reduce runtime, an

Comparison of MDO results between Rigid Wing Sizing and Flexible Win:

Sizing
0 Rigid Wing Sizing
@ Flexible Wing Sizing

6.0E+05 -

5.0E+05 +—

4.0E+05 +—
I
2
= 3.0E+05 +—
o
o
=
2.0E+05 +—
1.0E+05 +—
0.0E+00 T
Cantilever Fuselage Mounted Wing Mounted Tip Mounted Engines
Engines SBW Engines SBW SBW

Figure 8: Comparison of TOGW between rigid and
flexible wing sizing.
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optimization is conducted using the rigid wing sizing
model first. Then, the optimization is restarted using
flexible wing sizing, with the previous optimum
design as the starting point. This reduces the MDO
optimization run time toless than an hour.

Conclusions

A Multidisciplinary ~ Design  Optimization
procedure of a strut-braced wing transonic transport
aircraft has been developed. Wing structural weight is
obtained using flexible wing spanloads and a specialy
developed wing sizing module. Validation of the
module with an existing aircraft wing and comparison
with results from other sources showed very good
agreement.

The calculations revealed the significant influence
of the strut on the bending material weight of the wing.
The use of a strut enables one to design a wing with
thin airfoils without a weight penalty. Designing an
identical thin airfoil wing without a strut would result
in a40% increase in wing weight.

The strut position affects spanload distributions
and wing deformations. Weight savings are possible
by calculation and iterative resizing of the wing
structure according to the actual design loads.
Moreover, as an advantage over the cantilever wing,
employment of the strut twist moment for further load
aleviation leads to increased savings in structural
weight. As a result, the strut moment can be used to
recover some of the gains lost due to the strut
restriction of the wing bending.
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