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ABSTRACT. This paper describes a computational method for the analysis and mitigation via
shape optimization of the sonic boom associated with supersonic flight. The method combines
a CFD approach for determining the near-field pressure field and an acoustic scheme for
predicting the initial shock pressure rise at the ground. Two venues are considered for
computing the ground signature. The performance of both approaches is evaluated using
flight test data of two different configurations of an F5 fighter aircrafft.

RESUME. Cet article décrit une méthode numérique pour l’analyse et [’atténuation a travers
loptimisation de formes du bang sonique associé aux vols supersoniques. La méthode associe
une approche CFD pour la détermination du champ de pression prés du corps a un schéma
acoustique pour prédire [’accroissement du choc de pression initial au sol. Deux procédés
différents sont considérés et comparés pour le calcul de la signature au sol. Les performances
de ces deux procédés sont évaluées en utilisant des données de vol obtenues avec deux
configurations différentes d’un avion de combat F5.
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1. Introduction

During the past two decades, simulation-based design mekbgies have flour-
ished for a broad range of applications. These methoddoggamlessly connect
computer-aided design (CAD) techniques to numerical selsefor solving partial
differential equations. They also allow engineers to prettie performance of engi-
neering systems and to manipulate their geometry and rabternposition. Critical
design decisions can be made at early stages in the desigesgrand the number of
costly design iterations involving the fabrication of mtypes can be reduced.

To allow for a formal and systematic design procedure, satmh and CAD tech-
niques have been integrated into mathematical design @atiion methods such as
nonlinear programming and genetic and evolutionary gjrase Initially, this ap-
proach was motivated by time savings due to automating atdndesign problems
and by the possibility of explicitly formulating objectisend constraints. However,
it has been recently recognized that one of the major adgaataf optimization-
based design methodologies is their ability to generateimiiitive solutions that do
not depend on the experience of the engineer. In particthierpotential has been
demonstrated by topology and shape optimization methadsdimplex single- and
multi-physics applications such as the design of mechasiemmicroelectromechan-
ical systems and multi-functional materials (Sigmund,2@ajotet al., 2006; Rupp
etal, 2007). The complexity of these example applications sfieoms the large num-
ber of candidate designs and/or the coupling of multiplesptal fields. Mathematical
optimization methods do not only allow for a systematic exalion of the resulting
design spaces but are also able to find solutions to seemimgiplvable, contra-
dictory problems such as micro-structured materials wibative Poisson ratios and
refraction indices.

In aerospace engineering, a similar “irresolvable” prable concerned with the
elimination or reduction of the sonic boom caused by an aitet supersonic speed.
The very moment Chuck Yeager broke the sound barrier in 18w/question was
raised whether or not it is possible to fly supersonic wittgrrierating a sonic boom
at the ground. However, already in 1955 Busemann showeelih@hating the sonic
boom is impossible due to an inescapable lift contributidius, the question re-
mained how to reduce the sonic boom by optimally shapingiticesdt and position-
ing the propulsion system. To understand the complexithisfproblem, one needs
to consider the phenomena involved in the generation anghgiation of the acoustic
signature of an aircraft. As shown in {Figuk 1, a moving bedyses a pressure dis-
turbance along its surface at flight altitude. While the rfesd pressure disturbance
is propagated down to the ground, shocks coalesce formipigally a two-shock
signature, such as an N-wave, with a front and a rear shocle stiength of the
sonic boom at the ground can be measured, for example, bgtddémpulse, the ini-
tial shock pressure rise (ISPR), and the maximum pressuhestsated in FiguréR2.
Consequently, the solution to designing a low-boom aitdreflves predicting the
near-field and the far-field pressure fields as well as findiegoptimal configuration
of the aircraft, including its geometry and propulsion syst
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Figure 1. Propagation of pressure disturbance with overpressuraaigres at near-
field, mid-field, and at the ground
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Figure 2. Overpressure signatures: (1) minimum impulse with an ISPRg (2)
minimum ISPRAp, (3) minimum overpressure with ISRXp, followed in a finite rise
time by a maximum pressup, ..



220 REMN —17/2008. Shape design in aerodynamics

The near-field pressure can be computed by standard nufrfeowaolvers, typ-
ically based on Euler or Navier-Stokes flow models disceetiby finite element or
finite volume methods. In theory, the same or similar appieacould be applied for
computing the far-field pressure fields. This, however, @oatjuire the discretization
of the entire space between the aircraft and the groundrgadiimpractical compu-
tational problems. Instead, simplified methods are useddpamate the pressure
disturbance from the near-field to the ground. The compmrtatly least expensive
and today most commonly used approaches rely on a modifiedrlitmeory (MLT)
for predicting the ground signature. This theory was intiet by Whitham (1952)
and later refined by Lomax (1955) and Walkden (1958). Thestlinensional pres-
sure field is cast into a one-dimensional function, calledkfunction, describing the
wave field of an equivalent body of revolution. The MLT “cartg’ the original lin-
earized theory with second-order effects to track the pyapan of near-field waves
through an isothermal atmosphere into the bow and tail shbtke N-wave asymp-
totic far-field solution. McLean (1965) introduced a formtb compute the strength
of the front and rear shocks for a givéhfunction, reducing the computational burden
of propagating the pressure disturbance to building arefynating theF’-function.

More accurate acoustic propagation methods are not bastte@ssumption of
a two-shock ground signal and model the propagation of tlezedi acoustic signa-
ture through the real atmosphere. These methods are tiypized on ray-tracing
techniques and track individual shocks starting from thar-field pressure distribu-
tion or, alternatively, from the correspondigfunction. They account for second-
order effects associated with the propagation of weak shtttt accumulate to first-
order shocks and real atmosphere models, such as the USaRtaftinosphere.
While more involved and computationally more costly than ldan’s approach, these
acoustic propagation methods allow for considering aahil{r shaped waves and fine-
tuning the overall ground signature.

Based on the MLT and the two-shock assumption, lower boundse@minimum
achievable sonic boom were established early on for a gireraft length, weight,
free-stream Mach number, and altitude (Geaggal., 1969). This approach allows
for the optimization of the cross-sectional area distidoubf an equivalent body of
revolution, separately for one of the performance measueggioned above (see Fig-
ure[2). However, there is no unique relation between thesesestional area dis-
tribution and the corresponding geometry of an aircraft@th bhe physical volume
and lift distribution contribute to the cross-sectiona&adistribution of the equivalent
body. Thus, the engineer is left with finding the aircraft getry that matches the
optimum F-function as well as possible while satisfying structunadl @erodynamic
constraints. This approach resulted in the low-boom desigrthe 1960s and 1970s
(Carlson, 1964; Darden, 1977; Carlsetral., 1973).

The most significant shortcomings of the two-step procedutkned above are
two-fold: First, only two-shock ground signatures can besidered. However, these
two-shock signatures are developed assuming that alhetgiate shocks generated
near the vehicle coalesce into the bow and tail shocks beéaehing the ground,
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representing the worst-case scenario. More complex grsigmaitures with multiple
shocks typically result in lower total momentum and ISPRe Shcond shortcoming
is due to an inconsistent subdivision of the overall optatian problem into two
subproblems. Design constraints cannot be accounted thinjithe “optimal” area-
distribution. Therefore, the geometry that approximaiesoptimum”F-function the
best is not necessarily the solution of the overall conséGhbptimization problem.

Motivated by the recently revived interest in supersonicrait for civil and mil-
itary applicationsiligh Speed Civil Transport — Program Review, n.dQuiet Sonic
Platform (QSP)n.d.) various optimization approaches have been presentecete ov
come the shortcomings of the two-step procedure and oth#ratie based on find-
ing an “optimal” equivalent body of revolution (Yamaguddti al, 1998; Farhaet
al., 2002b; Farhatt al, 2004; Farhatt al, 2007; Mileset al, 2002; Farhatt
al., 2002a; Nadarajaht al, 2002; Vazqueet al, 2002; Karret al,, 2003; Vazquez
et al, 2004; Rallabhandgt al., 2006). All of these alternative approaches operate di-
rectly on the true aircraft geometry and integrate a nura&fliow solver into a formal
optimization method. Most approaches account for additi@erodynamic perfor-
mance criteria, such as drag and lift, and include thesereith part of the objective
or as design constraints. With the exception of a few methelgéng on genetic al-
gorithms (Yamaguchet al, 1998; Rallabhandét al, 2006), the design problem is
formulated as a nonlinear program and solved by gradiesgdaptimization meth-
ods. The gradients of the objective and constraints arereitbaluated by the direct
approach (Farhat al, 2002b; Farha¢t al., 2002a; Farhatt al,, 2004) or the adjoint
method (Nadarajaét al., 2002; Vazqueet al,, 2002).

Significant differences, however, exist with respect totdehnique for manipu-
lating the shape and the approach for evaluating the stresfgthe sonic boom at
the ground. Shape variations are described either by a Cade<bapproach or by
varying directly the position of the vertices on the surfacthe computational mesh.
The latter approach is often labeled CAD-free. CAD-basetin@ues typically re-
quire a direct link between the original CAD model and the patational mesh.
Alternatively, a simplified CAD model can be reconstructedgdd on the computa-
tional mesh (Samareh, 1999; Rauli al, 2002). The main advantages of CAD-
based techniques are that possible shape variations cagfibediby a small num-
ber of optimization variables, and tightly controlled tooaunwanted shapes from
being generated. In comparison, CAD-free approaches dtlow larger variety of
shape changes at the cost of lesser shape control and a hamgé&er of optimiza-
tion variables (Jameson, 1997; Jamesbal,, 1998). In addition, varying directly the
vertices in the computational mesh limits the magnitudehafp® changes as infea-
sible mesh distortions are likely to happen. Studies on elggimization for low-
boom design have used either a CAD-based approach (Fetraht2002b; Farhagt
al., 2002a; Farhatt al., 2004; Farhagt al., 2007) or a CAD-free technique (Nadarajah
etal, 2002; Vazqueet al, 2002; Vazqueet al,, 2004; Vazqueet al., 2006) but have
not directly compared these approaches for the same desigtepr. Thus, it is not
yet clear whether a CAD-based or CAD-free approach is movargdgeous for low-
boom design.
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A variety of approaches are available for measuring thagtheof the sonic boom.
On the other hand, only a few optimization methods that atelthe entire ground
signature using a ray-tracing algorithm (Rallabhagtdil,, 2006) or that approximate
some characteristics of the ground signature such as the byRhe MLT (Farhat
et al, 2002b; Mileset al, 2002; Farhaet al, 2002a; Farhagt al, 2004; Farhagt
al., 2007) have been developed. The major challenge with supfoaphes is the
integration of the ground signature analysis method inodiptimization scheme, in
particular when gradients are required. Rallabhandi andrigl2006) have allevi-
ated these challenges by embedding a ray-tracing methodhigenetic algorithm.
Farhatet al. (2002b, 2004, 2007) have evaluated the ISPR using McLeansula
(McLean, 1965) and have presented a direct method for eviadLthe gradients of the
ISPR with respect to the shape parameters. All other puddisiptimization methods
construct a cost function that is solely based on the nelargiessure and its spatial
derivatives. Nadarajaét al. (2002) have sought to match an “ideal” near-field pres-
sure distribution while also considering the aerodynamagdn the objective func-
tion. Vazquezt al. (2002) have constructed an objective function that inciutie
norm of the pressure gradients integrated over the referglane below the aircraft.
In addition, the differences between the lift and drag coieffits with respect to target
values are minimized. Because all of these studies havédeosed only one particular
formulation of the objective function, it has not yet beetabished whether mitigat-
ing the sonic boonvia shape optimization requires evaluating the ground sigeatu
using a ray-tracing method or whether using McLean’s foartol approximate the
ISPR suffices for this purpose.

Hence, this paper focuses on studying the influence of theechobjective func-
tion and shape manipulation technique on the optimal sharpew-boom design. It
also presents a general adjoint sensitivity analysis fresriefor computing the gra-
dients of the sonic boom measure that is independent of theechboom analysis
method. However, since an indirect near-field-based ajmiate formulation of the
ground signature does not offer any significant advantage the direct evaluation
of the strength of the sonic boom on the ground, such a bootysisapproach is
not considered here. Instead, McLean’s formula (McLeab5)@nd the ray-tracing
algorithm first published in (Hayest al., 1968) are considered for this purpose. The
accuracy of both of these two approaches is assessed usmgdysignature test data
obtained for one original F5 fighter configuration and oné thas modified to re-
duce the ISPR and achieve a flattop ground signature (Paki@wvsl., 2004). This
test data is also used to compare the results generated watioels optimization
approaches outlined above.

The remainder of this paper is organized as follows. A bnefreiew of the sonic
boom analysis methods used in this study is given in Sectiém2djoint formulation
of the design sensitivity analysis is described in Sedfloft® techniques considered
in this work for manipulating shape and shape variationsanemarized in Sectidg 4.
The optimization results obtained using the various metlagies outlined above are
discussed in Sectidd 5. Finally, conclusions are offeresatior 6.
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2. Sonic boom analysis

Here, two approaches are overviewed for evaluating thagtnef the sonic boom
at the ground, namely, McLean’s simple approximation (Mahel965) and a ray-
tracing algorithm implemented in the ARAP code (Hagtsal, 1968). Both ap-
proaches operate on tti&function:

F) = 5 [ O g, 1]

which is defined along an axis whose origin is located at or tleanose of the air-
craft and runs parallel to the fuselage (see Fi@iire 3). Hersuperscript denotes a
derivative with respect to the spatial coordinateln Equation[1],Sy denotes the
cross-sectional area due to the volume of the equivaleny bbdevolution and is
given by

Sy (z) = A(z)sin6. [2]

The cross-sectional arelx) is generated by the intersection of the aircraft and the
planes forming a constant anglavith the z-axis. Witha denoting the angle of attack
andp the Mach angle, the angtein [B] is defined as follows:

1
0 =pu— ith =sin ! — 3
uw—« wi 1 = sin M [3]
where M, denotes the free-stream Mach number. The cross-sectiogmlod the
equivalent body of revolution due to lif§, is given by

6 T
pooUgo 0
whereg = /M2 — 1 is the Prandtl-Glauert factor and,, andU,, are the free-

stream density and speed, respectively. The lift distidimdlong ther axis is denoted
by [ and computed from a CFD approximation of the near-field pmess

Sp(r) = 1(§) d, (4]

2.1. McLean’s formula

Assuming that multiple shocks present in the near- or mid-tealesce before
reaching the ground, the sonic boom ISPR on the ground capfyeximated by:

2% Y 1 y°
Ap = = M2 —1)84/pa / F(y) dy, 5
p Hi \/m( ) \/p pg o (y) y [ ]

where H denotes the flight altitude; is the ratio of specific heatg,, is the pressure
at the specified flight altitude ang), the pressure on the ground. The integral over
the F-function is evaluated from the nose of the aircraft to thiaubee pointy®, with
F(y°) = 0, capturing all contributions feeding into the front shogkHitham, 1952;
McLean, 1965).
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Figure 3. Definition of thex, y and z axes, Mach angleg;, angle of attacky, and
angled

2.2. Ray-tracing method

Acoustic ray-tracing methods do not require the assumptiothe near- or mid-
field coalescence, yield more accurate results than Mckdarhula and provide the
full shape of the ground signature which can then be furthecgssed to extract per-
formance measures such as the ISPR, the maximum overpressur In this study,
the ray-tracing algorithm available in the ARAP code (Hageal,, 1968) is consid-
ered. From the knowledge of thé-function, ARAP generates a ground signature
Ap(z) as a function of. Treating the underlying ray-tracing method as a black box,
the propagation of the pressure field can be representeti@sgo

Ap(z) = M(y, F(y)). [6]

The ISPR or the maximum positive overpressure, for examgam, then be ex-
tracted fromAp(z). For optimization purposes, a differentiable approxiomtbf
the maximum such as the Kreisselmeier-Steinhauser (KS&fibm(Kreisselmeieet
al., 1983) can be used. If the ground signattg z) is given atN, distinct locations
zi, 1 =1... Ny, the maximum ofAp(z;) is approximated as follows:

APmaz = % ln(Ze’7 Ap(zi)) with > 1. [7]
Ng

In Sectiord, the maximum overpressure approximatefllbys[é@$ed as an alternative
objective to the ISPR evaluated by McLean'’s formula.

2.3. Application to the F5 fighter aircraft
To illustrate their accuracy properties, the two sonic b@oediction methods out-

lined above are applied here to the prediction of the groigmtasures of two config-
urations of the F5 fighter aircraft: (a) an original type E figuration (F5-E), and (b)
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a configuration with a reshaped nose section designed sjadlgifio generate a low
boom with a flattop ground signature (Pawlowskial, 2004; Plotkinet al,, 2004).
In the following, the modified configuration is referred totae SSBD — that is, the
Shaped Sonic Boom Demonstrator. CAD models of the F5-E aiDS8e shown
in Figure[4. The ground signatures for both aircraft configions were measured for
M ~ 1.32 at the altitudeld = 9.75 km.

The underlying CFD technology is built around the finite vokicode AERO-F
(Farhatet al, 2003) for predicting the near-field pressure distributzord the nu-
merical approximation of thé'-function described in (Farhat al, 2002b; Farhat
et al, 2004; Farhaet al, 2007). The latter can be used either in conjunction with
McLean'’s formula for predicting the ISPR on the ground orARAP code for com-
puting the ground signature.

Modeling in each case only one half of the aircraft and apygygymmetry bound-
ary conditions along the symmetry plane, the computatidaalain for the F5-E con-
tains1, 986, 319 tetrahedra and89, 569 grid points,98, 643 of which are located on
the surface of the aircraft. The half-model of the SSBD cimistz, 121, 227 tetrahedra
and417,017 grid points,106, 375 of which are surface nodes. Estimating the over-
all weights of the two aircraft configurations (Plotléhal., 2004), both models were
trimmed for a level steady-state flight &, = 1.32 andH = 9.75 km by adjusting
the angle of attack: so that the lift balances the weight.

The contour plots of the local Mach number are given in Fidifer the half-
models including the symmetry planes. The aerodynamiopadnce of the trimmed
models in terms of lift, drag, and center of pressure medasinoen the nose of the
aircraft are summarized in Talflk 1 for the full aircraft ctarparts. The drag is under-
estimated as the underlying Euler model accounts only ®mtave drag. However,
for the purpose of sonic boom analysis and low-boom dedigratcuracy of the drag
prediction is not particularly important.

The measured and numerically predicted ground signatume@$3PR values are
reported in Figurél6 (in English units and in pounds per sgdeet) and Tablgl2,
respectively. Despite the uncertainty with respect to tkeceflight conditions and
estimated weights, the flight test and numerical resulteapip be in good agreement.
For the two-shock signature of the F5-E, both McLean’s fdarand ARAP predict
very accurately the ISPR. As expected, for the multi-shagkature of the SSBD,
ARAP predicts a lower ISPR valué3% in this case) and McLean’s formula a higher
ISPR value (0% in this case). Considering the aforementioned data waio&Hs,
these results not only verify both sonic boom analysis nashmut also suggest that
McLean'’s formula leads to a satisfactory approximatiorhef ISPR even in the case
of multiple shocks at the ground.
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odicaton

(a) F5-E & (b) SSBD

Figure 4. CAD models of the F5-E and SSBD designs

Table 1. Lift, drag, center of pressure and angle of attack for theEand SSBD at
trimmed state-steady flight

Configuration Lift [kN] | Drag [kN] | z¢p [m] | o [deg]
F5-E (full model) 108.85 28.18 10.30 2.05
SSBD (full model)| 108.85 30.53 10.42 2.42

(a) F5-E (b) SSBD

Figure 5. Mach number contour plots for the F5-E and SSBD configuration

Table 2. Comparison of the measured and numerically predicted |1Skheg for the
F5-E and SSBD configurations at trimmed state-steady flight

Configuration| ISPR (measured) ISPR (ARAP) | ISPR (McLean)
[1b/ ££7] [1b/ 2] [1b/ 2]

F5-E 1.21 1.28 1.21

SSBD 0.90 0.78 0.99
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Figure 6. Measured and numerically predicted ground signatures ef B5-E and
SSBD configurations

3. Adjoint sensitivity analysis

An accurate and efficient method for evaluating the gradiefithe objective func-
tion and constraints with respect to the optimization J@ga is a crucial component
of a gradient-based optimization scheme. Finite-diffenegischemes can be used for
low-dimensional problems. They typically diminish the éein of implementation but
incur higher computational costs and can lead to inaccyratgients thereby affect-
ing the convergence of the optimization process. For a latgeber of optimization
variables, such schemes lead to unacceptable computatasts even for small, low-
fidelity, CFD models. The authors’ experience with variguyeess of flow problems, in-
cluding those involving coupled fluid-structure interactiMauteet al, 2001; Maute
et al, 2003), is such that they advocate analytical sensitivitglysis methods that
feature higher accuracy at lower computational costs. &#itomatic differentiation
tools can alleviate implementation issues, deriving anplémenting the analytical
sensitivity equations often result in a computationallyrenefficient segment of code.

In previous work on shape optimization for low-boom desigarbatet al., 2002b;
Farhatet al,, 2002a; Farhatt al,, 2007), the authors presented a direct formulation for
evaluating the gradients of the near-field pressurefttienction and the ISPR eval-
uated by McLean’s formula with respect to optimization aates defining the shape
of the aircraft and the free-stream conditions (Mach nunaimer angle of attack). In
this paper, an adjoint formulation is introduced allowihg tomputation of the gra-
dients of the entire ground signature and those of McLe&PR approximation with
respect to a large number of optimization variables. Todffesct and in order to keep
the presentation as short as possible, a generic optimizatiterionq representing
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the objective function or a constraint is considered. Thigigon depends explicitly
on theF-function and a sets, of N, optimization variables;, s, ... sn.:

q= Q(SaF(sapF))' [8]

The F-function, in turn, depends on the geometry of the aircthé free-stream Mach
number, density, and angle of attack, and the near-fieldspredistribution repre-
sented by the vector of pressure valygs, at the vertices on the surface of the aircraft
I'. Equation[[B] can represent both McLean’s formillla [5] ad aglany performance
measure extracted from the ground signature computed by-tiaeing method[]6]
such as the maximum overpressilie [7].

The derivative of the optimization criteriol, with respect to the optimization
variables; at a steady-state flow solution can be expressed as follows:

dg _ dq | 9q "' dpr

dSi B 881' 8171“ dSl' ’

9]

where the superscriptdenotes the transpose operation. The first term collects all
explicit dependencies af and F' on optimization parameters such as the shape of
aircraft and the free-stream conditions. These expligiesielencies include the area
distribution of the equivalent body of revolutiof{z) in the volume contributiorsy

[B] and its spatial derivatives, as well as the scaling feecto the lift contribution
Sr(z) ] and in McLean’s formulallb]. The only component that dege on the
near-field pressure and the fluid state is the lift distrifout{ =) in the lift contribution

S, to the F-function.

Representing symbolically the steady-state conditionthefdiscrete flow equa-
tions by

R(s,w(s)) =0, [10]

wherew denotes the vector of fluid state variables in conservatii® fthe derivative
of the pressurg- can be written as follows:

dpr % dw

ds;  Ow ds; [11]
with

dw OR] ™' OR

P [8_11)] D5, [12]

Substituting the expressions for the derivatives of the fitate [IR] and for the pres-
sure derivativedT11] into the derivative of the designeridn [d] yields the following
equation:

ow

dg dq 0q' Opp [8R}_1 OR

" opr ow 9s;

ds; 0s; Opr Ow [13]
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The adjoint of the near-field pressure fieglds then computed by solving once:

OR)"  9pp' dq
Tu) “ 5 G Hal

and then evaluating the remainder[ofl[13] for each optinoratariables; as follows:

dg _9¢ ,OR
dSi_asi @ 881'.

(15]

The main advantage of the adjoint approach is that a lineiesyof equations involv-
ing the flux Jacobian is solved only once. In contrast, theaiiapproach described in
(Farhatet al,, 2002b; Farhagt al, 2002a; Farhatt al., 2007) requires as many solu-
tions of a linear system of the same size[@$ [14] as there draipation variables.

The partial derivatives if]14] an@IL5] can be either eviddabased on the an-
alytically derived discretized fluid equations or by finitéferencing. In this work,
all partial derivatives are evaluated analytically, witle exception of the derivatives
of the sonic boom measure using the ARAP ray-tracing metibd.gradients of the
F-function and McLean’s formula with respect to the optinti@aa variables and pres-
sure gradients can be derived analytically (Fadtatl, 2002b; Farhaget al., 2007).
Treating the ray-tracing method as a black-box tool regue@mputing the deriva-
tives 9q/0pr in [M4] anddq/0s; in [LH] by finite differencing. The evaluation of
the ground signature\p(z), by ARAP only depends on the length of the equivalent
body of revolutiony, and theF'-function. For both quantities, one can compute the
derivatives analytically (Farhat al, 2002b; Farhagét al,, 2007). A numerically ef-
ficient finite difference scheme for agy= ¢(Ap) can be constructed by expressing
Ap asAp(y(s), F(s,pr)) and decomposingq/ds; anddq/Opr into contributions
with respect to the geometry,and theF'-function as follows:

9q _ Oq d(Ap) 0y  O(Ap) OF [16]
ds;  O(Ap) Oy 0Os; OF O0s;

and
dq _ dq O(Ap) OF [17]

apr ~ 9(Ap) OF Opp

The directional derivatives involving the ground signatiare approximated by a
central difference scheme with a perturbation size

a(Ap) a_F ~ Ap(vap+) - Ap(vap_) [18]
OF opp 2¢

where

Fp+:F+ea—F F’F:F—ea—F [19]
dpr dpr
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and

(Ap) dy  9(Ap) OF  Ap(y**, F*F) — Ap(y*~, F*7)
(Coy 95 T oF 88~ 9% [20]

with

6] — 6]
yYr=ytegl v =y—ezt

: [21]

Ft=F+eff F~=F-c4E
The finite difference approach described above requiresARAP evaluations for
the +e perturbations of the pressure values of each vertex on tti@cguof the air-
craft and for each optimization variable. For applicatisnsh as those considered in
this paper, the runtime of ARAP is typically in the order o€seds CPU time. The
aforementioned partial derivatives are computed only grereteration of the opti-
mization process. The above finite difference scheme isyepaiallelized. For all
these reasons, the computational costs associated watkdldctive finite difference
scheme amount to an insignificant overhead when compardwse of the overall
optimization process.

As for the derivative of the sonic boom measure, the devxigatf the aerodynamic
force and moment criteria such as the drag, lift, and pitcimenat can be evaluated
by the adjoint approach. Computing the partial derivativkEthese criteria is less
involved as they only depend on the integration of a functiat explicitly depends
on the vertex pressures over the surface of the aircrafthignviork, the lift, drag,
and pitch moment are considered as constraints. Theiratig are evaluated by the
adjoint method based on analytically derived expressionsgtie partial derivatives.
The reader is referred to Maue al. (2003) for details about the formulation and
implementation of the adjoint sensitivity analysis for@amamic force and moment
criteria.

4. Approaches for handling shape variations

Here, a CAD-based method and a CAD-free approach for désgrishape
changes for low boom design optimization are compared. th bases, it is assumed
that the optimization process starts from a well-definetiahilesign and the initial
shape is defined through the position of the vertices of tifasel fluid meshz.
Even for the CAD-based approach, the authors adopt thidgmroketup in this work
as it does not require defining shape variations in the alg\D model, which can
be a complex proposition.

In general, parametric shape variations techniques deffiapeschangesgia the
motion of the vertices on the surface of the aircraft as atfan®f the optimization
variabless.

xr = xP + Azr(s). [22]
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Both of the CAD-based and CAD-free methods considered hrerbased on a linear
form of Ax(s;):

Awr‘ (S) = Z Awni Si, [23]
N,

whereAzr ; represents a basis vector of the shape change and the ggionizari-
ables; defines the magnitude of the shape change. The main difietesteveen the
CAD-based and CAD-free methods considered herein is theoapbp for construct-
ing the basis vectordxzr ;. In both cases, the shape changes are only defined on
the surfacd” of the aircraft. However, to allow for large shape chandes,averall
volume mesh needs to be updated as the positions of the swdaices change. For
this purpose, a robust and efficient mesh updating strateggloped by Farhat and
co-workers (Farhatt al., 2002; Deganeét al., 2002) for the numerical simulation of
fluid-structure interaction problems is adopted. More #jpadly, the motionAx, of
the vertices within the computational fluid dom#&is modeled by the deformation
of a fictitious structure subject to prescribed displaceméam: on the surfac&’. In
matrix format, the mesh updating procedure can be descebdle solution of the
following problem:

Koo Az = —Kor Azr, [24]

where Kqon and Kqor are the fictitious stiffness matrices associated with the
fluid mesh and constructed using an improved torsional gmpproach to prevent
crossovers of fluid cells during the update (Fartadl, 2002; Degandt al., 2002).

In general, there is no need to solve the fictitious deforomgtiroblem[[ZK] with high
accuracy. Usually, a few iterations of a preconditioneduegate gradient algorithm
suffice to update the mesh positions.

For the adjoint sensitivity analysis, equati@nl[15] catis fhe evaluation of the
derivatives of the flow residual vector with respect to theirojzation variables,
OR/Js;. As the flow residual depends explicitly ar- and zg, the derivative of
the position of the vertices with respect to the shape optition variables needs to
be computed. Differentiating the generic shape variatigaaions[[ZR] and23], the
derivative of the position of the vertices on the surfde:

6:13p
881'

Differentiating the mesh motion Equatidn]24], the derivatof the position of the
vertices in the interior of the fluid domain can be computeddlying:

= A.’I)p_’i. [25]

=—-Kor

4.1. CAD-based shape variation of triangulated surfaces

In order to define shape variations using CAD interpolatiohesnes such as
splines and Coons patches, a simple CAD model enclosingetiraents of the tri-
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— modifed - - original

(a) design element model (b) shape variation

Figure 7. CAD-based definition of the shape variations based on thigetement
concept illustrated with a wing segment

angulated surfaces whose shape is to be varied can be adadtruThis is illus-
trated in Figurgl7a using an academic example. Followings@gdeslement concept
(Imam, 1982; Bletzingeet al,, 1991), the CAD model consists of control nodes, edge
curves and surface patches that form volume design elemémggosition of a vertex
x; of the triangulated surface can be uniquely defined by thal logordinate; of

the enclosing volume design element:

zj =Y N(&) ., [27]
N.

where the matrixV . collects the coefficients of all edge, surface, and volurteroo-
lations ande,. are the positions of th&'. control nodes of the volume design element.
The motion of the control nodes can be defined as a linearimaef the optimization
variables:

Az =) Az si, [28]
Ns

whereAzx. ; denotes the contribution of th& optimization variable to the change in
the position of the control nod&ax.. Substitutingl[ZB] into[[2l7] and comparing the re-
sulting expression with the generic shape variation apr@] and [ZB] shows that
in the design element method, the components of the basisrn&er ; associated
with the j** surface vertex are constructed as follows:

(Amni)j = Z Nc(§;) Az, [29]
Nc

The above approach can easily be extended to nonlinearidasdinking the opti-
mization variables to the motion of the control nodes. IruFgilb, the shape changes
due to vertical upward and downward motion of the internaltca nodes of the up-
per Bézier splines are shown. For further details, the meiadeferred to (Raullet
al., 2002).
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Figure 8. CAD-free shape variation technique

4.2. CAD-free parametric shape variation

To allow for a maximum number of possible shape changes, anetreat the
motion of each vertex normal to the surfdtas an independent optimization variable.
In this case, the basis vectaerr ; is simply the normal vectan to the surface atr.
However, this simplistic approach results in an ill-posetiraization problem as the
discretized fluid model cannot resolve all possible shapiatans (Jameson, 1997;
Jamesomrt al., 1998). The shape variations need to be sufficiently smoitthrespect
to the spatial resolution of the fluid mesh.

Various schemes have been proposed for smoothing the shepgons generated
by treating the motion of each vertex in normal directionméaependent optimiza-
tion variable (Jameson, 1997; Jamesoal, 1998; Vazqueet al,, 2002). However,
depending on the mesh-updating scheme, this approach thay kiad to significant
computational costs for computing the mesh motion derieator require approxi-
mating the mesh motion derivatives. Using the mesh motibese described above,
for example, the linear systeri]26] needs to be solved as riams as there are
vertices on the surfacB. In the case of the F5-E model, there 8 643 surface
vertices leading to unacceptable computational costss& hemputational costs can
be eliminated, for example, by neglecting the mesh motigivatves in the interior
of the computational domain — that is, by settifig.,/0s; = 0 — at the risk of
calculating inaccurate sensitivities and possibly detating the convergence of the
overall optimization process.

To overcome the shortcomings of treating the motion of egarjace vertex as an
independent optimization variable, the following modiftedhnique is suggested and
illustrated in Figur&RB: (a) seled¥; surface vertices? whereN is typically smaller



234 REMN —17/2008. Shape design in aerodynamics

than the total number of surface vertices. The surfacecesttan be chosen to obtain
either a uniform distribution or one with concentrationgértain areas. (b) Select a
stencil that defines a set of nodesin the vicinity of the selected vertex?. These
nodes will move along witke{. The vertex sets should have a sufficient overlap. (c)
For each vertex set, construct a smooth scaling ﬁél@ssigning the center vertex
x! the scaling factor? = 1 and the vertices on the stencil boundaxy the factor
k5% = 0. For example, a smooth scaling field can be obtained as thé@obf the
Laplace equation with Dirichlet boundary conditiaifs= 1 andx:® = 0. (d) Build

the components of the basis vectber ; associated with the surface vertex in the
it" vertex set as follows:

(Azr;), = K] nj, [30]

wheren,; is the normal vector of the surfadeat the;j*" vertex. For vertices located
on a symmetry plane, the motion of these vertices is resttittt in-plane directions.

Using the CAD-free scheme described above, the smoothhtesshape changes
can be increased by increasing the number of optimizatioahles and the size of
the stencil defining the vertex sets.

5. Application to the shape optimization of an F5 aircraft for sonic boom
mitigation

To illustrate their applicability and performance, the isdtoom analysis method,
adjoint sensitivity analysis approach, and both shapatian techniques described in
the previous sections are applied here to produce an ditea®SBD design of the
F5-E aircraft. The shape variations are restricted to apprately the same surface
sections modified in the SSBD design. Design constraintingpesed on the maxi-
mum feasible drag, minimum feasible lift, and on the locatid the center of pres-
sure. Two formulations of the objective function are conegglar(a)MCL : minimize
the ISPR predicted by McLean’s formuld [5], and ®JM : minimize the maximum
overpressure based on ARAP’s prediction of the ground sigeaand a maximum
approximation by the KS functioft][7].

Furthermore, the influence of the shape variation techrigeidied by compar-
ing the results obtained using the CAD-bas€®) and CAD-free CF) approaches.
The design element model is constructed around the sameskeotion of the F5-E
that was modified in the SSBD design and is shown in Figlire &&. design model
contains three volume Coons elements with Coons patchasfases elements. The
edges along the fuselage axis are 4-node cubic Bézier spliffee remaining edges
are represented by 2-node line elements. The volume elsraralbse, 045 vertices
of the computational surface mesh. The motion of the comoales is coupled re-
sulting in six basis vector§TR9] that are depicted in Figlloe Using the CAD-free
approach, the shape variations are defined @y (V100) and1, 000 (V1000 opti-
mization variables. The locations of the center vertieBsare shown in FigurEZ10.
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(a) Design element model

(b) Shape variations associated with optimization variables

variable 1 variable 2

variable 5 variable 6

Figure 9. CAD-based definition of shape variations for the F5-E coméigjan

(a) 100 variables (b) 1000 variables

Figure 10. Locations of the center vertices for the CAD-free approasihgi100 and
1000 variables

The two different formulations of the objective functiondathe CAD-based
and CAD-free shape handling methods result in six optirnomaproblems labeled
hereMCL-CB , MCL-CF-V100, MCL-CF-V1000, RTM-CB, RTM-CF-V100, and
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Table 3. Comparison of the maximum overpressure and ISPR valuesctaddy

ARAP and McLean’s formula, respectively, for the optimiz&aonfigurations

MCL-CB | MCL-CF-V100 | MCL-CF-V1000
Apmas - ARAP [Ib/f12] | 0.36 0.87 1.05
ISPR - McLean [b/ ft%] 0.64 0.88 1.04
RTM-CB | RTM-CF-V100 | RTM-CF-V1000
Apmas - ARAP [Ib/f12] | 0.64 0.84 0.77
ISPR - McLean [b/ ft%] 0.91 0.94 1.06

RTM-CF-V1000. For all problems, the resulting nonlinear problem can benfe
lated as follows:

ming 2
st. 1— wa >0 drag constraint
7=— —1>0 lift constraint 1]
1-— ;”mjr >0 center of pressure constraint
e _1>0 center of pressure constraint

Tmin

sGS::{sE?RNS

s <s<3}

whereZ is the cost function discussed above,is the drag,L the lift, andz., the
x-coordinate of the center of pressure. The upper limit efdhag is set to that of

the SSBD — that isD,,.. = 30.53 kN. The lower limit of the lift is set to the
weight of the aircraft and therefork,,;;,, = 108.85 kN. The center of pressure is
allowed to vary between that of the F5-E and that of the SSBigoration — that

IS, Tmin = 10.30 m andx,,., = 10.42 m. The lower and upper bounds of the
optimization variabless ands respectively, are set so that the shape changes remain
sufficiently small and the mesh update scheme describeddtioB8& can generate
valid fluid meshes.

In all cases, the nonlinear problem]31] is solved by a setiglequadratic pro-
gram (Schittkowski, 1985). The optimized shapes and aatamtMach contour plots
are shown in FigurEZ11. The ground signatures evaluated b§PFARre plotted in
Figure[T2. The maximum overpressures based on the grounatsigs predicted by
ARAP and the ISPR values approximated by McLean’s formutecampared in Ta-
ble[d. The upper part of the table reports ont@&L formulation and the lower part
on theRTM problems. In all six cases, only the constraint on the mimmtift turns
out to be active.

A dominant design feature characterizing the optimizedgtheand the SSBD is
a blunt nose. Depending on the possible design variatibesbluntness is created
either by tilting up the noseMCL-CB and RTM-CB) or by moving the vertices
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RTM-CB
RTM-CF
V100

RTM-CF
V1000

Figure 11.Optimized shapes using the CAD-based and CAD-free appesaahd
McLean’s formula and the maximum overpressure predictedRRP as objective
functions

on the upper and lower surfaces near the tip upwards and daxgiswrespectively
(MCL-CF-100(0), RTM-CF-100(0)). It is noteworthy that the ground signatures of
the optimized designs are remarkably close to the signalymed by the SSBD, as
shown in FiguréZl2. Comparing the shape of the SSBD and agihiesigns using
the CAD-based approach in Figurd 13 shows that the tips ofitise are shaped in
a similar fashion creating almost the same local anglestatiat Both optimized
designs based on the CAD-free shape variation approach aliemarkably bumpy
surface. This effect is particularly pronounced in the sasgith 100 design variables.

It also exists in the solutions based by000 variables. Therefore, the bumpiness is
not solely due to the possible shape changes. As the Macbhumpiots for MCL-
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(a) ground signatures of MCL optimization cases
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Figure 12. Comparison of the ground signatures predicted by ARAP ®oftimized
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MCL-CB
RTM-CB

\ F5-E

SSBD

Figure 13. Comparison of the shapes of the the F5-E and SSBD confignsagainst
the optimization results for the CAD-based approadC{-CB and RTM-CB)

Figure 14. Comparison of the original and optimized shapes at the nipstot the
MCL-CF-V100 andRTM-CF-V1000 cases

CF-100(0)and RTM-CF-100(0)) in Figure[I1 show, the bumps initiate waves that
prevent the generation of strong two-shock ground sigeatur

Optimizing for minimum ISPR using McLean’s formula and a CABsed shape
variation technique leads not only to the lowest ISPR but tdghe lowest maximum
overpressure. Using the same shape variation techniqeieesllting design is even
better in this case than that obtained by directly miningzime overpressure.

Using the CAD-free approach, the comparison of the optitidraresults indi-
cates that the optimum designs for minimum ISPR differ frénose for minimum
maximum overpressure. However, the optimization resudisguthe CAD-free ap-
proach are significantly dominated by the box constraints.avoid fluid cells col-
lapsing because of large mesh distortions, rather sma#ngopd lower bounds on the
optimization variables have to be imposed. The most cliticga is at the tip of the
aircraft (see FigurEZ14). To create a blunt nose, verticesraved apart in the ver-
tical direction. This creates large mesh distortions amgires limiting the range of
the optimization variables. Using the CAD-based approsebh distortion intensive
shape variations can be avoided allowing for overall lasipape changes, which lead
to larger performance improvements.
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6. Conclusions

This paper has been concerned with the shape optimizatisapersonic aircraft
for low boom design. A sonic boom analysis method based onx&fproximation
of the near-field pressure distribution and twefunction based approaches for pre-
dicting the strength of the ground signature has been prege@omparing the simu-
lation results against measured data for an F5-E and thes8t&gmic Boom Demon-
strator (SSBD) F5 aircraft shows that the approximationhef ISPR by McLean’s
formula and the prediction of the maximum overpressuredasehe ARAP acous-
tic ray-tracing method lead to satisfactory results.

An adjoint formulation of the sonic boom sensitivity anasywas presented. The
evaluation of the gradients of McLean’s approximation & t8PR and of the ground
signature predicted by ARAP was also discussed. Whileitgdhe ray-tracing
method as a black-box tool necessitates the partial useitd flifference approxi-
mations, the described sensitivity formulations allow toe efficient evaluations of
the gradients of the ISPR and maximum overpressure for a tasgber of optimiza-
tion variables at acceptable computational costs.

So far, studies on the shape optimization for low boom dekayre either relied
on CAD-based or CAD-free techniques for describing the shaanges during the
optimization process. A general framework for both apphescwas presented, a
CAD-based approach operating on a triangulated surfack mas discussed, and a
CAD-free technique allowing for selected shape variatiwas introduced.

The developed optimization methodology was applied to #uesign of the F5-
E configuration allowing for shape changes along the nostosethat are similar
to those effected on the SSBD. The influence of the choicemesentation of the
objective function and of the shape variation techniquehlmdptimal design was
studied. The ground signatures of the optimized designs/allawithin the range of
the original and the SSBD designs but show an improved pedoce with respect
to ISPR and maximum overpressure. Similar to the SSBD detigrsonic boom is
reduced by creating a blunt nose. In particular the optithizesigns for the CAD-
based approach show the same effective design at the tip ofoe as the SSBD.

The obtained results suggest that McLean’s formula is sutled for minimizing
both the ISPR and the maximum overpressure. Using the maxiowerpressure
predicted by ARAP as an objective function seems to reswpiimization problems
with multiple local minima. While the CAD-based shape vaoiatechnique allowed
for rather large shape changes with significant boom regiicthajor problems with
the CAD-free technique were experienced imposing unaabépmesh distortions at
the tip of the aircraft.
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