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The objective of this research is to examine how to design low-airframe-noise transport
aircraft using Multidisciplinary Design Optimization (MDO). This involves optimizing air-
craft to minimize maximum-take-off-weight, while constraining noise at the approach con-
dition. A design methodology which incorporates noise as a design constraint into an MDO
formulation is presented. An MDO framework was designed by integrating aircraft concep-
tual design tools previously developed at Virginia Tech with the Aircraft Noise Prediction
Program (ANOPP). Design studies are presented for cantilever wing and Strut-Braced
Wing (SBW) transport aircraft with 300 passengers and a 7,700 nm range. The results
show that reducing airframe noise by reducing approach speed alone, will not provide sig-
nificant noise reduction without a large performance and weight penalty. Therefore, more
dramatic changes to the aircraft design are needed to achieve a significant airframe noise
reduction. Another study showed that the trailing-edge (TE) flap can be eliminated, as
well as all the noise associated with that device, without incurring a significant weight and
performance penalty. If noise due to the leading-edge (LE) slats and landing gear are re-
duced, which is currently being pursued, the elimination of the flap will be very significant
as the clean wing noise will be the next ‘noise barrier’. Lastly, an airframe noise analysis
showed that a SBW aircraft, with short fuselage-mounted landing gear, could have a similar
or potentially a lower airframe noise level than a cantilever wing aircraft.

Nomenclature

CLapp
Approach lift coefficient
= Wland

qSref

CLmax
Maximum lift coefficient
= MTOGW

qSref

CLmaxlimit
Maximum theoretical lift coefficient for a given type of high-lift system
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MTOGW Maximum Take-Off Gross Weight
Nref Reference aircraft configuration noise level
Nnew New aircraft configuration noise level
∆N Target noise reduction
Sf TE flap surface area
Sref Wing reference area
q Dynamic pressure

= 1/2ρV 2

V Aircraft speed
Wland Aircraft landing weight
ρ Air density
δf TE flap deflection
α Angle of attack
αapp Approach angle of attack
αstall Stall angle of attack
αlimit Maximum allowable angle of attack

= θts − γgs

θts Tail scrape angle
γgs Glide slope angle

I. Introduction

Aircraft main noise sources are the engines, the airframe, and the interference between the engines and
the airframe. During take-off and flyover, when the engines develop maximum power, the engines are the
dominant noise source. The noise generated by the airframe is normally significant only during the approach.
Airframe noise sources on a conventional transport, shown in Figure 1, are the landing gear, trailing edge
(TE) flaps, leading edge (LE) slats, the clean wing, and the tail surfaces.1 The LE slats, flap edges, and the
landing gear are the major contributors to airframe noise and the main landing gear is the dominant noise
source on most modern wide-body transports.2

Figure 1. Airframe noise sources (from Hosder3).

Civil transport aircraft must be certified in terms of noise levels set by the FAA in FAR Part 364 and
ICAO in Annex 16.5 For certification, the noise is measured at three different locations near the runway
(Figure 2): (1) flyover, which is 6.5 km from the brake release point and under the take-off flight path where
the aircraft is climbing with reduced power, (2) the highest measurement recorded at the sideline (450 m
from the runway axis) during take-off with max take-off power rating, and (3) at approach, which is 2 km
from the runway threshold and under the flight path, with the aircraft at 120 m altitude and with a 3 degree
glide slope, and the aircraft is in its noisiest configuration with landing gear extended and full flap deflection.

The Effective Perceived Noise Level (EPNL) is limited by FAA and ICAO regulations based on aircraft
maximum take-off weight and the number of engines. In addition to these constraints, regulations limit the
operations hours, and the number of operations at most airports. There has been approximately a 100%
increase in the number of noise related restrictions in the last decade, and the number of airports affected
by these noise restrictions has grown significantly worldwide.6 NASA’s goal is to reduce aircraft noise by 10
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Figure 2. ICAO and FAR noise certification points.

decibels by the year 20077 to meet the more stringent noise levels and regulations. This goal is scientifically
demanding, because it means reducing the acoustic power by 90%.8 NASA’s long term goal, within the next
20 years, is to reduce aircraft noise by 20 decibels. It is clear that to achieve these noise reduction goals a
significant research effort is required. However, if the aircraft can be designed/modified so that it has some
leeway within these constraints, airlines can gain improvement in their operations and relief will be provided
to the airport’s surrounding community. This provides a strong incentive for reduction in aircraft noise.

Usually, aircraft have been designed to meet performance and weight goals and then adjusted to satisfy
the environmental and noise requirements at the later stages in the design process. Due to the coupled
nature of the design it is clear that to meet all the required constraints as well as achieving the best possible
solution, all the different disciplines and constraints need to be considered simultaneously. Recent research
has focused on introducing noise into the earlier stages of aircraft design using Multidisciplinary Design
Optimization (MDO). Caves et al.9,10 developed a model that integrates a conceptual aircraft design model
with the Aircraft Noise Prediction Program (ANOPP).11 The model was used to study the effect of changing
the thrust/weight ratio on the take-off flyover noise levels and the sensitivity of approach angle to approach
noise levels. Results showed that increasing the altitude during the approach phase significantly reduces
approach noise.

Antoine et al.6,12–14 used MDO to design the aircraft and mission to meet specified noise constraints
at flyover, sideline, and approach conditions. Abatement procedures such as steeper approaches and thrust
cutback on take-off were also included in the analysis. The results showed that engine bypass ratio was a
driving factor in reducing engine noise. Furthermore, steeper approaches can effectively reduce approach
noise.

The Blended-Wing-Body (BWB) aircraft has been recognized as the ultimate low-noise aircraft con-
figuration.3,15 NASA16–18 has done research on propulsion-airframe-aeroacoustic technologies for a BWB
aircraft with an array of small turbofan engines which focused on reducing engine noise. Manneville et al.19

studied BWB aircraft with a distributed propulsion system with multiple ultra-high bypass ratio engines
and reported a 30 dB reduction in jet noise could be attainable with such a configuration.

This paper introduces methodology for incorporating noise constraints in the aircraft conceptual design
phase using MDO, and focusing on reducing airframe noise. The MDO framework presented here, integrates
aircraft conceptual design tools previously developed at Virginia Tech (VT)20–22 with ANOPP, and is capable
of analyzing and optimizing both cantilever wing and Strut-Braced Wing (SBW) aircraft.

II. Design Methodology

Minimal changes are needed to an MDO formulation if the aircraft noise is added as a design constraint.
A sensible approach to this problem is to start by optimizing the aircraft for minimum TOGW subject
to conventional design constraints without considering noise. This aircraft, that is conventionally designed
and optimized, will be the reference configuration. The next step is to analyze the reference configuration
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at the desired flight condition (in our case at approach) to obtain a reference noise level (Nref ). Now, a
design constraint can be added to the MDO formulation that will require a target noise reduction (∆N < 0)
compared to the reference noise level. This design constraint can be written as Nnew −Nref ≤ ∆N , where
Nnew is the noise level of the new configuration. The final step is to re-optimize the reference configuration
with the same MDO formulation as before except with the added noise constraint. A new configuration will
be obtained that has ∆N less noise. This procedure is shown in Figure 3.

Figure 3. Incorporation of noise as a design constraint.

ANOPP11 is a semi-empirical code that uses publicly available noise prediction schemes and is contin-
uously updated by NASA Langely. ANOPP uses “state of the art” noise prediction methods and is the
industry standard. Therefore, ANOPP is used for airframe noise analysis.

Although the landing gear noise is currently the dominant airframe noise source, the landing gear noise
model in ANOPP is not appropriate for use in design optimization, since it is a function of landing gear
geometry, which is generally not included in a design optimization of the whole aircraft. Design of the
landing gear is an entirely separate problem in itself, and much research is being conducted on landing gear
noise reduction.23–26 However, the landing gear model in ANOPP can be used when performing an off-line
noise analysis of the aircraft.

The three remaining airframe noise models in ANOPP (LE slat, the clean wing, and TE flap) are all
related to the wing and tail surfaces of the aircraft. The noise of the high lift devices (LE slat and TE
flap) are more dominant than the clean wing noise. The LE slat noise model in ANOPP assumes a fixed
geometry of the slat (15% slat-chord to wing-chord ratio and full slat-span to wing-span). The TE flap noise
model is proportional to the flap area (Sf ) and proportional to the sine squared of the flap deflection (δf ).
Furthermore, these three aerodynamic devices (the clean wing, LE slats, and TE flaps) are all interconnected.
The wing design is based on the weight of the aircraft, the required performance, and the design constraints.
The required size and function of the high-lift devices (LE slats and TE flaps) depend on the high-lift
coefficient requirement at the approach condition and the size of the wing. Therefore, by reducing the high-
lift requirement at approach it is possible to reduce or eliminate noise due to the high-lift devices. Thus, by
simplifying and/or reducing the size of the TE flaps, the high-lift capability (and noise) is reduced and the
wing area needs to be increased and/or the angle of attack needs to be increased to meet the required high
lift requirements set by the FAR, i.e., for transport aircraft CLmax

≥ 1.32CLapp
a. Clearly, MDO should be

used to investigate this effect.
aNote that this constraint says that the approach speed must be thirty percent higher than the stall speed at approach. The

factor of 1.3 is an extreme case and could be lowered to 1.23.27

4 of 11

American Institute of Aeronautics and Astronautics



III. MDO Framework

The MDO framework, shown in Figure 4, integrates aircraft performance analysis codes and noise analysis
codes using ModelCenter and Analysis Server software by Phoenix Integrationb.

Figure 4. An N-squared diagram of the MDO framework.

An MDO program previously developed at Virginia Tech is employed for aircraft performance and weight
analysis. The code is capable of analyzing both cantilever wing and Strut-Braced-Wing (SBW) transport
aircraft using low- to medium fidelity analysis methods. The high-speed aerodynamics model is a combination
of traditional aerodynamics estimation methods and response surface models, developed using Computational
Fluid Dynamics (CFD) analysis,22,28 accounting for parasite, induced, wave, interference drag, and trim drag.
A low-speed aerodynamics model was added that employs semi-empirical methods for conventional transport
aircraft provided by Torenbeek29 and Schemensky.30 Wing weight is calculated using a combination of NASA
Langley’s Flight Optimization Software (FLOPS)31 and a piecewise-linear beam model, representing the wing
structure as an idealized double-plate model, and in the case of SBW taking into account the influence of the
strut on the structural wing design.32 Weights of the remaining components of the wing are calculated with
FLOPS. A detailed description of the wing structures model can be found in.33 The weight of the individual
components of the aircraft, such as the fuselage, tail surfaces, and payload, are calculated using FLOPS.
Rubber engine sizing is used to scale the engine to meet thrust requirements. GE-90 class, high-bypass-ratio
turbofan engines are assumed. Full details of the code are given in.32,34,35

The objective function selected is to minimize Take-Off Gross Weight (TOGW ). A total of 17 design
variables are used for cantilever wing aircraft (Table 1) and they include aircraft geometric properties (main
wing, vertical tail, engine location, and high lift system) and operating parameters such as average cruise
altitude, maximum sea level static thrust and fuel weight. The flap semi-span (bf/2) and flap-chord to
wing-chord ratio (Ef ) were chosen to be the high lift system design variables.

There are 16 design constraints which cover the aircraft geometry, takeoff, climb, cruise, and landing
(Table 2). The same constraints are used for both cantilever wing and SBW, except for constraints number
10 and 11, which are only used for cantilever wing aircraft to ensure that there is enough room for the
landing gear, which is assumed to be wing-mounted. The landing gear for SBW aircraft are assumed to be
fuselage mounted.

Constraints number 13 to 16 pertain to the high lift system. Constraint 13 ensures that the tip of the
trailing edge flap does not exceed 75% of the wing semi-span to allow room for the outboard ailerons. The
maximum possible angle of attack is limited by the fuselage tail scrape angle (θts) and the glide slope angle
(γgs) in constraint number 14. The tail scrape angle is set to 12 degrees and the glide slope angle is assumed
to be -3 degrees, giving a maximum possible angle of attack of 15 degrees.

FAR Part 25 requires the maximum lift coefficient CLmax
at approach to be greater or equal to (1.3)2CLapp

.
Constraint 15 makes sure that this condition is fulfilled. Constraint 16 is included as a ‘sanity-check’ for
the optimizer. This constraint limits the maximum lift coefficient attainable for the given type of high lift
system. In this study, a conventional mechanical-type high lift system is used, and the maximum attainable

bwww.phoenix-int.com
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Table 1. Design variables for cantilever wing aircraft

Nr. Design Variable Description Range
1 b/2 Wing semi-span 90.0 - 132.1
2 ηb Wing break span station 0.2 - 0.9
3 cr Wing root chord 52 - 100 ft
4 cb Wing break chord 5 - 50 ft
5 ct Wing tip chord 5 - 50 ft
6 (t/c)r Wing root thickness to chord ratio 0.005 - 0.20
7 (t/c)b Wing break thickness to chord ratio 0.005 - 0.20
8 (t/c)t Wing tip thickness to chord ratio 0.005 - 0.20
9 Λc/4 Wing quarter chord sweep 0 - 40 deg.
10 tskin Wing skin thickness at centerline 0.004 - 2.0 in.
11 kvtail Vertical tail scaling factor 0.5 - 2
12 ηeng Engine spanwise location 0 - 1
13 bf/2 TE flap semi-span 0 - 80 ft
14 Ef Flap-chord to wing-chord ratio 0 - 0.35
15 Wfuel Fuel weight 100,000 - 400,000 lb
16 Tmaxsls

Maximum sea level static thrust per engine 10,000 - 150,000 lb
17 hcruise Average cruise altitude 10,000 - 50,000 ft

Figure 5. A typical wing lift curve with high-lift devices deployed.

lift coefficient at approach (CLmaxlimit
) is on the order of 3.0. Figure 5 graphically shows a typical wing lift

curve along with the design constraints applied in this formulation.
The flap deflection angle (δf ) required to fulfill the approach lift constraint (constraint 15 in Table 2)

must be calculated given the flap semi-span and flap-chord to wing-chord ratio (which are set as design
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Table 2. Design constraints

Nr. Constraint Description
1 Range ≥ 7,730 nm
2 Fuel Capacity Fuel Volume ≤ Fuel Tank Volume
3 Balanced Field Length ≤ 11,000 ft
4 Second Segment Climb Gradient ≥ 0.027
5 Missed Approach Climb Gradient ≥ 0.024
6 Rate of Climb at Top of Climb ≥ 300 ft/min
7 Landing Distance ≤ 11,000 ft
8 Engine out Required Cn ≤ Available Cn

9 Section Cl ≤ 0.8
10 Wing break ≥ 32ft

11 Engine spanwise location ≥ 32ft

12 Wing tip deflection at taxi bump ≤ 20ft

13 TE flap tip location ηbo
≤ 0.75

14 Angle of attack at approach ≤ θts − γgs

15 Maximum lift coefficient at approach ≥ 1.32CLapp

16 Maximum lift coefficient at approach ≤ CLmaxlimit

variables). The flap deflection angle is found by performing a one-dimensional search between minimum
(δflb

) and maximum (δfub
) allowable angles so that the approach lift constraint is fulfilled. Mathematically,

this is formulated as minf(δf ) = |(1.3)2CLapp
− CLmax

(δf )| for δf ∈ [δflb
, δfub

], where the lower and upper
limits were set as δflb

= 0o and δflb
= 30o.

IV. Results

The study is in three parts. The first part optimizes a cantilever wing aircraft for different approach
speeds. The second part introduces airframe noise into the MDO formulation, and cantilever wing aircraft
are designed for minimum TE flap noise. The third and the last part compares cantilever wing and Strut-
Braced Wing (SBW) aircraft in terms of performance and airframe noise signature. A mission of 7,730 nm
range with 305 passengers at cruise Mach 0.85 is assumed for all the studies. The approach speed for the
second and third study is 140 knots.

A. Effects of Approach Speed

Figure 6 shows the variation in TOGW , reference area, and airframe noise for optimized configurations at
approach speeds from 130 to 150 knots (a typical approach speed for a long range jet is 140 ± 3 knots36).
For all the configurations, the flap deflection hit the upper bound of 30 degrees and the angle of attack at
approach was about 7.6 degrees. The results show that a large increase in wing reference area (1,245 sqft
or 21.8%) is needed as the approach speed is reduced, leading to a significant weight penalty (23,145 lb or
3.8%). In spite of these planform changes, the reduction in airframe noise is only about 3 EPNdBs.

B. TE Flap Noise Reduction

The results in Figures 7 and 8 show that to reduce TE flap noise, the flap area is reduced by reducing
the flap span, and at the same time the wing reference area and angle of attack both increase to meet the
required lift at approach. The wing reference area increases by 760.6 sqft (15.2%) and the angle of attack
increases from 7.6 degrees to 12.8 degrees, while the TE flap is eliminated. The weight penalty is only about
1,878 lb (an essentially constant TOGW ) since the removal of flaps provide wing weight reduction and the
wing span increased from 227.3 ft to 233.6 ft, providing induced drag reduction to counter the aerodynamic
performance penalty at the cruise condition due to a lowered wing aspect ratio (from 10.4 to 9.5). As a
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result, the TE flap can be removed together with all the noise associated with that device, without incurring
any significant performance penalties. It should be noted that although noise due to the TE flaps has been
eliminated, the overall airframe noise reduction is only 1 EPNdB. If noise due to the LE slats and landing
gear is reduced, which is currently being pursued, the elimination of the flap will be very significant and the
clean wing noise will be the next ‘noise barrier’.

In this study a standard runway length of 11,000 ft was used. The take-off and landing constraints were
never active, meaning that the required take-off and landing lengths were less than 11,000 ft. It would be
interesting to investigate a case with a 9,000 ft runway. If the take-off and/or landing constraints would be
active, then the wing area needed to meet them would have to increase, thereby incurring a weight penalty.

Figure 6. The change in aircraft take-off gross weight (TOGW ), wing reference area (Sref ), and airframe noise
with approach speed.

Figure 7. Change in aircraft properties with reduction in TE flap noise.

Figure 8. Change in airframe noise and TE flap geometry.
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Figure 9. Optimized cantilever wing and SBW aircraft.

C. Cantilever Wing vs. SBW

The results given in Figure 9 show that the addition of the strut allows for an increase in wing aspect ratio
and a reduction in t/c. The reduction in t/c allows the wing to unsweep. Thus, the wing weight is reduced by
9.5%, while the aspect ratio is increased by 15.2%. The resulting SBW design has 11.5% higher lift-to-drag
ratio, requires 14.9% less fuel for the same mission, and has a 9.8% lighter TOGW . Both aircraft have a
flap deflection of 30 degrees (which is the upper bound). The cantilever wing aircraft has an approach angle
of attack of 7.7 degrees, whereas the SBW has a 5.8 degree angle of attack.

As can be seen from Table 3, the total airframe noise is found to be comparable for the cantilever wing
and SBW aircraft. The main landing gear noise is 1.8 EPNdB less for the SBW since there are only 4 wheels
for each main gear, while the cantilever wing has 6. The wing-strut noise was estimated as a clean wing TE
noise and was found to be 67 EPNdB, which is significantly less than the dominating noise sources.

V. Conclusions

A methodology for designing low-airframe-noise transport aircraft has been developed and implemented
in an MDO framework capable of optimizing both cantilever wing and SBW aircraft.

The results show that reducing airframe noise by reducing approach speed alone, will not provide signif-
icant noise reduction without a large performance and weight penalty. Therefore, more dramatic changes
to the aircraft design are needed to achieve a significant airframe noise reduction, e.g., a re-design of the
high-lift devices and the landing gear or even considering different aircraft configurations.

In another study we found that a cantilever wing aircraft can be designed to have minimal TE flaps
without having a significant performance penalty. However, the take-off and landing constraints were not
active since a standard runway length of 11,000 ft was used. It would be interesting to repeat the study for
a series of reduced runway lengths. The results suggest that aircraft should land at high angle of attack, or
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Table 3. Airframe noise analysis of optimized aircraft using ANOPP.

Airframe Cantilever SBW Difference
Component (EPNdB) (EPNdB) (EPNdB)
Main Landing Gear 87.02 85.21 -1.81
LE Slats 87.06 87.02 -0.04
TE Flaps 85.54 85.33 -0.21
Nose Landing Gear 76.76 76.76 0.00
Clean Wing 74.31 74.41 +0.10
Wing-Strut - 67.16 -

Total Airframe Noise 91.89 91.27 -0.62

around 12 - 13 degrees, to achieve a reduction in TE flap noise. This could prove to be a difficult challenge
for the designer, since the high angle of attack will induce flow separation on the wing, and at high angles of
attack the pilots vision of the runway will be limited. It is however not impossible to overcome these design
challenges. Active flow control could be used to limit the flow separation, and the cockpit could be designed
so the pilot could see the runway during approach and landing.

Without TE flaps, the landing gear and LE slats are the dominant airframe noise sources. To achieve
any significant overall airframe noise reduction the noise due to those components needs to be reduced
commensurately. A possible approach to minimize LE slat noise is to use LE droop-nose devices as those
used on the A380. However, when that goal is achieved, the clean wing TE noise becomes the most dominant
noise source. To reduce clean wing TE noise, a noise model more detailed than ANOPP should be used. The
clean wing TE noise model proposed by Hosder et al.3 and the methodology presented in this study should
be used in conjunction in the design optimization of an aircraft wing for minimum clean wing TE noise.

The last design study showed that a SBW aircraft with fuselage mounted engines can achieve a 10%
reduction in TOGW and a 15% reduction in fuel weight compared to a cantilever wing aircraft for the same
mission. Airframe noise analysis, using ANOPP, showed that a SBW aircraft, with a short fuselage-mounted
landing gear, could have a similar or potentially a lower airframe noise level than a cantilever wing aircraft.
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