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A mixed-fidelity low-boom multidisciplinary optimization (MDO) problem is formulated
for integration of low-fidelity MDO and computational fluid dynamics (CFD) based low-boom
inverse design optimization. The mixed-fidelity low-boom MDO problem aims to enforce the
weight consistency for CFD-based low-boom inverse design optimization: the optimum low-
boom configuration is designed for the weight at the start of cruise of the same configuration
for the low-boom overland mission. Moreover, it also seeks the optimum trades among the
maximum takeoff gross weight (MTOGW), cruise Mach, and range for the low-boom
overland mission while meeting the requirement of flying a transatlantic overwater mission.
A block coordinate optimization (BCO) method is developed to find an approximate solution
of the mixed-fidelity low-boom MDO problem. The BCO method is successfully applied to
generate two CFD-based low-boom configurations that closely match two reversed equivalent
area targets with ground noise levels below 70 PLdB, respectively. Moreover, these CFD-
based low-boom configurations can be obtained with minor wing modifications from the
solutions of the low-fidelity MDO problem. The low-fidelity MDO solutions are Pareto points
for constrained multiobjective optimization of MTOGW, low-boom cruise Mach, and low-
boom range. The best low-boom concept has a predetermined fuselage shape tailored for
passengers and main gear storage, carries 40 passengers at seat pitch of 48 in, flies a low-boom
overland mission with cruise Mach of 1.8 and range of 2,950 nm, cruises overwater at Mach
1.8 with range of 3,600 nm, satisfies the specified constraints for landing/cruise/takeoff, has
MTOGW of 145,164 Ib, trims the low-boom cruise flight with fuel redistributions instead of
control surface deflections, and has a reversed equivalent area distribution closely matching
a target with ground noise level below 70 PLdB.
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Ae = any equivalent area (ft?) including Aem, Ac,Lori, Aecro, and Aer

A¢(D) = A (ft) for D

Ac(Xe,D) = Acvalue (ft?) at xe for D

Aecrp = Aem (ft?) calculated using computational fluid dynamics (CFD) lift distribution
A LoFi = Aem (ft?) calculated using low-fidelity aero lift distribution

Aem = classical equivalent area (ft?) defined by Mach angle cut method

Acr = reversed equivalent area (ft?) defined by using reverse propagation of CFD off-body pressure
Al = lift part (ft?) of Aecrp = Al + Ayolume

Al = lift part (ft?) of Ac Lori = AUft ,; + Ayolume

Areet = A, target (ft?) for D

ALE = A, target (ft?) for Do

Ayelume = volume part (ft2) of AeLori = AL, + AT™e O A crp = Alft,, + Ayolume

CGyaft = most aft CG (ft) at start of overland cruise using fuel redistribution for D
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chord length (ft) of airfoil at span location y;

CFD longitudinal center (ft) of pressure for D

low-fidelity longitudinal center (ft) of pressure at start of overland cruise for D

vector of d, dwt, att, dito, digt, Fs, Hor, Mo, and Rov

independent copy of D with dar and dw: replaced by d¢ and d., respectively

D for baseline

vector of design variables for pylon location and shape, horizontal tail location and shape, nacelle
location, and vertical tail location

independent copy of dast

vector of widths and heights for fuselage cross sections

width (ft) of fuselage cross section at X

Drow With Mo = 1.8 and optimized Roy, referred to as best trade solution

D corresponding to Dy or

Dyow for cruise Mach 1.8 and better trim characteristics, referred to as trim solution

D corresponding to Dy ot

D for the lowest weight solution on the Pareto frontier of multi-objective MDO, which also has an
acceptable matching error for low-boom inverse design (i.e., ||[4c Lo (D) — A5 (D)||, , < &)

kA —
D corresponding to Dyow
vector of 6 auxiliary design variables for landing and takeoff: flap deflection angles, main gear
length, and longitudinal center-of-gravity offsets for trim at landing and takeoff
vector of 12 control-point coordinates of Bezier parametric curve for 4575 or Az
vector of 19 wing design variables and tail rotation angle Gni
independent copy of dwt
sea-level static thrust (Ib) for engine
independent copy of Fs (Ib) as input for the Numerical Propulsion System Simulation (NPSS)
constraint function for mission constraint (I11.A.i)
cruise altitude (ft) for overland mission or for CFD analysis
positive integer to define integral error for low-boom front shaping
lower bound vector for D or D
effective length (ft) of configuration defined by D or D, which is the largest effective distance where
Mach angle cut plane intersects the configuration
le (ft) for Do
cruise Mach for overland mission or for CFD analysis
maximum (Ib) of TOGWo.L and TOGWow
perceived level in decibel (PLdB) of sonic boom ground signature for Ae
dynamic pressure (psf) for cruise Mach and cruise altitude of overland mission
range (nm) of overland mission
temporary variable
takeoff gross weight (Ib) for overland mission of D
takeoff gross weight (Ib) for overwater mission of D
upper bound vector for D or D
weight (Ib) at start of overland cruise for Do
weight (Ib) at start of overland cruise for D
coordinates (ft) of point in space
effective distance (ft) for A calculation
x coordinate (ft) of leading edge of wing root airfoil
x coordinate (ft) of fuselage cross section location
x coordinate (ft) of trailing edge of tip airfoil of wing
y coordinate (ft) of span location of wing
height (ft) of fuselage cross section at x;
angle of attack (degree) at start of overland cruise for D
independent copy of o (degree) for calculation of Ayeume(D) and Ae (D)
lower limit for 4278 (l¢,0/2)

er,0

tolerance of 0.007-4¢8°(le) for acceptable low-boom inverse design objective value
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z = error tolerance for ||a@™¢(D) -4 (D) ||

Ontail = deflection angle (degree) of an all-moving horizontal tail at start of overland cruise for D
Ontail = independent copy of Gheil for D

A = le-Aofleo (ft), upper limit (ft) for integration of Ae matching error for D

Ao = Xe location (ft) of the highest point on Ae Lori(Do)

)7 = estimate of ratio Ae(lc)/Accro(le) for expected CFD-based low-boom design

n = lower limit of low-fidelity trim margin for overland cruise

o scaling parameter of A%r®*(D)

design section lift coefficient for NACA 63-series airfoil at span location y;
design section lift coefficient for NACA 63-series airfoil

Ti,max

I. Introduction

THE NASA X-59 low-boom flight demonstrator (LBFD) [1] brings low-boom supersonic overland flight closer to

reality. The LBFD project will help determine future Federal Aviation Administration (FAA) regulations on the
acceptable ground noise level for supersonic overland flights and validate sonic boom prediction tools. Despite the
huge technical advances in design of low-boom supersonic aircraft, many barriers still exist for a low-boom supersonic
transport to be economically viable. A set of design requirements for a supersonic business jet (SBJ) was articulated
by Henne [2] based on multiple market research studies. Smith [3] provided a comprehensive review of design issues
for low-boom SBJs and a historical summary of conceptual design efforts (including some hard-to-find configuration
layouts such as the Lockheed Martin Quiet Supersonic Platform concept). An updated review about low-boom SBJ
design issues can be found in Ref. [4]. Design requirements from NASA and used by Lockheed Martin and Boeing
for future supersonic transports can be found in Refs. [5-6]. Alonso and Colonno [7] gave a review of the advances
and challenges in design of low-boom supersonic aircraft from a multidisciplinary design optimization (MDO)
perspective. For historical accounts on sonic boom research, see Refs. [8] and [9] for general reading and Ref. [10]
for more in-depth reading.

Low boom has different meanings when different analysis metrics are used to define the low-boom design
objective. Traditional sonic boom minimization treats a supersonic wing and body configuration as a body of
revolution [11,12] and generates optimal F-functions [13,14] for shaping the corresponding equivalent area (Aem)
distributions of low-boom configurations. For sonic boom minimization, low-boom design objectives evolved from
reducing the initial pressure rise of the ground signature to matching A.m with a low-boom target distribution. Analysis
of lift distribution for A¢m calculation was also advanced from the modified linear theory to computational fluid
dynamics (CFD). See Refs. [15] and [16] for low-boom design studies on minimizing the initial pressure rise of the
ground signature and matching Aem With a low-boom target, respectively, while using CFD lift for Aem calculation.
For supersonic aircraft in flight, CFD methods could accurately predict the off-body pressures obtained by in-flight
flow-field probe measurements (see Chapter 4 of Ref. [10]). Further validation of CFD for low-boom design was
performed on the Gulfstream Quiet Spike concept via wind tunnel [17] and flight [18] tests. The boom prediction
workshops [19,20] highlight the advances of the state-of-the-art in using CFD analysis methods to predict off-body
pressures of complex supersonic configurations. The propagation of a waveform through the atmosphere to get the
sonic boom ground signature is improved from the original waveform parameter method [21] to the solution of the
augmented Burgers equation [22,23]. Computational cost of solving the augmented Burgers equation is only slightly
higher than the waveform parameter method, so the augmented Burgers equation becomes the preferred analysis
model for sonic boom propagation through the atmosphere (see Table 2 in Ref. [24]).

The existing CFD-based low-boom design methods have a potential weight inconsistency gap issue: the specified
weight for CFD-based low-boom optimization might be very different from the actual cruise weight of the low-boom
design. The integration of low-fidelity MDO and CFD-based low-boom redesign aims to close this weight
inconsistency gap. The resulting mixed-fidelity low-boom MDO problem uses low-fidelity aerodynamics for
conceptual design of supersonic transports and CFD for low-boom inverse design. A block coordinate optimization
(BCO) method is developed to find an approximate solution of the mixed-fidelity low-boom MDO problem. The BCO
method is also capable of finding an optimum combination of the cruise speed, cruise altitude, range, and maximum
takeoff gross weight (MTOGW) for the low-boom design. See Section |1 for details. In Section 111, the BCO method
is successfully applied to generate a low-boom supersonic transport that carries 40 passengers, flies a low-boom
overland mission with cruise Mach of 1.8 and range of 2,930 nm, cruises overwater with Mach of 1.8 and range of
3,600 nm, and has the potential to attain a CFD-based ground signature below 70 PLdB. Concluding remarks are given
in Section IV.
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1. Block Coordinate Optimization for Mixed-Fidelity Low-Boom MDO

The ideal mathematical problem for integration of low-fidelity MDO and CFD-based low-boom redesign is
formulated in Subsection I1.A. The resulting mixed-fidelity low-boom MDO problem aims to ensure that the specified
weight for CFD-based low-boom inverse design is the actual cruise weight of the low-boom design from the mission
analysis with the optimum cruise Mach and range for the overland mission. Moreover, the CFD-based low-boom
inverse design also has the lowest MTOGW possible and can be trimmed with fuel redistribution at the start of
overland cruise. In Subsection 11.B, a BCO method is proposed to find an approximate solution of the mixed-fidelity
low-boom MDO problem. The BCO method uses D as the design vector for low-fidelity low-boom MDO and D as
the design vector for CFD-based low-boom inverse design, where D is a copy of D with independent values for the
wing design variables, tail rotation angle, and design variables for the aft components. The initial baseline Do and
design variables are defined in Subsection I1.C. Implementation details for BCO are provided in Subsection 11.D. The
validity of the BCO method is demonstrated using numerical examples in Section I1I.

A. Mixed-Fidelity Low-Boom MDO

The integration of low-fidelity MDO and CFD-based low-boom optimization aims to ensure that the specified
weight for CFD-based low-boom inverse design is the actual cruise weight of the low-boom design from the mission
analysis. Moreover, all system-level design requirements are explicitly included in the optimization formulation.
Unlike the conventional inverse design optimization of minimizing an inverse design objective, the low-boom inverse
design objective is treated as a constraint to make the design requirement transparent: the optimum inverse design
objective value must be close to its ideal value of zero. This leads to the following mixed-fidelity low-boom MDO
problem with three objective functions.

rrgn {MTOGW, —Mq;, —Ro.} subjectto I< D <u
gl(D) 20 (1 sis< 9)! CGx,aft - CPx,CFD =20 (1)
146, (D) — A D)|| < & PLAB (4™ (D)) < 70

Here gi(D) > 0 (1 <i<9) correspond to the following mission constraints.

(111.A.1) CG margin to prevent tip over on the ground > 4 ft (i.e., the longitudinal CG of the aircraft at empty

weight is at least 4 ft before the main gear longitudinal location)

(111.A.2) Static margin for overland cruise > 2%

(I1.A.3) LTO static margins > 2%

(I1.A.4) Tail rotation angles for trim at LTO > —20°

(I1.A.5) LTO field lengths < 8,300 ft

(111.A.6) Approach velocity < 150 knots

(111.A.7) D has storage space for main gear and carries 40 passengers for both overland and overwater missions.

(111.A.8) D has an overwater mission with cruise Mach of 1.8, cruise ceiling of 60,000 ft, and range of 3,600 nm.

(111.A.9) D has an overland mission with cruise Mach of Moy, cruise altitude of Hor, and range of RoL.

The design vector D has di, dwt, daft, dito, digt, Fs, HoL, Mor, and Roc as its components. The partition of D into
different weakly coupled blocks of design variables is an important step to solve Eq. (1). The subvector ds: consists
of the design variables for fuselage nose cone to define a low-boom front shape. The subvector dw: has the wing design
variables and the all-moving horizontal tail rotation angle & at the start of overland cruise. The wing design variables
define the low-boom shape in the mid-range of equivalent distance and &, determines the appropriate ratio between
the wing lift and horizontal tail lift for a low-boom configuration. The subvector das has the design variables for the
aft components and determines the low-boom aft shape. The subvectors dito and dig contain the design variables for
LTO performance and low-boom target A5 &, respectively. The engine thrust Fs is an important design variable to
find the most efficient engine to complete the dual missions. The overland mission parameters Hor, MoL, and Roy are
also used as the design variables for an optimum combination of cruise altitude, cruise Mach, and range for the
overland mission. Such an optimum combination of Hor, Mo, and Ro is critical for development of an economically
viable low-boom concept.

Constraint (111.A.1) is a constraint for layout design. It is easily satisfied with a reasonable main gear location.
Constraints (111.A.2) and (I111.A.3) are typical longitudinal stability constraints for aircraft conceptual design. Because
LTO trim analyses use linear aerodynamics, the limit of —20° on tail deflections for trim during LTO is imposed in
(I11.A.4). The constraints on LTO field lengths are determined by the relevant service airports and some margin for
potential errors in the estimates of LTO field lengths. The maximum approach velocity of 150 knots is used to mitigate

4
American Institute of Aeronautics and Astronautics



the approach noise. For succinctness, D in (111.A.7)-(111.A.9) actually means the configuration defined by D. Constraint
(I11.A.7) defines the payload weight and imposes volume constraints for 40 passengers and main gear storage. For the
overwater mission constraint (I111.A.8), the cruise Mach 1.8 is based on LTO noise, emissions, and technology
availability for an advanced engine model; the cruise altitude for the overwater mission is limited to 60,000 ft for
maximum performance benefit allowed by the engine; and the range of 3,600 nm is based on the origin-destination
pairs for the transatlantic commercial flights. Constraint (111.A.9) defines Mor, Hor, and Ro. as the cruise Mach, cruise
altitude, and range of the overland mission.

Each of LTO constraints includes two constraints for landing and takeoff, respectively; but two inequality
constraints t; > 0 and t; > 0 can be written as min(t,t2) > 0 using one constraint function. Constraints (I111.A.7)-(111.A.9)
involve equality constraints, but an equality t = 0 can be written as an inequality min(t,-t) > 0. So, each of (I11.A.1)-
(111.A.9) can be written as gi(D) > 0 with an appropriate definition of g;(D).

Equation (1) is called a mixed-fidelity low-boom MDO problem because of the different aerodynamics analysis
fidelities for conceptual design of supersonic transports and CFD-based low-boom inverse design. In this paper, low-
fidelity analyses are used to compute CGy.sr and the mission constraints (111.A.1)-(111.A.9). In the future, multi-fidelity
computational methods could be used to reduce the modeling uncertainties in linear aerodynamics and empirical
weights estimation for aircraft conceptual design.

In theory, Eq. (1) is the ideal constrained multiobjective optimization problem for finding a CFD-based low-boom
design that can also perform the specified overland and overwater missions. In Eqg. (1), | < D < u is the standard
constraint to define the ranges of design variables; gi(D) > 0 (1 <i <9) represent the mission constraints (111.A.1)-
(I11.A.9); CGxat — CPxcrp 2= 0 s for trim at the start of overland cruise with fuel redistribution; = 0.007-4578(le,D)
is a relatively small error tolerance for the A¢, [25] matching error and it can be replaced by another reasonable error
tolerance; and the two constraints related to A;y8*(D) ensure a close match of A (D) with a low-boom target 45re(D)
below 70 PLdB. Here ||4,.(D) — A5y (D)|| is the integrated error of |4,,.(D) — ASre* (D)[? over the effective distance range
[0, Ie] and PLdB(4 (D)) is the noise level of the ground signature using A5x®*(D), MoL, and HoL as inputs for sonic
boom propagation analysis. The target PLdB limit of 70 is based on the NASA N+3 goal [5-6] for low-boom
supersonic transports. The objectives in Eq. (1) are the system-level design goals for low-boom supersonic transports:
the generated low-boom concept has the lowest MTOGW and the highest low-boom cruise Mach and range if possible.

In practice, the mixed-fidelity MDO Eq. (1) is extremely difficult to solve as a numerical optimization problem
because of four reasons. The first is that the objective and constraint values could be undefined if the mission analysis
fails. The mission analysis failure is mainly due to insufficient engine thrust to climb to the required cruise altitude.
The second is that solutions for the A, matching error constraint ||4.,.(D) — AZy5(D)|| < ¢ are acceptable CFD-based
low-boom inverse designs, which are rare (if they exist) in any design space | <D <u. This is a difficult inverse design
optimization problem by itself and requires many evaluations of CFD off-body pressure. Even for Euler CFD analysis,
each off-body pressure evaluation takes several hours using a Linux cluster computer with parallel implementations
and hundreds of compute nodes. So, it is time consuming to find a feasible solution of ||4.,(D) — A5r¥*“(D)|| < & The

third is that the existing solution method for ||4..(D)—Ag " (D)|| < ¢ [25,26] is based on minimization of
| 4.-(D) — AZE (D)|| for a fixed cruise weight at fixed cruise Mach and altitude. A simultaneous search for an optimum
low-boom target and the corresponding inverse design solution with changing cruise conditions is a huge leap forward.
Finally, there is no guarantee that ||4.,(D) — A5r®“(D)|| < e is always solvable.

In the next subsection, an extension of the BCO method in Ref. [27] will be used to find an approximate solution

of Eq. (1).

B. BCO for Mixed-Fidelity Low-Boom MDO

The BCO method in Ref. [27] can be extended to a partition of D for finding an approximate solution of the mixed-
fidelity MDO Eq. (1). To decouple the low-fidelity MDO and CFD-based low-boom inverse design optimization,
independent copies d.,; and das of dw: and das are used for CFD-based low-boom inverse design. The BCO method
solves the following optimization problems sequentially to get an approximate solution of Eq. (1).

min PLAB(4¢y5™) subject to Agye" (20) 2 5, AZE (le) = 1 Aeori(leo Do)
gt (2.1)

(Baseline low-boom target optimization)

rr}in MTOGW subjecttol <D <u,gg(D) = 0,g94(D) =0 22)
(Engine thrust optimization) '
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min {MTOGW, [|A¢0r: (D) —AgEt o), )} with 2= ll_o o

dfredwt

subjecttol <D <u, g;(D) = 0 (7 <i <9), COyare — CPyropi = 7> 0 (23)
(Low-fidelity low-boom MDO)

Find a subvector d; g of D in l < D < u for a feasible solution of g;(D) =20 (1 <i<9)

(Feasibility optimization for mission constraints) (2:4)
max Mg, subject to gg(D) = 0, go(D) =0, PLdB( targEt(D)) < 70, Qqy, is fixed
HoLMoL (2.5)
(Maximization of cruise Mach for overland mission)
max Rgy subject to gg(D) = 0, go(D) > 0, PLdB( target(D)) < 70, TOGW,,, < TOGWoy
HoL.RoL (2.6)
(Maximization of range for overland mission)
_min_ ||4er(D) — o ALTE(D)]| subjecttol < D < u, (CFD lift for D) = Wy
daredwra,o O (2.7)
(CFD-based low-boom inverse redesign of low-fidelity MDO solution)
The low-boom target AZr#*“(D) in the above formulations is defined by the following scaling formulas.
ASTE () = Hes. pgireet (lje" xe) for Egs. (2.3) and (2.7) (3.1)
target f Ae LoFi(£)- Atearrﬁet(t) dt  target (leo
(re) = s e, o A (32%:)  for Eqs. (255 and (26) (32)

0

The optimization problems Eqgs. (2.1)-(2.7) are just iteration steps to get an approximate solution of Eq. (1) and they
do not include some of the actual design requirements in Eq. (1). The following post-optimization constraints must be
satisfied by a solution pair (D, D) of Egs. (2.1)-(2.7) to obtain an approximate solution of Eq. (1).

14e Lor (D)—ALTE D), , < & PLAB (AZE (D)) < 70 @.1)
|4e(D) - target(D)Il < & PLAB (o AT (D)) < 70 (4.2)
”A\éolume(ﬁ) _ A\ezolume(D)” <z (43)
CGx,aft - Cpx,CFD =0 (4-4)

Equations (4.1) and (4.2) are the implicit requirement for inverse design optimization: the optimum inverse design
objective value must be close to its ideal value of zero. So, an optimal solution of the low-boom MDO Eq. (2.3) is
useless unless it also satisfies Eqg. (4.1), which can only be checked after the optimization. Any design D satisfying
Egs. (4.1) is called a plausible low-boom design. The Ae matching error ||4. o (D) At”ge‘(D)HM < gimplies that D has

a low-boom shape up to the location Xe = A in the aft region of the wing. Similarly, an acceptable solution of the low-
boom inverse design problem Eq. (2.7) must satisfy Eq. (4.2). Any design D satisfying Eq. (4.2) is called a feasible
low-boom design. A design Doy satisfying PLAB(Aer(Dopt)) < 70 is called an ideal low-boom design. These
terminologies can be used to discuss low-boom configurations in different design phases from low-fidelity low-boom
front shaping to high-fidelity ground signature shaping. An ideal low-boom design is the ultimate goal, but its
existence is not guaranteed. In practice, a feasible low-boom design D can be reshaped to obtain D1 with PLAB(Ae,(D1))
< 79 using an inverse design method for Ae, [25,26] or D, with PLdB(Ae(D2)) ~ 76 using an adjoint-based inverse
design method [28-30].

In Section 111, two examples show that a feasible low-boom design is not too far away from a plausible low-boom
design generated by the BCO method. In theory, a feasible low-boom design D for Eq. (4.2) indicates that an ideal
low-boom design (if exists) is not too far away. So, the plausible, feasible, and ideal low-boom designs can be similar
configurations. This validates a progressive design method with increasing fidelities from a plausible low-boom design
to an ideal low-boom design in development of low-boom supersonic transports. It is also the theoretical foundation
for the validity of using low-fidelity analyses for system-level trades between aircraft conceptual design goals and
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low-boom requirement without violating high-fidelity physics. Obviously, the error tolerance ¢ and the upper limit of
70 PLdB can be replaced by any reasonable small number and another low-boom loudness requirement (e.g., an upper
limit of 75 PLdB) in the above discussion. For example, D1 and D, mentioned above can be called ideal low-boom
designs for 79 PLdB and 76 PLdB, respectively.

The approximation error between D and D is defined by the difference of volume equivalent areas in Eq. (4.3).
The volume equivalent area depends not only on the OML but also on the angle of attack and the tail rotation angle at
the start of overland cruise. Here ||4z"“m¢(D) — Ay »™e(D)| is the integrated error of |ay“m¢(D) — ayume(D)|> over the
effective distance range [0, l¢]. In this paper, an acceptable approximation error is based on a visually close match
between the volume equivalent areas, which is attainable by the BCO method as shown in Section Ill. No direct
solution method is available to solve a low-boom inverse design optimization problem with the CFD trim constraint
Eqg. (4.4). So, Eq. (4.4) can only be checked after the solution pair (D,D) is generated by the BCO method. However,
the BCO method has the capability to implicitly enforce Eq. (4.4).

The BCO method is represented by the flowchart in Fig. 1. Each optimization problem in Egs. (2.1)-(2.7) is one
iteration step of the BCO method with Egs. (4.1)-(4.3) as termination criteria for BCO iterations. The BCO method
starts with an initial design exploration for a baseline Do that depends heavily on empirical knowledge about low-
boom supersonic transports. The design vector D and its approximate copy D are partitioned into seven blocks of
design variables: dig, Fs, (di, dwt), dito, (Ho,MoL), (How,Rov), and (dye, darr). Each of Egs. (2.1)-(2.7) is an
optimization problem using one block of design variables. In the BCO iterations, each optimum solution is used as
the initial design for the next optimization problem. The BCO method has three nested iteration loops.

Yes T NO/I J
dg=dy ox1,d~ Define or update Solve Eq. (11.1) or set
Update D, = D, = >
a, Eq. (13.3) holds? P 0= Flow u, 6,1.1 and u ASTE = AZTEN (Do)
TYes 1‘ Yes \\Yes l
Inverse design goal Mg or Ry Constraint violation Solve Eq. (11.2) for
No Eg. (13.2) achieved? is changed? or reduced MTOGW? optimum engine thrust
T No 1‘ No T l
Solve Eq. (11.7) Solve Eq. (11.5) or Solve Eq. (11.4) for | Solve Eq. (11.3) for D,
for D (11.6) for updated D, updated D, satisfying Eq. (13.1)

Fig. 1 BCO for approximate solution of mixed-fidelity low-boom MDO problem.

The blue iteration loop solves Egs. (2.1)-(2.4) sequentially and checks the post-optimization constraint (4.1) for
an acceptable inverse design Diow with the minimum MTOGW. It starts with the choices of five parameters u, J, 7,
I, and u that are not design variables, but their values have a significant influence on the solution pair of Egs. (2.1)-
(2.7). The parameter u is a priori estimate of A (le,D)/Accro(le, D) for an expected solution D of Egs. (2.7) and (4.2),
which is critical to a successful termination of the BCO method. Initially, the choice of x> 1 could be an empirical
estimate such as 1.25. The value of p determines the accuracy of |Ac(le,D) — A2r¥(le,D)| for a solution D of Eq. (2.7).
A small |Ac(le,D) — ar%*(le,D)| is necessary for Eq. (4.2) with o ~ 1. So, once an acceptable low-boom inverse design

D for Egs. (2.7) and (4.2) is obtained, & must equal Ac(le,D)/Acceo(le,D) to ensure that Eq. (4.2) holds with & ~ 1 for
the next CFD-based inverse design. The parameter § implicitly enforces the CFD trim constraint. The initial choice of
o is always zero. Once a solution of Eq. (4.2) violates the CFD trim constraint Eq. (4.4), J can be increased to implicitly
enforce Eq. (4.4) (see Subsection I11.C for an example). The choice of # > 0 is empirical for the low-fidelity trim
constraint and its effect on trim for overland cruise is much less effective than 6. The design vector bounds | and u
were extensively discussed in Ref. [27]. The key idea is to avoid having an optimized geometry design variable close
to one of its bounds, while using small design ranges so that Eq. (2.3) can be solved effectively. In practice, a trial and
error approach might be required to get a set of appropriate values for ¢, I, and u in the process of solving Egs. (2.1)-
(2.7). For example, if the takeoff field length constraint in Eq. (2.4) cannot be satisfied with any LTO design subvector
dLto, a change of the engine thrust Fs might be needed to solve Eq. (2.4). The resulting engine thrust can then be used
as a lower bound on Fs for the BCO iterations. Similarly, if Eq. (4.2) has no solution with the optimized Moy, Ror, and
HoL, but it has a solution for a lower cruise Mach, then the lower cruise Mach can be used as an upper bound on Mo,

7
American Institute of Aeronautics and Astronautics



to ensure that the BCO method can be terminated successfully. In other words, J, I, and u are actually knowledge-
based parameters for the BCO method, which cannot be determined by any numerical optimization method at the
moment.

The optimum baseline low-boom target .75 from Eq. (2.1) and the scaling formula Eq. (3.1) allow the decoupling
of low-boom target optimization and inverse design optimization. Here Wo and Wcs are the weights at the start of
overland cruise for Do and D, respectively, while le,0 and le represent the equivalent lengths of Do and D, respectively.
The weight scaling formula Eq. (3.1) was first used in Ref. [27]. Its purpose is to align A:78°"(D) with Ae ori(D) for the
weight and effective length changes during optimization. Equation (2.1) has two very important shape control
parameters x and ¢ for A:75 that depend on the data from CFD-based inverse design solutions of Eq. (2.7) as discussed

above. The option of using A% = A7 instead of solving Eq. (2.1) in the blue iteration loop is for convenience to

er,0

make Agrs° correspond to the low-boom target of the updated Do, when £ is not changed and there is no need to change
the low-boom target for better trim characteristics.

Equation (2.2) is a simple engine thrust optimization problem with MTOGW as the objective. The constraints
gs(D) > 0 and go(D) > 0 in Egs. (2.2)-(2.6) are included to indicate that the MTOGW is generated by the fixed-range
dual-mission analysis for (I111.A.8) and (111.A.9). They are not explicitly used by any numerical optimization algorithm.

Equation (2.3) is the key low-fidelity MDO problem that searches for a plausible low-boom design with the lowest
MTOGW. The low-fidelity trim constraint is strongly related to the low-boom inverse design objective function. This
leads to a potential conflict between the cruise trim with fuel redistribution and low-boom shaping, a well-known
practical design challenge for low-boom concepts. The inclusion of the low-fidelity trim constraint in Eq. (2.3) is to
ensure that such a conflict can be resolved optimally by a numerical optimizer at the conceptual design level. The
desired solution Diow of Eq. (2.3) is the lowest weight Pareto point that is a plausible low-boom design for Eq. (4.1).
The inverse design objective function ||Ae,L0Fi(D)—A§‘:g“(D)||M represents the integrated average error of

|4e Lo (D)—AZE (D)< Over the effective distance interval [0, A]. The definition of A in Eq. (2.3) using a scaling of Ao
ensures that the inverse design error calculation accounts for the effective length change during optimization, where
Ao is the . location of the highest point on A Lori(Do). The positive integer k determines the influence of the maximum
error between Aeiori and Agy5 on the inverse design objective function. An increase of k forces a numerical
optimization algorithm for Eq. (2.3) to focus more on minimizing the maximum matching error. The two cases of Eq.
(2.3) with k = 2 and k—>o were used in Ref. [27] for minimizing the average and maximum matching errors,
respectively. The constraint g7(D) > 0 is included to indicate that the configuration has enough volume for 40
passengers and main gear storage, which was enforced by the fuselage width constraints in Ref. [27] and is always
satisfied in this paper by a parametric fuselage shape with variable nose cone. Only derivative-free multi-objective
optimization methods are applicable to finding Diow. The most sensible strategy is to use enough design variables that
can generate a desired low-boom OML of Dow, While Eq. (2.3) can still be solved effectively by a derivative-free
multi-objective optimization method. Reference [27] shows that Eq. (2.3) for 35 shape design variables can be solved
by a multi-objective genetic optimization algorithm within a wall time of 72 hours using a Windows server with 48
cores at 2.1 GHz and a shared RAM of 1024 GB.

Equation (2.4) is the feasibility optimization that aims to satisfy the LTO constraints (111.A.3)-(111.A.6) using diro.
As mentioned before, (111.A.1) is easily satisfied with a reasonable main gear location. Constraint (111.A.2) follows
from the cruise trim constraint in Eq. (2.3). With proper fuselage shape and payload weight, (111.A.7) can be satisfied.
The constraints (111.A.8) and (I11.A.9) are the consequences of a fixed-range dual-mission analysis. It should be noted
that the horizontal tail size and its longitudinal location have a significant influence on the LTO performance. Here it
is implicitly assumed that the horizontal tail is already properly designed for the LTO performance requirements
during the initial design exploration. After the initial design exploration, the LTO performance constraints can be
easily satisfied by modifications of d_to for all design cases in this paper. The output of Eq. (2.4) is an updated Dyow
with diro from a solution of Eq. (2.4).

Once the MTOGW of Diew cannot be further reduced and Dy .w satisfies the specified mission constraints, the
blue iteration loop terminates. The blue iteration loop is a simplified version of the BCO method in Ref. [27]. It is
based on an implicit assumption used in this paper: Egs. (2.3) and (4.1) can be solved simultaneously. This assumption
is true if MoL = 1.6, RoL = 2,500 nm, and Ho. = 45,000 ft (see Ref. [27]). However, if the mission requirements are
significantly different from (111.A.5)-(111.A.8), it might be difficult to know a priori what values of Mo., Ror, and Ho
can ensure a plausible low-boom design for Eq. (4.1) that also satisfies the mission constraints. In such a case, it might
be necessary to add a feasibility exploration phase [27] in the blue iteration loop.

The pink iteration loop solves either Eq. (2.5) or Eq. (2.6) for trading any margin in the target PLdB for a low-
boom design that flies faster or further. For Egs. (2.5) and (2.6), a different scaling formula Eq. (3.2) is used for
AZEY(D). Equation (3.2) defines the scaling coefficient using the least-squares solution of minimizing
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||Ae‘L0Fi(D)—At;rrget(D)||M. The least-squares scaling formula Eq. (3.2) gives a good prediction on how the changes of

(Mov,RoL,Hov) would affect the target PLdB for D that already has a low-boom shape up to x. = A.

The trades among the target PLdB, Mo, RoL, and HoL are extremely important for low-boom concept
development, because intuitions about a sensible combination of (Mov, Ror, Ho) for the overland mission could be
misleading and result in a poor concept. When Hoy is fixed, it is obvious that an increase of MoL or Roc leads to an
increase of TOGWoy, which results in an increase of PLdB(45r8*). So, PLAB(457®") can be directly traded with Mo,
or Rov. A trade between PLAB(45®") and Hov is more complicated. If Ho, is increased and the cruise weight remains
the same, then A¢ Lori(le) at the higher altitude is higher than that at the original altitude due to a reduced air density,
which requires an increase of A578*(l¢) and results in a higher target PLdB. On the other hand, a higher altitude tends
to increase supersonic cruise efficiency and to reduce W (due to fuel weight reduction), which might yield a lower
value for A575(le) and a lower target PLdB. No theory is available to predict whether an altitude change is beneficial
for PLAB(42re*) or not. For a trade between Mo and Roc, some economic analysis is required to determine whether
the trade is beneficial or not, which is beyond the scope of this paper. As a result, Egs. (2.5) and (2.6) are used for the
optimum trades among the target PLdB, Mo, and Ro, and Ho..

In theory, Eq. (2.5) or (2.6) leads to an increased MoL or RoL, respectively, when PLAB(AZr®*(Diow)) < 70. The
constraint for dynamic pressure Qoc in Eq. (2.5) is to ensure that the same lift coefficient corresponds to the same
cruise weight at different cruise conditions. This tends to minimize the angle-of-attack change at the start of cruise for
different cruise conditions and maintain the low-boom shape of A ori during the optimization iterations. With fixed
QoL, Moy is determined by Ho., which reduces Eq. (2.5) to a simple optimization problem with one design variable
HoL. The weight constraint in Eq. (2.6) ensures that MTOGW is not changed for range optimization. With the weight
constraint, the maximum range Ro. for HoL in Eq. (2.6) is actually achieved by TOGWgo = TOGWow. With fixed
MorL and TOGWoL, RoL is determined by Hor. As a result, Eg. (2.6) is also a simple optimization problem with one
design variable HoL. So, both Egs. (2.5) and (2.6) can be solved by finding Ho. such that PLdB(45r#(D)) ~ 70. If Mo
or RoL is changed by Eq. (2.5) or (2.6), the output is Dow with the updated values for Moi, Rov, and Hor. Then the
baseline Dy is replaced by the updated Diow and the blue iteration loop is restarted. In this case, the baseline low-boom
target optimization is optional and the corresponding low-boom target for the updated Diow from Eqg. (2.5) or (2.6)
could be used as 4:75*". Once the cruise speed and range for the overland mission cannot be further improved by Eq.
(2.5) or (2.6), the pink iteration loop terminates.

The red iteration loop uses the updated solution Diow as the initial design to find a low-boom inverse design
solution D ow of Eq. (2.7). Two extra design variables & and o are used in Eq. (2.7) to mitigate any adverse effect on
the inverse design problem caused by the prediction error |u — Ae(le,D)/Ac cro(le,D)| of 1 for a solution D of Egs. (2.7)
and (4.2). Here & is the angle of attack for CFD analysis of D and o is a scaling parameter for 425 (D). The inverse
design problem Eq. (2.7) shall be solved in three steps: (i) minimize ||Ae_r(5)—A:‘:get(D)||M with & = o and adjust Gngil
to match the CFD lift with Wess; (i) shape the aft components to minimize ||4..(D)-ASr#“(D)||; and (iii) adjust & to
match the CFD lift with Wes (if needed) and minimize the inverse design error ||4,.(D)-o- AZre°"(D)|| for the best
scaling parameter o. Here o denotes the angle of attack at the start of cruise for D. This is very different from using @
to match the CFD lift with W¢s during optimization iterations for low-boom inverse design of A, [25,26]. In theory,
the adjustments of @ and o are not needed if u = Acr(le,D)/Ac.cro(le,D) for the last iteration solution D of Egs. (2.7)
and (4.2) along the red loop. If the generated solution Di.w of Eq. (2.7) satisfies Eq. (4.2) and the difference between
Diow and Dy ow is significant, then update Do with Diow and continue along the red iteration loop. Otherwise, Eq. (4.3)
holds for a small error tolerance Z and the red iteration loop terminates. The other termination conditions for the red
iteration loop in Fig. 1 are listed to emphasize that Diow and Diow have the same aft components, the same lift with
approximately the same angle of attack, and approximately the same low-boom target for inverse design optimization.
The equality dar = dar is the result of the updating rule Do = Diow in Fig. 1, which forces another iteration cycle along
the red loop if dar is changed when solving Eq. (2.7). The termination conditions @ ~ « and ¢ ~ 1 are consequences
of Egs. (4.1)-(4.3). Because of the weak couplings among the seven blocks of coordinates, the BCO method in Fig. 1
does terminate after a few iterations along the red loop. However, if one cannot find a solution of Eq. (2.7) that also
satisfies Eq. (4.2), then it means a restart of the low-boom concept development. For all the numerical examples in
this paper, Egs. (2.7) and (4.2) can always be solved simultaneously.

The most important contribution of this paper is to demonstrate that a feasible low-boom design for Eq. (4.2) can
be obtained from a plausible low-boom design for Eq. (4.1) with a tail rotation angle change and minor wing
modifications. That is, Egs. (4.1)-(4.3) can be solved simultaneously. The BCO method in Fig. 1 will be applied in
Section 111 to generate two solution pairs of Egs. (2.1)-(2.7) and (4.1)-(4.3) with |c— 1| £0.02, |& — «| < 0.2°, and
relatively small values of &
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C. Baseline and Design Variables for BCO

The baseline Dy is extremely important for the BCO method in Fig. 1. The initial choice of Dy is difficult because
it is based on empirical knowledge and experiences from low-boom supersonic concept development. The fuselage
and wing design variables for the BCO method in this paper are significantly different from those used in Ref. [27].

The fuselage is completely redesigned based on the cabin layout requirement and the knowledge about the
supersonic cruise performance benefits of a slender body (see, e.g., Ref. [31]). The redesigned fuselage in Fig. 2 has
the minimum cross section areas for passengers and main gear storage. The passenger cabin has a height of 7.3 ft, a
width of 5.5 ft, and a length of 80 ft, with a seat pitch of 48 in. The fuselage width for main gear storage is 6 ft. Only
the widths and heights at three cross sections for the nose cone (see the blue variables in Fig. 2) are used as design
variables (ds) for BCO.
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Fig. 2 Fuselage side/top views and design variables.
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Fig. 3 Baseline wing planform and design variables.

The wing has the same parametric planform as in Ref. [27] with 9 design variables (see the blue variables in Fig.
3). A design lift parameter tmax (i.€., the parameter CLI in the computer code to generate NACA 63-series airfoils [32])
is used to parameterize each NACA 63-series airfoil. Four parameters timax for airfoils at the span locations y;
(i=1,2,3,4) are used as design variables. Moreover, the twist angles for airfoils at the span locations y, and ys are used
as design variables. The inboard wing twist variables are fixed to ensure that the main gear strut can be stored inside
the wing. The dihedral angles of the four outboard wing sections are also used as the design variables. A total of 10
design variables are available to modify the camber surface of a given wing planform. The design vector dw: for the
low-fidelity low-boom MDO Eg. (2.3) consists of the 19 wing design variables and the tail rotation angle &n.ii. The
dihedral angles were not used as design variables in Ref. [27].

With the given fuselage and wing parametric shapes, (I11.A.7) is always satisfied with a proper payload for 40
passengers.

The baseline is derived from the re-optimization solution [27] shown in Fig. 4 for Mo_ = 1.6, Ro. = 2,500 nm, and
HowL = 45,000 ft. It provides the initial values for (Mov, RoL, Hov) that has a plausible low-boom design. As mentioned
before, finding such a plausible low-boom baseline is a nontrivial task if any of the mission requirements (111.A.5)-
(111.A.8) are changed. The fuselage and wing of the configuration in Fig. 4 are remodeled as in Figs. 2 and 3 to get the
initial baseline Do for the BCO method.

Fig. 4 Low-boom configuration for MoL = 1.6, RoL = 2,500 nm, and Ho. = 45,000 ft.
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The design vector das for aft components is based on empirical knowledge on how to shape the aft Ae, which will
be discussed with examples later. A parametric Bezier curve with 8 control points is used to define 4715 in Eq. (2.1):
two control points are used to fix the start and end points of 4: 5, and the remaining 12 control-point coordinates are
used as components of dy for the baseline low-boom target optimization Eq. (2.1). The same six auxiliary design
variables as in Ref. [27] are used as components of dito in the feasibility optimization Eq. (2.4) for mission constraints:
trailing edge flap deflection angles for LTO, longitudinal CG offsets for LTO, leading edge flap deflection angle for
landing, and main gear length. Flap sizes also affect LTO performance, but they are not used as design variables and
change proportionally with wing chords in this paper. The horizontal tail size and its longitudinal location affect LTO
performance too, but they are determined in the initial design exploration stage and fixed in this paper. Two other
important parameters related to LTO performance are engine thrust and main gear longitudinal location. The engine
thrust affects the mission analysis, engine weight, nacelle size, and LTO field lengths. The baseline has an engine
thrust of 36,700 Ib. The main gear location affects the aircraft CG, LTO static margins, and LTO field lengths. Main
gear longitudinal location was a design variable during the initial layout design, but its value is fixed at 176 ft for all
configurations in this paper.

D. Implementation of BCO

The initial choices of x« and ¢ are 1.25 and 0, respectively. The low-fidelity trim margin » = 4 is empirical. The
positive integer k = 8 for the inverse design objective function in Eq. (2.3) provides a good balance for minimizing
both maximum and average matching errors. The low-boom cruise Mach or range optimization, Eq. (2.5) or (2.6), is
performed only when PLAB(4Zr8*(DLow)) < 69.4. As pointed out in Subsection I11.B, Egs. (2.5) and (2.6) are trivial
optimization problems with one design variable HoL, which are solved for PLdB(45:%*(D)) = 69.4 using a parametric
study method on Ho.. In this paper, Eq. (2.5) is used for Mo < 1.8 and Eq. (2.6) is used for Mo = 1.8.

All functions of D used in Egs. (2.1)-(2.6) are computed using the multidisciplinary feasible (MDF) architecture
in Fig. 5 (see Ref. [33] for classifications of MDO architectures). The MDF architecture in Fig. 5 is based on the MDO
frameworks documented in Refs. [34] and [35].
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Fig. 5 MDF architecture for low-fidelity analyses of supersonic aircraft concept.

An advanced engine model was developed using the Numerical Propulsion System Simulation (NPSS) [36]. This
engine model is only scaled by the engine thrust Fs in this paper. Equation (2.2) is a trivial optimization problem using
one design variable Fs. To avoid expensive NPSS runs, an independent copy Fs of Fs for NPSS is fixed at the initial
value of F; for a baseline configuration and a surrogate model is used during the optimization iterations. The engine
size, weight, and performance data are linearly scaled by the surrogate model for any Fs. The optimized engine thrust
Fs is reanalyzed using NPSS to validate the scaling after the optimization. This can be done simply by setting Fs = Fs
(of D) in Fig. 5, which forces NPSS to regenerate the size, weight, and performance data when the value of Fs is
changed. The engine thrust optimization problem, Eq. (2.2), can be easily solved using a parametric study on Fs. The
optimum engine thrust mainly changes with the overland cruise condition, wing, and MTOGW. It also has a significant
effect on the takeoff field length. So, a lower bound could be imposed on Fs to help maintain the takeoff field length
constraint if it cannot be satisfied using diro.
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The constraints gs(D) > 0 and gg(D) > 0 are automatically satisfied with a coupled weight and fixed-range dual-
mission analysis method (see the highlight iteration loop in Fig. 5 and more details in Ref. [27]) using the Flight
Optimization System (FLOPS) [37,38]. The coupled weight and mission analysis outputs MTOGW and the weight at
the start of overland cruise, along with the component weight and CG data. Linear aerodynamics codes
WINGDES/AERQO?2S [39] are used to generate aero data for mission, cruise, and LTO analyses. In addition to drag
due to lift from WINGDES, skin friction and wave drag coefficients are estimated using the methods in Refs. [40] and
[41], respectively. The trim margin (CGxat — CPxLori) for overland cruise and static margins are based on the
WINGDES/AERO2S centers of pressure and the most aft CGy values for cruise and LTO weights. For approach
velocity and LTO field lengths, the landing weight is 70% of MTOGW and all relevant FAR Part 25 requirements are
met [42].

The equivalent areas Ay°vme and AUt .. are computed using the methods in Refs. [41] and [43], respectively. The
solver for the augmented Burgers equation [23] is used to compute the ground signature for Ac in the standard
atmosphere [44]. The method in Ref. [45] is used to compute PLdB of the ground signature for A..

All CFD results for CFD-based low-boom optimization Eq. (2.7) are generated using the Cart3D solver [46] based
on three-dimensional Euler equations. The engine shown in Fig. 4 is modeled using a flow-through nacelle for CFD
analysis. A volume mesh of about 32M cells is used for calculation of CFD off-body pressure at 3 body lengths below
the aircraft (see Ref. [47]), as well as CPxcrp. The Mach, altitude, angle of attack for CFD analysis are Mo., Hor, and
a. The CFD off-body pressure is used for calculation of Ac, [25].

I11. Low-Boom Supersonic Transports at Mach 1.8 for 40 Passengers

Two solution pairs will be generated using the BCO method in this section. Subsection Il1I.A shows how the
configuration in Fig. 4 can be further improved to get Dior for reduced MTOGW and increased Mo. and Ro.. In
Subsection I11.B, the best trade solution Dyr is redesigned with CFD-based low-boom inverse design optimization to
obtain a solution pair (DLor, Dior) satisfying Egs. (4.1)-(4.3). Subsection I11.C shows how to enforce the CFD trim
constraint Eq. (4.4) using ¢ in Eq. (2.1). Only the optimization results for the last iteration cycle of the red loop in Fig.
1 are included.

A. Optimum Trades of Target PLdB with Mach and Range

Equations (2.5) and (2.6) are used to increase the cruise Mach and range for the low-boom overland mission.
Initially, the baseline is optimized using the blue iteration loop in Fig. 1 to get a plausible low-boom design Diow with
the lowest MTOGW. Then, Eq. (2.5) is solved for PLdB(4&#°"(D)) ~ 69.4 for the maximum cruise Mach and the
corresponding cruise altitude. The resulting solution is updated by the optimum solution from the blue iteration loop
in Fig. 1 for the new cruise Mach and altitude. The pink iteration loop in Fig. 1 continues until the cruise Mach cannot
be further increased. For the current design study, the cruise Mach is limited by the maximum cruise Mach of 1.8
allowed by the engine. This limit is primarily driven by takeoff noise and high-altitude emission considerations. So,
any excess target PLdB margin at cruise Mach 1.8 is traded for increased range. Equation (2.6) is used for the range
increase and Dyow is updated by the optimum solution from the blue iteration loop in Fig. 1 for the new cruise altitude
and range. This range optimization continues along the pink iteration loop in Fig. 1 until no range increase is possible.

—Reversed Ae target (69.4 PLdB)
220 | _Total Ae = (Volume Ag) + (Total lift Ae)
200 | —Volume Ae

—Wing lift Ae

0
—Tail lift Ae
160 | —Total ift Ae = (Wing lift Ae) + (Tail lift Ae)

A= 1881t

Main gear

Nose gear

M
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a) Equivalent areas b) Cabin arrangement and main gear packaging

Fig. 6 Equivalent areas and cabin arrangement of D or for cruise Mach 1.8.

The trades described above lead to the best trade solution D or for Mo = 1.8, RoL = 2,900 nm, and Ho. = 50,000
ft. The equivalent areas, cabin arrangement, and main gear packaging for Dy or are shown in Fig. 6. The low-fidelity
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trim constraint is satisfied: CGyatt — CPxLori = 170.6 — 164.0 = 6.6 ft > 1 = 4 ft. The mission constraints (I11.A.1)-
(I11.A.6) are satisfied by Dior with the following constraint values.

(IV.B.1) CG margin to prevent tip over on the ground = 11.2 ft

(IV.B.2) Static margin for overland cruise = 15.0%

(IV.B.3) LTO static margins are 3.3% and 3.0%, respectively

(IV.B.4) Tail rotation angles for trim at LTO are —8.4° and —12.4°, respectively

(IV.B.5) LTO field lengths are 6,916 ft and 8,216 ft, respectively

(IV.B.6) Approach velocity = 137 knots
The best trade solution Dior has a much lower MTOGW of 145,625 Ib than MTOGW of 154,474 Ib for the low-boom
concept in Fig. 4. This shows the importance of the system-level trades (the pink iteration loop in Fig. 1) among
PLAB(45r®), MoL, and Rov using the optimum cruise altitude Ho. for the overland mission. The values of Ghi and o
for Dior at the start of overland cruise are —1.0° and 1.8°, respectively. In comparison, il and o for the low-boom
concept in Fig. 4 at the start of cruise are —1.6° and 2.5°, respectively. More details about D ,r and the low-boom
concept in Fig. 4 will be given later in Table 1 of Subsection IV.C. The changes for aft components of Dior in Fig. 6
are from an intermediate CFD-based low-boom inverse design.

B. CFD-Based Low-Boom Inverse Redesign

The low-boom inverse design method using A%y described in Subsection 111.B is used to reshape Ae(DLor). The
inverse design goal is to show that Dior can be redesigned with minor wing modifications to obtain a feasible low-
boom design D\r that satisfies Egs. (2.7) and (4.2).

Multiple iterations along the red loop in Fig. 1 were performed to obtain Dy.r. Two major CFD-based corrections
were required to achieve the termination of the BCO method: (i) a major redesign of aft components for a low-boom
shape of the aft A, and (ii) updating of x in Eq. (2.1): x = Aer(le,D)/Accro(le,D) for intermediate solutions D of Eq.
(11.7). Figures 4 and 6b show how the aft components were redesigned by an intermediate CFD-based low-boom
shaping. The changes include the pylon camber modifications, aft shifts of the pylons and nacelles, and the shift of
the horizontal tail from the side of the fuselage to the vertical tail.

The reversed equivalent area curve of Dior matches the low-boom target closely in Fig. 7a. The CFD-based ground
signature of D\or oscillates along the target signature with the same magnitude (see Fig. 7b). After matching Ae (DLor)
with A% (Dor) for @ = o = 1.8°, Ae(le,Dior) is slightly lower than 458 (le, DLor). This is due to the minor difference
of Acr(le,DLor)/Ae.cro(le,DLor) and u value for 4775, The identical values of Aecro(le,DLor) and Ae Lori(le, DLor) mean
that the cruise weights for Dior and Dyior are identical (see Eq. (6) in Ref. [16]). So, o = 0.98 is used to minimize
|Ae(DLor) — o+ A2 (DLor)||- The low-boom target o- 4% (Dior) in Fig. 7a has a lower PLdB value of 68.8 than the
target PLAB of 69.4 for 4™'(Dyg) in Fig. 6a. The value of i for Dier is 5.2°. So, |o— 1| = 0.02, |& — «| = 0°, and
|Bhail — Ontail] = 3.6°.

240 —Target Ae (68.8 PLdB) 10

220 | _Reversed Ae of CFD-based redesign
200 -{—Volume Ae of best trade solution
180 —NWVolume Ae of CFD-based redesign
—Lift Ae of best trade solution

—Lift Ae of CFD-based redesign
—Total Ae of best trade solution

—Target signature (68.8 PLdB)
08 —Signature for off-body pressure (90.3 PLdB)

160

=
=1

=
g i w02
=120 Total Ae of CFD-based redesign :
E <00
Emu “E,
u:u:. 80 =2-02
80 04
40
20 08
0 e 0.8
0 25 50 75 100 125 150 175 200 225 250 0 20 40 60 80 100 120 140 160 180 200 220
Effective distance, ft Time, ms
a) Equivalent areas b) Ground signature

Fig. 7 Equivalent areas of D or and Dyor, and ground signature of Dyor.

Minor wing modifications are quantified by aye'ume differences between Dy or and Dy or, Which are very small (see
Fig. 7a). The aft ayeme differences are mainly due to approximation errors of the trimmed pylon volume for the low-
fidelity ayeume and the tail rotation angle difference of 3.6° between Dok and Dior. Only the three outboard airfoils
on the wing of Dyor are reshaped to obtain D\ or. Figures 8 and 9 compare the three outboard airfoils and planforms of
Dior and Dior.
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Fig. 8 Airfoil comparison of Dior and Dior
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| = Wing planform of best trade solution

16 7 = Wing planform of CFD-based redesign
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Fig. 9 Wing planform comparison of Dior and Dior
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e
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® CPycpp=172.2 1t Bottom view

Fig. 10 Pressure contour on OML of D or and CPx locations at start of cruise for low-boom mission

It is expected that D\ or satisfies the specified LTO performance constraints. The cruise performance of Dior is not
expected to be significantly degraded by minor changes of the wing surface (shown in Figs. 8 and 9). The CFD lift-
over-drag ratio (not including viscous drag) for the cruise condition of Dior is 8.8, while the low-fidelity lift-over-
drag ratio (including an empirical viscous drag estimate) at the start of cruise for Dior is 7.0. In comparison, the
Concorde cruise lift-over-drag ratio is about 7.5 [48]. The complex flow interactions in the aft region of Doz (see Fig.
10) should be carefully redesigned with powered engine simulation for a better propulsion and airframe integration.

Because intermediate CFD-based low-boom redesign results violated the trim constraint with CGyast — CPx.cep <
—2 ft, the trim margin for Dior Was increased to 6.6 ft in an attempt to satisfy the trim constraint for CFD-based low-
boom redesign. Unfortunately, the significant differences between Aif ., and Al (see Fig. 7a) cause a difference of
8.2 ft between CPxcrp 0f Dior and CPx Lori Of Dior (se€ Fig. 10). The trim constraint CGyat — CPx.crp > 0 does not hold
for Dy or because CGyart — CPxcrp = 170.6 — 172.2 = —1.6 ft (see Fig. 10). The next subsection shows how to move
CPy crp forward for the CFD-based low-boom redesign using an increased ¢ in Eq. (2.1).

C. Redesign for Low-Boom Cruise Trim Constraint

In this subsection, Dyr is used as the initial design to show how to increase (CGyxait — CPxcrp) by increasing ¢ in
Eqg. (2.1). The baseline target for Dior Was generated using Eq. (2.1) with 6 = 0, which is a scaled version of Target 1
in Fig. 11. The baseline target 4775 for the trim solution Dyt is Target 2 in Fig. 11. When Target 2 is generated using
Eq. (2.1), n= Ae,r(|e,ﬁLoR)/Ae,CFD(|e,DLoR) = 1.22, 0= 99, MOL = 1.8, Ho|_ = 50,700 ft, |e,0 =250 f[, and A;rﬁetae,o) =229
ft2.

The widths and heights (ds) for the fuselage nose cone are increased slightly to match the new low-boom target.
A forward move of 2 ft for xq: of Dior (i.€., a forward extension of the wing root airfoil by 2 ft) is used to shift Ae Lori
forward to better match the new low-boom target. This aims to increase the lift tailoring capability to fill the increased
gap between the new low-boom target and Ae Lori(Xe,Dior) after xe = 75 ft, where the wing of Dyr has no lift (see Fig.
7a). The modified Dyor is used as the initial baseline Do. Then Eqgs. (2.2)-(2.4) and (2.6) are solved to get Dyor.
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—Target 1 (68.7 PLdB)
—Target 2 (69.5 PLdB)

200 | = Ae =92 at Xe = 125 for Target 1
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0 25 50 75 100 125 150 175 200 225 250
Effective distance, ft
Fig. 11 Low-boom targets for different area constraints.

The CFD-based low-boom redesign Dot of Dy ot requires a significant change of the wing to match 457 (Xe, Diot)
and to keep CPxcrp ahead of CGyax. As a result, the red iteration loop in Fig. 1 continues and Dot is used as the new
baseline Do to get an updated Dyot, which is significantly different from the original Dior and has a more forward
CGyant at X = 170.0 ft than CGyre of 170.5 ft for the original Dior. This shows the importance of keeping Dot close to
Diot. Otherwise, the actual CGyart of Dior might be significantly different from CGyart of Dior. The values of a and
Oniair Tor the updated Dot are 1.9° and —0.4°, respectively. The equivalent areas, cabin arrangement, and main gear
packaging for the updated Dot are shown in Fig. 12. The updated Dot has a low-fidelity trim margin of CGyan —
CPx Lori =170.0 — 165.0 = 5.0 ft. The mission constraints (111.A.1)-(111.A.6) are also satisfied by Dot with the following
constraint values, while the Mach, altitude, and range for the overland mission are listed in Table 1.

(IV.C.1) CG margin to prevent tip over on the ground = 11.8 ft

(IV.C.2) Cruise static margin for the low-boom mission = 10.8%

(IV.C.3) LTO static margins are 3.5% and 2.6%, respectively

(IV.C.4) Tail rotation angles for trim at LTO are —11.9° and —15.7°, respectively

(IV.C.5) LTO field lengths are 7,432 ft and 8,296 ft, respectively

(IV.C.6) Approach velocity = 145 knots

—Reversed Ae target (69.5 PLdB)
220 | —Total Ae = (Volume Ae) + (Total lift Ae) |
200 |—Volume Ae

—

—Wing lift Ae
180 1Tl pe
160 -[—Total lift Ae = (Wing lift Ae) + (Tail lift Ae)
o 140
=
=120
c

=187 ft

A

0 25 5 75 100 125 150 175 200 225 250
Effective distance, ft
a) Equivalent areas b) Cabin arrangement and main gear packaging

Fig. 12 Equivalent areas and cabin arrangement of Do for cruise Mach 1.8.

Table 1 compares some specifications of the low-boom concept in Fig. 4, Dior in Fig. 6, and Dyo7 in Fig. 12. The
area constraint to improve trim in the low-boom target for D.or does not have a negative impact on the MTOGW,
which benefits from the shortened wingspan and a smaller wing area. However, the trim penalty does show in the
target PLdB for Dot (see Figs. 7b and 13b). The wingspan of 58 ft for the updated Dot is not determined by
optimization and is fixed to match that of Dior. When searching for the original Dior, the wingspan was a design
variable with its range between 60 ft and 63 ft. The optimal wingspan was 60.3 ft. Because the lower bound of 60 ft
was not active, no attempt was made earlier to search for low-boom designs with wingspan below 60 ft. This shows
that different choices of design variables and their design ranges yield different solutions of Egs. (2.1)-(2.6) and (4.1).
The implication is that two independent solutions of Egs. (2.1)-(2.6) and (4.1) by two individuals could be very
different. This is a common problem for any complex engineering design optimization.
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Table 1 Comparison of initial low-boom concept, best trade solution, and trim solution

Initial low-boom concept

Best trade solution (Dyor)

Trim solution (Dyier)

Number of passengers 40 40 40
Aircraft length 232 ft 232 ft 232 ft
Wingspan 69 ft 60.3 ft 58 ft
Wing area 3,009 ft? 2,974 ft? 2,930 ft2
Overwater cruise Mach 1.8 1.8 1.8
Overwater cruise altitude 60,000 ft 60,000 ft 60,000 ft
Overwater range 3,600 nm 3,600 nm 3,600 nm
Overwater MTOGW 153,212 1b 145,615 Ib 145,164 Ib
Low-boom cruise Mach 1.6 1.8 1.8
Low-boom cruise altitude 45,000 ft 50,000 ft 50,700 ft
Low-boom cruise weight 145,766 Ib 135,523 Ib 134,377 Ib
Low-boom range 2,500 nm 2,900 nm 2,950 nm
Low-boom MTOGW 154,474 1b 145,484 1b 144,655 Ib
Zero fuel weight 76,249 Ib 72,6251b 71,834 1b
Engine thrust 36,700 Ib 36,000 Ib 36,000 Ib
Target for inverse design 68.4 PLdB 69.4 PLdB 69.5 PLdB
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—Reversed Ae of CFD-based redesign
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Fig. 13 Equivalent areas of Dt and Dyet, and ground signature of Dir.

| = Airfoils of trim solution y=29ft _.
3 Airfoils of CFD-based redesign y=254ft

Fig. 14 Airfoil comparison of D gt and Dior

The CFD-based low-boom redesign Dot is obtained from Dir with wing surface modifications. The results are
shown in Fig. 13. After matching Ae(Diot) With 427#(Dyor) for & = @ = 1.9°, the CFD lift is slightly lower than Wes
of Dior. This is also due to the minor difference of Ae(le,DLot)/Ac cro(le,DLot) and u value for A%, So, @ is increased

er,0
to 2.1° to match the CFD lift with Wes. The identical values of Aecro(le,Diot) and A Lori(le, Diot) in Fig. 13a mean
that the cruise weights for Dy ot and Dot are identical (see Eq. (6) in Ref. [16]). The low-boom target of 69.9 PLdB in
Fig. 13a is 042" (Xe, DLot) With o= 1.01, which minimizes ||Ac(DLot) — o-45r8(Dyot)|| after the adjustment of &.

The value of Gl for Dot is 4.9°. So, |o— 1| = 0.01, |&@ — a| = 0.2°, and |Gnail — Oheait] = 5.3°. From Fig. 13a, the Ayelume
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differences between Dot and Dot are small. The aft ayome differences are more significant than those shown in Fig.
7a because of a difference of 0.2° between angles of attack for Diqr and Dior. The wing shape differences between
Dior and Dot (shown in Figs. 14 and 15) are small but more significant than those between Dy or and Dy or.

32

= Wing planform of trim solution

= P Wing planform of CFD-based redesign
o

L Il | i
63 83 103 123 143 163 183 203
x, ft

Fig. 15 Wing planform comparison of Di ot and Dot

The volume constraint to improve trim for the low-boom target does not yield an improved low-fidelity trim margin
for Dot when compared with Dior. The trim benefit of Do is in its noticeable tail lift (see Fig. 12a), which captures
some of the tail lift of Dyt (see Fig. 13a). In comparison, the near zero lift on the tail of Dor is a gross underestimate
of the tail lift of Dior (see Figs. 6a and 7a), which results in a much larger aft shift of 8.2 ft for CPxcrp of D or than
5.3 ft for CPy crp of Dot Wwhen compared with CPx Lori. The significant differences of CPyx ori and CPy crp in both cases
are mainly due to the negative CFD lift on the pylon to reduce the volume increase of the nacelle for low-boom
shaping, which requires a significant increase of the tail lift (see 4i%;, curves in Figs. 7a and 13a) to align the aft shape
of A with the low-boom target. The trim constraint value CGy st — CPx.cep = 170.0 — 170.3 = —0.3 ft is not feasible
for Dot, but it is acceptable at the conceptual design phase because the constraint violation is only 0.1% of the aircraft
length of 232 ft and is significantly less than the potential prediction error in CGyar. However, the disconnection
between CPy Lori and CPy crp makes it difficult to tell whether a specified trim margin for CPx ori is enough for CPy cep.
More research is needed to develop an effective method to enforce the trim constraint while keeping the CFD-based
low-boom redesign as close to the low-fidelity MDO solution as possible. A potential solution is to calibrate the aft
lift distribution for the low-fidelity MDO solution so that the low-fidelity trim margin constraint in Eq. (2.3) is more
closely related to the CFD trim constraint Eq. (4.4).

= |
O | | IJ Top view .
02 03 04 05 06 07 08 09 1 1112 ‘/

[ CPX,LOFi =165.0 ft
° CPX,CFD =170.3 ft Bottom view

Fig. 16 Pressure contour on OML of D ot and CPx locations at start of cruise for low-boom mission

The cruise performance of D ot is not expected to degrade significantly from that of D or. The CFD lift-over-drag
ratio (not including viscous drag) for the cruise condition of Dior is 8.9, while the low-fidelity lift-over-drag ratio
(including an empirical viscous drag estimate) at the start of cruise condition for Dyt is 7.2.

Except the wings, tail rotation angles, and small variations of the fuselage nose cone, the OMLS of Dior, Dior,
Dvot, and Dyt are identical. The pressure contours on the aft components of Dior and Dior are approximately the
same (see Figs. 10 and 16).

IVV. Concluding Remarks

A mixed-fidelity low-boom MDO problem is formulated for the integration of low-fidelity low-boom MDO and
CFD-based low-boom inverse design. A block coordinate optimization (BCO) method is proposed for an approximate
solution of the mixed-fidelity low-boom MDO problem. The BCO method has been applied to generate a low-boom
supersonic transport that carries 40 passengers, flies a low-boom overland mission with cruise Mach of 1.8 and range
of 2,950 nm, cruises overwater at Mach 1.8 with range of 3,600 nm, satisfies the specified landing and takeoff
performance constraints, has a CFD lift-over-drag ratio (not including viscous drag) of 8.9 for low-boom cruise flight,
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and approximately satisfies the low-boom trim constraint for CFD center of pressure. The reversed equivalent area of
the generated low-boom supersonic transport closely matches a low-boom target below 70 PLdB.

One important discovery is that a low-boom supersonic transport could be designed with a predetermined shape
of fuselage tailored for passengers and main gear storage. The generated low-boom configuration has a constant cross
section height of 7.3 ft for the passenger cabin and main gear storage, a constant cross section width of 5.5 ft for the
passenger cabin, and a constant cross section width of 6 ft for main gear storage. In contrast, significant fuselage cross
section variations were usually required for low-boom supersonic configurations found in literature.

The trim constraint for low-boom cruise is difficult to enforce for CFD-based low-boom redesign with minor wing
modifications of the low-boom low-weight solution generated by the low-fidelity MDO. There is a need to improve
the low-fidelity prediction of aft lift distribution to make the trim constraints for low-fidelity and CFD centers of
pressure more correlated.

The significance of this work is to demonstrate that (i) system-level trades among the target PLdB, cruise Mach,
cruise altitude, and range are critical for development of economically viable low-boom supersonic transports, and (ii)
minor wing modifications of a low-boom low-weight design from low-fidelity MDO can result in a CFD-based low-
boom design with a reversed equivalent area close to a low-boom target below 70 PLdB. The latter provides a
numerical method to obtain a CFD-based low-boom design that also approximately satisfies the specified mission
performance constraints. The existing gap in CFD-based low-boom design methods—CFD-based low-boom shaping
for a fixed low-fidelity cruise weight estimated from a baseline configuration that could be very different from the
resulting CFD-based low-boom design—is significantly narrowed by the BCO method. The next step is to calibrate
all low-fidelity aero analysis results by CFD analysis for low-fidelity low-boom MDO, which might be extremely
difficult to accomplish.
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