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A multidisciplinary optimization (MDO) method has been developed to design a
computational fluid dynamics (CFD) based low-boom configuration that can be obtained from
a Pareto solution of a low-fidelity multiobjective MDO problem with mission constraints. This
paper refines the developed MDO method by using multifidelity models for CFD-based
multiobjective MDO and a better method for the system-level trade between the target low
boom ground noise level and the overland range. The refined MDO method can generate a
low-boom configuration that satisfies the mission requirements, has the lowest takeoff gross
weight and the longest range for the low-boom mission, trims the low-boom cruise flight with
fuel redistributions, and has a reversed equivalent area distribution closely matching a low-
boom target with ground noise level below 70 PLdB. The validity of the refined MDO method
is demonstrated by a design study of a low-boom supersonic transport that carries 40
passengers, flies a low-boom mission with cruise Mach of 1.7 and range of 3500 nm, and cruises
overwater at Mach 1.8 with range of 3882 nm. Moreover, the refined MDO method eliminates
the difference between the assumed cruise weight for CFD-based low-boom inverse design
optimization and the estimated cruise weight of the optimal inverse design solution with
respect to the mission requirements.

Nomenclature
Il Ilx,.,, k-norm of a function on interval [0, I¢]

Il Il

1
I-ll, = k-norm of a function f on interval [0, 2] defined by Ifl,.. which equals ( [, If (€)I¥ dt)k
Ae = any equivalent area including Aem, Ae Lori, AeMuri, Ae.crp, and Aey, ft2
A, = second derivative of A, with respect to xe
Ae(D) = Ac.forD, ft?
Ac(Xe,D) = A¢value at x. for D, ft?
AecFp = Aem computed using CFD lift distribution, ft?
Ae LoFi = Aem computed using low-fidelity aero lift distribution, ft?
Ae MuFi = multifidelity model for approximation of A, ft?
Aem = classical equivalent area defined by Mach angle cut method, ft?
Aer = reversed equivalent area defined by using reverse propagation of CFD off-body pressure, ft?
At = lift part of Accro, Which equals Al + Aroue, ft2
Al = lift part of Aeori, Which equals AUt . + Avgiume ft2
A = Acdue to lift computed using the calibrated lift method, ft?
A = multifidelity model for approximation of 4lift., ft
AZreet = A, target for D, ft?
ALE = A, target for Dy, ft?
Avume = volume part of Aecrp, Which equals Al + Avoiume, ft2
Ayglume = volume part of Aeori, Which equals Alft . + Avsiume, ft?
CGx = longitudinal center of gravity, ft
CGyxait = most aft CGy at start of overland cruise using fuel redistribution for D, ft
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ALow

lift coefficient of Diow at start of overland cruise

longitudinal center of pressure, ft

computational fluid dynamics CPy for D, ft

vector of digt, dfrt, Awing, daft, diTo, Ghtail, Fs, Row, and Hov

independent copy of D With Ghail and dar replaced by Gnaii and dar, respectively

D for baseline

D for solution of CFD-based low-boom aft shaping of Duaxr

vector of design variables for locations and incident angles of pylon and nacelle
independent copy of das for D

vector of widths, heights, and locations for fuselage cross sections

D for feasible low-boom design

D for ideal low-boom design

previously documented CFD-based low-boom design

D for the lowest weight solution on the Pareto frontier of multiobjective MDO, which also has an
acceptable matching error for low-boom inverse design (i.e., ||Aemur (D) — Ate’j‘:g“(b)nm <¢)

vector of 6 auxiliary design variables for landing and takeoff: flap deflection angles, main gear
length, and CGy offsets for trim at landing and takeoff

D for plausible low-boom design with maximum overland range

D obtained with replacing éheit of Dmaxr by appropriate Qi

vector of 12 control-point coordinates of Bezier parametric curve for o276 or A7re*
vector of 15 wing design variables

sea-level static thrust for engine, Ib

independent copy of Fs as input for the Numerical Propulsion System Simulation, 1b
F-function for A.

constraint function for mission constraint (11.i) computed using the calibrated lift method
cruise altitude for overland mission or for CFD analysis, ft

positive integer to define integral of matching error for low-boom inverse design optimization
lower-bound vector for D or D

lift-to-drag ratio

effective length of configuration defined by D, which is the largest effective distance where
Mach angle cut plane intersects the configuration, ft

I for Do, ft

cruise Mach number for overland mission

maximum of TOGWy, and TOGWow, Ib

longitudinal pressure distribution at undertrack location below aircraft, lb/ft?

ambient pressure, lb/ft?

perceived level in decibels of sonic boom ground signature for A.

distance from undertrack location to aircraft, ft

range for overland mission, nm

wing reference area of Dyow for calculation of lift coefficient, ft?

temporary variable

takeoff gross weight for overland mission of D, Ib

takeoff gross weight for overwater mission of D, Ib

upper-bound vector for D or D

freestream velocity at cruise altitude Hoy, ft/sec

weight at start of overland cruise for D, Ib

coordinates of point in space, ft

effective distance for A, ft

effective distance computed using piecewise linear transformation of xe, ft

Xe location corresponding to tailing edge of wing tip airfoil, ft

a specific x. location related to D such as Xewe(D), ft

y coordinate of span location of wing, ft

calibration parameter for span location to truncate wing for low-fidelity aero analysis, ft
angle of attack at start of overland cruise for D, deg

angle of attack at start of overland cruise for D ow, deg



B = Prandtl-Glauert factor /(Mo )? — 1
v = ratio of specific heats

Aalt. = correction term for 4lift., ft?

AAer = correction term for Ae,, ft?

o = lower bound for trim ratio A¢ 5% (leo/2)/A%8* (le.0)

£ = tolerance of 0.007-4%r#°(l¢) for acceptable low-boom inverse design objective value
Ontail = deflection angle of an all-moving horizontal tail at start of overland cruise for D, deg

Ontail = independent copy of Ohwil for D, deg

Oa = calibration parameter for &ni of D, deg

A = le-Aolle0, upper limit for integration of Ae matching error for D, ft

Ao = Xe location of the highest point on Ag ori(Do) or le, ft

U = ratio A2 (le)/Ac.cro(le) as estimate of Ae(le)/Ae.cro(le) for expected low-boom design
Do = ambient density at cruise altitude Ho, lb/ft?

Ti,max = design section lift coefficient for NACA 63-series airfoil at span location y;

Tmax = design section lift coefficient for NACA 63-series airfoil

I. Introduction

HE Shaped Sonic Boom Demonstration (SSBD) program [1] validated via flight testing that the shaping benefits

of a modified F-5E aircraft could be maintained through the atmosphere to achieve a flat-top front ground signature

as predicted using computational methods {see fig. 26 in Ref. [1]}. The NASA X-59 low-boom flight demonstrator
(LBFD) [2] aims to achieve a greatly reduced ground noise level of sonic boom under cruise conditions and paves the
way for commercial supersonic overland flight. The LBFD project will help determine future Federal Aviation
Administration (FAA) regulations on the acceptable ground noise level for supersonic overland flight and validate
sonic boom prediction methods. The current NASA low-boom requirement is based on the perceived level in decibels
(PLdB [3]) of the sonic boom ground signature. The NASA N+3 goal [4,5] for the acceptable sonic boom level is
below 70 PLdB.

The studies of low-boom configurations start with the George-Seebass-Darden (GSD) boom minimization theory,
which treats a supersonic wing-body configuration as a body of revolution [6,7] and generates optimal F-functions
[8,9] for shaping the equivalent area (Ae,m) distributions of low-boom configurations. The GSD low-boom F-functions
are used in most pre-SSBD low-boom design studies. Various extensions of the GSD F-functions have been proposed
to accommodate more complex nearfield shock wave patterns of low-boom supersonic configurations [10-13]; and a
low-boom F-function for an aft A. bump [14] was developed to enable a forward shift of lift distribution and achieve
the low-boom cruise trim without control surface deflections. The most advanced boom minimization study [15] based
on the body-of-revolution approximation is to match the CFD-based equivalent area (Ae,cep) With a low-boom A, target
generated using the F-function form in Ref. [11] for a wing-body configuration. The low-boom shaping based on the
body-of-revolution approximation is useful to attain a low-boom front shape of the ground signature such as the flat-
top ground signature of the SSBD demonstrator [1]. Interested readers should refer to Ref. [16] for a comprehensive
documentation of sonic boom research up until 2013.

The ground signature propagated from Accrp [the computational fluid dynamics (CFD) body-of-revolution
approximation form of a three-dimensional supersonic aircraft] has a very different aft shape when compared to the
signature propagated from CFD off-body pressure, even for a wing-body configuration {see fig. 2 in Ref. [17]}. The
current state-of-the-art sonic boom analysis [18,19] uses CFD off-body pressure at a location at least three body
lengths away from the aircraft and propagates the off-body pressure through the atmosphere using an augmented
Burgers equation [20,21] to get the ground signature. For convenience, such a ground signature will be called CFD-
based ground signature. The NASA N+3 low-boom goal is to develop a supersonic transport concept that has a CFD-
based ground signature with noise level below 70 PLdB. To date, this goal has not been achieved computationally by
any supersonic concept. The NASA X-59 LBFD is expected to attain a CFD-based ground signature with noise level
about 75 PLdB.

CFD-based low-boom inverse design optimization methods [17,22-25] are capable of generating supersonic
configurations with nacelles that yielded CFD-based ground signatures with noise levels below 79 PLdB. The
undertrack ground noise levels for the optimized supersonic configurations are about 78.5 PLdB for mixed-fidelity
inverse design optimization of reversed equivalent area Ae [17,25] and about 76.3 PLdB for adjoint-based inverse
design optimization methods [22-24]. For a wing-body configuration, a CFD-based ground signature with noise level
of 78.9 PLdB was attained [26] using inverse design optimization of Ae,.



One undesirable consequence of low-boom inverse design optimization is that the resulting low-boom
configuration might have a much lower L/D value at the start of low-boom cruise than anticipated. As a result, the
low-boom configuration might only be able to fly a shorter range than required. This is not a problem for a low-boom
flight demonstrator such as the NASA X-59 LBFD, which only requires to fly enough distance for ground
measurements of sonic boom signatures and noise levels. However, for a commercial low-boom supersonic aircraft,
a shorter range than required might be unacceptable. Moreover, a commercial low-boom supersonic aircraft must be
able to take off, cruise, and land for the intended origin-destination pairs of airports. This requires multiobjective
multidisciplinary optimization (MDO) of low-boom supersonic aircraft.

The Quiet Supersonic Platform program [27] initiated the research on multiobjective MDO of low-boom
supersonic aircraft. Most low-boom MDO studies simultaneously optimize a sonic boom objective and some
performance metrics. The sonic boom objectives include the shock strength [28,29] (i.e., the sum of shock jumps
within a short time span such as a few milli-seconds at the start of the ground signature), maximum value/magnitude
[30-32] or range [33-35] of the overpressure on the ground, and dBA [36] or PLdB [10] of the ground signature. The
performance metrics include various drag coefficients [29,30,32-34], lift coefficient [33], L/D [10,31,35], wing
structural weight [33-35], maximum takeoff gross weight (MTOGW) [28,36], range [28], and trim for low-boom
cruise [34]. While these optimization studies are performed for a variety of specific design cases, a consensus from
these studies is that a severe penalty on performance is unavoidable when optimizing a sonic boom objective. See Ref.
[37] for a review of MDO applied to sonic boom minimization.

The separation of low-boom inverse design optimization and low-boom MDO is not accidental. An inverse design
objective in low-boom MDO could make the resulting optimization problem unsolvable due to the implicit
requirement of the inverse design optimization: the optimal inverse design objective value must be close to zero for
an acceptable inverse design solution. Drag reduction coupled with an inverse design objective is only used to refine
an existing low-boom baseline [38,39]. Two configurations with low-boom front A. shapes are optimized for drag
reduction by modifying the upper side of the fuselage [38]. The result shows that a reduction of the drag coefficient
is achieved with a significant deviation of the front A shape away from the low-boom target {see fig. 12 in Ref. [38]}.
Another drag reduction study of a low-boom baseline minimizes a weighted average of the drag and a low-boom
inverse design objective [39]. The baseline is the Lockheed Martin N+2 low-boom concept. The drag is reduced by
3%, while A deviates at most 2% from the target.

The recent attempts [40,41] of integrating a low-boom inverse design objective in multiobjective low-boom MDO
used inverse design objectives of various fidelities, which led to low-boom concepts under different fidelity
assumptions. To clarify different fidelities of low-boom concepts for inverse design optimization, three qualifiers are

introduced. For any design vector D, D is called a plausible low-boom design with 70 PLdB if ||Ae,m(D)—At;‘§g“||“ <¢

and PLdB(4;**) = 70; D is called a feasible low-boom design with 70 PLAB if ||4. (D) — A;y*||, < & and PLAB(4¢*)
=70; and D is called an ideal low-boom design with 70 PLdB if PLdB(Ae,(D)) = 70. The parameter &= 0.007-4275(l¢)
determines the acceptable error tolerance for inverse design optimization, and it can be replaced by any relatively
small number. The target PLdB value of 70 can also be replaced by another ground noise limit (such as 69.9) in these
definitions. The equivalent area Ae m(D) in the definition of the plausible low-boom design could be replaced by other
approximation forms of A¢r(D). To make a plausible low-boom design useful in practice, Aem(D) must not be
drastically different from A (D) over the interval [0, 4] so that minor modifications of D could lead to a feasible low-
boom design. In this paper, A is a location just ahead of the nacelles to ensure that a plausible low-boom design does
have approximately a low-boom front shape up to the effective distance location of 4. A feasible low-boom design
has an approximately perfect low-boom shape, but its undertrack ground signature could have a much higher PLdB
value than the target value of 70 PLdB. The ground signature of A is almost identical to that of the off-body pressure
used to compute Aer and the PLdB values of these two ground signatures are about the same {see fig. 4 in Ref. [17]}.
So, PLAB(Ae (D)) accurately represents the noise level of the CFD-based ground signature of D. An ideal low-boom
design is a feasible low-boom design with the inverse design matching error of zero. It has the perfect low-boom shape
that has an undertrack ground signature with 70 PLdB. The NASA N+3 low-boom goal can be restated as an ideal
low-boom design with PLdB less than 70, which has not been realized yet. However, it is possible to find a feasible
low-boom design with PLdB less than 70 that also satisfies the mission requirements, which is a significant step
moving toward the required ideal low-boom design as shown below.

The mathematical theory for a feasible low-boom design as an accurate approximation of an ideal low-boom design
is based on an approximation relationship [42] between Ae crp and Ae.

Ae,CFD (xe' Dfs) - Ae,CFD(xe' Did) er,r(xe' Dfs) - Ae,r(xe' Did) for0<Xe<le (1)



Assume that Drs is a feasible low-boom design and its low-boom target AZr®* is perfectly matched by an ideal low-
boom design Dig. Then it follows from Eq. (1) and A,.(D;q) = Ay that

”Ae,CFD(Dfs) - Ae,CFD(Did)”k z”Ae,r(Dfs) - Ae,r(Did)”k = ”Ae,r(Dfs) - A:gget”k < ¢ (2)

The last inequality in Eq. (2) follows from the definition of Ds as a feasible low-boom design. Equation (2) implies
that the ideal low-boom design (if it exists) could be obtained with minor modifications of Accro(Dss). That is, an ideal
low-boom design could be obtained with minor volume and lift modifications of Ds. So, a feasible low-boom design
is not too far away from an ideal low-boom design (if it exists) when the matching error between their Aecrp
distributions is used as the distance metric. Moreover, it can be used as the starting point to generate an ideal low-
boom design using an adjoint-based low-boom design method. A feasible low-boom design with PLdB less than 70
that also satisfies the mission requirements will bring the NASA N+3 low-boom goal closer to reality.

Now, the progresses from the previous low-boom MDO studies to the present one can be summarized as a march
toward the NASA N+3 low-boom goal. The first design study is a plausible low-boom design with 68.4 PLdB that
also satisfies the mission requirements [40]. The corresponding multiobjective MDO problem minimizes the inverse
design objective [|40r (D)-45r*"], , and MTOGW with the specified mission constraints.

The follow-up study [41] adds a system-level trade method to optimize the cruise Mach, cruise altitude, and range
for the low-boom overland mission, and increases the fidelity of the inverse design objective. The resulting
multiobjective MDO problem seeks a Pareto solution for minimum |4, (D) — A:y**||,, minimum MTOGW, maximum
overland cruise Mach, and maximum overland range, while satisfying the mission constraints. The generated solution
using a block coordinate optimization (BCO) method was a feasible low-boom design with 69.9 PLdB as defined
above. This feasible low-boom design was obtained from a plausible low-boom design with minor wing modifications,
while the plausible low-boom design satisfies the mission requirements. This is very close to the goal of finding a
feasible low-boom design with PLdB less than 70 that also satisfies the mission requirements. The minor wing
differences between the feasible and plausible low-boom designs are caused by the discrepancies between the CFD
analysis for low-boom inverse design optimization and low-fidelity aero analyses for low-fidelity multiobjective
MDO.

This paper achieves the goal of obtaining a feasible low-boom design with 69.9 PLdB that also satisfies the mission
requirements. The block coordinate optimization (BCO) method in Ref. [41] is refined with the following two
improvements: 1) using multifidelity models to eliminate the discrepancies between the low-fidelity aero and CFD
analyses, and 2) developing a better method for the system-level trade between the target low-boom ground noise
level and range for the low-boom overland mission. The MTOGW and ranges of this feasible low-boom design are
all better than those in Ref. [41], with a compromise of reducing the low-boom cruise Mach from 1.8 to 1.7. See Table
1 for a comparison of these three concepts.

Table 1 Comparison of three low-boom concepts

Plausible low-  Approximate feasible Feasible low-boom

boom design [40]  low-boom design [41] design (in this paper)

Number of passengers 40 40 40
Seat pitch, in 48 48 48
MTOGW, Ib 154,474 145,164 144,251
Overwater cruise Mach 18 1.8 1.8
Overwater range, nm 3600 3600 3882
Low-boom cruise Mach 1.6 1.8 1.7
Low-boom range, nm 2500 2950 3500
Low-boom cruise altitude, ft 45,000 50,700 52,240
Target PLdB 68.8 69.5 69.9
CFD L/D for low-boom cruise — 8.9 10.1

The paper is organized as follows. Section Il introduces the CFD-based multiobjective MDO problem for design
of low-boom supersonic transports and the refined BCO method. Section 11l demonstrates that the refined BCO



method can generate a feasible low-boom design with 69.9 PLdB that also satisfies the mission requirements.
Concluding remarks are given in Sec. IV.

I1. Block Coordinate Optimization Using Multifidelity Models

A CFD-based multiobjective MDO problem and its solution method are formulated to find a feasible low-boom
design with 70 PLdB that also satisfies the mission requirements. Section I1.A includes the baseline geometry and
design variables for solving the multiobjective MDO problem. A calibrated lift method for low-boom MDO is
developed in Sec. I1.B. The calibrated lift method allows the low-fidelity aero analysis code LTSTAR [43] to
reproduce the CFD wing lift and CFD total lift at the start of overland cruise. This method uses a truncated and shifted
wing geometry and a calibrated tail rotation angle for the LTSTAR analysis. The mission performance metrics can be
computed using low-fidelity aero analysis codes applied on the same truncated and shifted wing geometry and the
horizontal tail at the calibrated tail rotation angle. These mission performance metrics are used to define the CFD-
based multiobjective MDO problem in Sec. I1.C. To save computational costs, multifidelity models are constructed in
Sec. 11.D to solve the CFD-based multiobjective MDO problem. The BCO method in Ref. [41] is refined in Sec. I1.E
with a better trade method for the maximum overland range and a higher fidelity low-boom MDO solution using the
multifidelity models. The implementation details for the refined BCO method are provided in Sec. II.F. The validity
of the refined BCO method will be demonstrated using a numerical example in Sec. I11.

A. Baseline and Design Variables for BCO

The feasible low-boom solution with 69.9 PLdB in Ref. [41] was labeled as Dyor. It was used to test and debug
the refined BCO method. After the refined BCO method has been implemented correctly, the resulting feasible low-
boom design is denoted by Da«. The initial baseline (see Fig. 1) for the refined BCO method is denoted by Do, which
only differs from D.g by a difference of 4.166° in the tail deflection angle. The engine thrust of 36,000 Ib for D\ ot
[41] was reduced to 34,000 Ib for Do during this design exploration process. The pylon, horizontal tail, and vertical
tail of Dot are inherited by Do. The horizontal tail area is 388 ft2 and the vertical tail area is 266 ft2, which are fixed
in this paper. Some specifications of the baseline are listed in Table 2.

Fig. 1 Cabin arrangement and main gear packaging for initial baseline.

Table 2 Specifications of the baseline

Overwater cruise Mach 1.8 | Overland cruise Mach 1.7
Overwater cruise range, nm 3600 | Overland cruise range, nm 2500
Overwater takeoff gross weight, Ib 120,486 | Overland takeoff gross weight, Ib 138,904
Zero fuel weight, Ib 70,776 | Low-boom cruise altitude, ft 56,200

The design vector D has dfr, Qwing, daft, Ao, Aigt, Ghtail, Fs, RoL, and Hoy as its components. The partition of D into
weakly coupled blocks of design variables is important for low-boom MDO {see Refs. [40,41]}. The subvector ds
consists of the design variables of the fuselage to define a low-boom front shape. The subvector dwing has the wing
design variables, which define the low-boom shape in the midrange of effective distance. 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 landing and takeoff (LTO) performance and low-boom target A&7, respectively. The tail
rotation angle G.i determines the appropriate ratio between the wing lift and horizontal tail lift for a low-boom
configuration. The engine thrust Fs is a design variable to find the most efficient engine to complete the overland and
overwater missions. The overland cruise altitude Hoy is a design variable for an optimal trade between the sonic boom
noise level on the ground and the cruise efficiency for the overland mission. The overland cruise Mach Mo is not a
design variable and its fixed value of 1.7 is empirical.

The design variables for span locations of the wing sections in Ref. [41] are not used in this paper, while the
number of design variables for the fuselage is increased for a more accurate low-boom front shape. The fuselage and
wing are reparametrized as follows. The locations, widths, and heights at five cross sections for the front fuselage



shape (see the 13 blue variables in Fig. 2) are used as design variables (ds:) for BCO. The wing has the same parametric
planform as in Ref. [41]. However, the span locations are fixed and only 5 design variables (see the blue variables in
Fig. 3) are used to change the planform. A design lift parameter tmax {i.€., the parameter CLI in the computer code to
generate NACA 63-series airfoils [44]} is used to parameterize each NACA 63-series airfoil. Four parameters Timax
for airfoils at the span locations y;i (i=1,2,3,4) are used as design variables. Moreover, the twist angles for airfoils at
the span locations y4 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
design variables. A total of 10 design variables (timax, twist angles, and dihedral angles) are available to modify the
camber surface of a given wing planform. The design vector dwing consists of the 15 planform and camber design
variables. With the given fuselage and wing parametric shapes, any new design will have enough volume for 40
passengers and storage of the main gear (see Fig. 1). The passenger cabin model in Fig. 1 uses a seat width of 21
inches, a seat pitch of 48 inches, and an aisle width of 18 inches.
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Fig. 3 Wing planform and design variables.

The design vector das for aft components has 4 design variables: the longitudinal locations and incident angles for
the nacelle and pylon. During the BCO iterations, independent copies G and dar Of Gheait and dar, respectively, are
used for CFD-based low-boom aft shaping. A parametric Bezier curve with 8 control points is used to define the low-
boom target A:78": two control points are used to fix the start and end points of A:78*, and the remaining 12 control-
point coordinates are used as components of dig. The same six auxiliary design variables as in Ref. [41] are the
components of d_ro for LTO constraints: trailing edge flap deflection angles for LTO, CGy 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 design variables and
dimensions of design vectors are listed in Table 3. The independent copy D of D is obtained by replacing Ghi and das

with their independent copies Gt and da, respectively.

Table 3 Design variables and dimensions of design vectors

Symbol Dimension Description Symbol Dimension Description

Fs 1 Sea-level static thrust dirt 13 Fuselage front shape parameters
RoL 1 Overland range dwing 15 Wing shape parameters
HoL 1 Low-boom cruise altitude D 54 Vector of all design variables
Ontail 1 Horizontal tail deflection angle Bntail 1 Copy of Ghil for CFD analysis
Jat 4 Aft shape parameters das 4 Copy of da for CFD analysis
diTo 6 LTO design parameters D 54 Copy of D for CFD analysis
Oigt 12 Shape parameters for target Ae

B. Calibrated Lift Method
It has been demonstrated in Ref. [41] that a feasible low-boom design can be obtained with minor wing
modifications of a plausible low-boom design. One major source for discrepancy between these two low-boom designs



is that the root section of the wing inside the fuselage is used for low-fidelity aero analyses, but the wing inside the
fuselage is removed to form the watertight geometry for CFD analysis. So, it is natural to remove some of the wing
inside the fuselage for more accurate low-fidelity aero analyses. This idea can be implemented by using a truncation
parameter yy: (see Fig. 4) for the wing root section. Only the wing geometry from y = yx to the wing tip is used for
low-fidelity aero analyses. The truncated wing is shifted so that the root airfoil is at y = 0. This truncated and shifted
wing will be referred to as the calibrated wing. The calibrated wing is used to generate the geometry inputs for low-
fidelity aero analysis codes. The value of y: will be determined by the low-fidelity aero analysis code LTSTAR [43]
and the CFD analysis: the total wing lift from LTSTAR applied to the calibrated wing equals the total CFD lift for the
watertight geometry up to the end of the wing in the effective distance direction (determined by the blue Mach angle

cut plane in Fig. 4).
y Top view of wing planform
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Fig. 4 Hlustration of two calibration parameters.

The tail lift is calibrated using a tail rotation angle adjustment parameter 6x (see Fig. 4). This parameter determines
the calibrated tail rotation angle (6n.ir—06a) for low-fidelity aero analyses of any design with a tail rotation angle of
Oniail. The calibrated tail rotation angle makes the total tail lift from LTSTAR equal the total CFD lift after the wing,
which includes the lift generated by the pylon and horizontal tail, as well as the interference lift from the nacelle and
fuselage.

Figure 4 illustrates the two calibration parameters y.: and éa. The x-axis is along the flow direction at the start of
overland cruise and the fuselage nose is at the origin. The outer mold line (OML) in Fig. 4 is the CFD geometry after
the rotation for a. The effective distance location Xewe (indicated by the pink dot in Fig. 4) is determined by the
intersection point of the x-axis and the Mach angle cut plane (shown by the blue line) passing through the trailing edge
of the wing tip airfoil (shown by the orange dot in Fig. 4). Note that e also depends on a.

To make the LTSTAR analysis as accurate as the CFD analysis for the predictions of the wing lift and total lift,
the calibration parameters y and 6x for a design vector D are the optimal solutions of the following optimization
problem.

;IE%A |Ag,fl\t/IiFi(xe,tte: D) - Ale},f(%FD (xe,tte: D)| + |Alel,fl\t/[iFi(ler D) - Alel,fCtFD (le' D)l (3)
In Eq. (3), 4i%:,(D) is computed using Mo and the angle of attack that matches the CFD total lift with the weight of
D at the start of overland cruise. The lift equivalent area Al%., (D) is generated by LTSTAR using the calibrated wing
of D and the horizontal tail of D at the calibrated tail rotation angle of (Gnwi—6a), where Gnil is the tail rotation angle
of D for the CFD analysis. The same Mo and angle of attack for the CFD analysis are used for calculation of Al%...(D)
by LTSATR. Equation (3) has an ideal optimal value of zero.

Once the calibration parameters y, and 6 are generated by solving Eq. (3), y« determines the calibrated wing and
6x defines the calibrated tail rotation angle for all low-fidelity aero analyses of D in the entire flight envelope. This
method will be called the calibrated lift method, which leads to many multifidelity models for all mission performance
metrics (such as MTOGW and range). The calibrated lift method does not have the fidelity of CFD analysis, but it has
higher fidelity than the original low-fidelity aero analyses in the sense that LTSTAR, when applied with the calibrated
wing and the calibrated tail rotation angle, reproduces the CFD wing lift and total lift at the start of overland cruise.

The calibrated lift method described above is a multifidelity method because the mission analysis for each D is
calibrated/tuned by one CFD solution of D. Reference [45] reviews multifidelity methods for uncertainty propagation,
inference, and optimization. It categorizes multifidelity methods according to three classes of strategies: adaptation,
fusion, and filtering. More specifically, the wing lift and total lift at the start of overland cruise computed using the
calibrated lift method with LTSTAR can be considered as tuned low-fidelity models reviewed in Ref. [46].

C. CFD-Based Multiobjective MDO for Low-Boom Supersonic Transports



The following CFD-based multiobjective MDO problem is an improvement of the mixed-fidelity low-boom MDO
problem in Ref. [41]. The mission performance metrics in Eq. (4), such as TOGWoL, Rov, CGyant, and gi(D), are
computed using the calibrated lift method in Sec. 11.B instead of the original low-fidelity aero analyses in Ref. [41].
The objectives are modified to optimize the low-boom mission performance for a fixed cruise Mach, instead of
exploring the boundary of the overland cruise Mach and range for low-boom designs with the lowest MTOGW [41].

mDin {TOGWoL, —RoL}
subjectto <D <u

g:(D)=0(1<i<9)
CGx,aft - CPx,CFD =1 (4)

[4er (D) = ATE D), < &
PLAB (4575 (D)) < 70

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

(11.1) Center-of-gravity (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).

(11.2) Static margin (SM) for overland cruise > 2% of the mean aerodynamic chord of the wing (MAC).
(11.3) LTO SMs > 2% of MAC.
(11.4) Tail rotation angles for trim at LTO > —20°.
(1.5) LTO field lengths < 8350 ft.
(11.6) Approach velocity < 150 kt at altitude of 1000 ft.
(11.7) D has storage space for main gear and carries 40 passengers for both overland and overwater missions.
(11.8) D has an overwater mission with cruise Mach of 1.8, range of 3600 nm, and cruise ceiling of 60,000 ft.
(11.9) D has an overland mission with cruise Mach of Moy, range of Ror, and cruise altitude of HoL.

The objectives in Eq. (4) are for the optimal low-boom mission performance. Note that minimizing MTOGW is
mainly to improve the overwater cruise efficiency, when MTOGW = TOGWow for a much longer overwater range
than the overland range. The overwater mission does not have any low-boom requirement and the cruise altitude is
determined by the Flight Optimization System (FLOPS) [47] to be optimal for fuel burn. In contrast, the overland
cruise efficiency has a low-boom penalty, because the overland cruise flight must be at the specified cruise altitude
Hov to satisfy the imposed low-boom constraints for Ae; in Eq. (4). To attain a low-boom design with the optimal
overland cruise efficiency, TOGWo. instead of MTOGW is used as an objective function in Eq. (4).

In Eq. (4), 1 <D <uis the standard constraint to define the ranges of design variables. Even though the constraints
(11.2)-(11.9) (represented by gi(D) > 0) appear to be the same as those in Ref. [41], their calculations use the calibrated
lift method in Sec. I1.B. See Ref. [41] for a detailed explanation of the constraints (11.1)-(11.9) and why they can be
written mathematically as gi(D) > 0 (1 <i<9). The upper bound for the LTO field lengths is increased from 8300 ft
in Ref. [41] to 8350 ft in this paper. This means an insignificant reduction of the margin of 1700 ft for LTO field
lengths in Ref. [41] by 50 ft. The constraint CGyart — CPxcrp > 1 is for trim at the start of overland cruise with fuel
redistribution. The fuel volume is assumed to be the sum of fixed fractions of the longitudinal wing and fuselage
volume distributions. This allows defining a preliminary CGy location vs weight diagram when combined with the
component weight and CGy estimates from FLOPS [47,48]. With enough fuel storage space before the CPxcrp at the
start of low-boom cruise for a low-boom supersonic transport, it is easy to shift the fuel CGx forward for the cruise
trim when needed. So, the trim at the start of low-boom cruise (i.e., CGx = CPxcrp) Can be achieved with a
redistribution of fuel if CGyat — CPxcrp > 1. Here the trim margin of 1 ft is empirical. The constraints for Ae, in Eq.
(4) define a feasible low-boom design with PLdB < 70.

D. Multifidelity Models for Low-Boom MDO

Note that the calibrated lift method in Sec. 11.B requires one CFD solution for the mission analysis of each design.
So, Eq. (4) is a CFD-based multiobjective MDO problem. To save the computational cost, multifidelity models for all
D based on one CFD solution will be used to solve Eq. (4).

The multifidelity models for solving Eq. (4) are defined by any given feasible low-boom design and are updated
when another feasible low-boom design is generated in the MDO iteration process. For a given feasible low-boom
design Da, let 9 and 6x be determined by solving Eq. (3) for D = Da. In this case, 4%, (Dax) and AL%,.(Dar) are
computed using CFD and LTSATR, respectively, for Mo, and the CFD angle of attack. Then the mission performance
metrics are computed using the low-fidelity aero analysis codes applied on the calibrated wing for the truncation
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parameter y« and the horizontal tail at the calibrated tail rotation angle (Onai—6s) for any design vector D. These
mission performance metrics are used as the multifidelity models for the calibrated mission performance metrics in
Eq. (4). The multifidelity approximation here is to use one CFD solution for the calibrated low-fidelity aero analyses
of all design vectors instead of one design vector.

For multifidelity A models, ALf;.;(p) provides the initial approximation of Alf. (D) for any design vector D. Here
Altt..(D) is computed by applying LTSTAR on the calibrated wing of D for the truncation parameter . and the
horizontal tail of D at the calibrated tail rotation angle of (Gnai—6s), While the total lift generated by LTSTAR matches
the weight of D at the start of overland cruise. The multifidelity models for Ai%., and Ae, require the following two
correction terms.

AA D (e, Dage) = AN (e, Dage) — AN (xe, Dagt) (Lift A, correction term)  (5a)

Ao (%, Dag) = Agr(Xer Dage) — AV (xe, Do) — ASpp (e, Dage)  (Total A, correction term)  (5b)

260 — 104
20 | T Ae (Dage) 96
20 4 A:ICFD(Datt) 88
200 | - Ae,MlFlEDatt) 80
180 AMer(Dar) 72 o
Jp— AAI (D ) a:
o 160 - e,CFD\Maft 64 &
= ® Liftd, atx E
< 14 € e,lte S
= g Lift A, at [, % ‘2
= 120 m Aglift D)= 48 2
o 100 e.,CFD(xe,tiev aft)‘o \ Y 40 8
2 & AACrp(les Dage)=0 IA s
=3 80 o 32 :
- 60 - // b/ 24 <<
40 /l 16
Wt e e 8
0 et P T \~~~~___".,/ \‘\‘—‘\ -4 0
20 ‘ =138
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Fig. 5 Equivalent areas and A. correction terms from Ae calibration analysis.

Figure 5 shows Ae (Daf), A% (D.), A% (D,) defined by the optimal solution (§r, ) of Eq. (3) with D = Dag, and
the A. correction terms defined by Egs. (5a-5b). The secondary vertical axis in Fig. 5 is used for a better view of the
correction terms. The data in Fig. 5 are generated by the last BCO iteration cycle for the design study in Sec. I1l. The
corresponding calibration parameters $» and 6 are 1.270 ft and 3.803°, respectively.

Note that A4, (xXeres Dage) = A4L% (L, Dor) = O because the optimal objective of Eq. (3) is zero. So, adding any
multiple of 44i%., (D) in the interval [0, Xete] does not change the total lift on the wing and adding any multiple of
AL (D,r) N the interval [Xee, le] does not change the total aft lift after the wing. An accurate prediction of A%, (D)
can be obtained by a linear combination of 4%...(D) and 44%%.,(Dar), then AA.(Das) can be used to recover Ae (D).
The multifidelity Ae models Alf ., and Ae muri are defined as follows.

lift
i i Ag wiFi(¥e tte.D) 1f
Allft (x D - Allft o (x D + — e,MiFi ! - ift %
e'MUFI( e D) e'MlFl( e D) Ag,%FD(xe.tte(Daft)vDaft) € CFD( e’ aft) (6a)
for0 <x. < x Multifidelity front lift equivalent area
e e tte y q
Al Dy = Al (x DYy Ao iri(le D)= Ap Niiki (Yette D) AN (2 )
&MuFi ¢ &MiFi ¢ A{;fépn(le(l)aft)rbaft) Ae,CFD(xe,tte(Daft):Daft) e CFD e’ aft (6b)

for xe e < xe < lg  (Multifidelity aft lift equivalent area)
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lift
_ 4lift 1 Ae MuFi(le.D)

Aemuri(Xe, D) = Agmyri (Xe, D) + AL oR (Xe, D) + ﬁ

Ae,crp(le(Daft).Dart)

for0 < x, < [ (Multifidelity total equivalent area)

'AAe,r (fe! Baft) (60)

Here the modified effective distance X, is computed by aligning the corresponding effective distance locations of
wings and tails of D« and D (illustrated by the blue and black dots in Fig. 6, where x-axis is along the flow direction).

2 = xe,rle(f)aft)‘ .
€ Xerle € for O S Xe S Xe,rle (7a)
(ahead of wing)

xe,tte(ﬁaft)_xe,rle(ﬁaft) .
! (xe - xe,rle)

%o = Xepie(Dage) +
€ e'rle( aft) Xe,tte—Xerle fOI‘ Xe,rle S Xe S Xeytte (7b)

(wing segment)

o N Xe frt(Baft)_xe tte(f)aft)‘
Xe = X D + = - ‘(xe — x,
€ e'tte( aft) Xe frt—Xe,tte ( € e,tte) f0r Xe'tte S Xe S Xeyfr[ (7C)

(between wing and horizontall tail)

o = xe,aft(ﬁaft)_xe,frt(ﬁaft)'
Xe = xe,frt(Daft) + Xe aft—Xe frt (

(horizontall tail segment)

Xe — X
€ e,frt) for Xe frt < Xe < Xeaft = le (7d)

~— Mach angle cut planes —

Fig. 6 Effective distance locations for wing and horizontal tail.

Equations (7a-7d) ensure that the lift Ac corrections in Egs. (6a-6b) are performed for the corresponding x. locations
of the wings and horizontal tails of D and D« For example, the lift A. correction for the wing of D starts and ends
over the effective distance range of the wing of D using the correction term value over the corresponding effective
distance range of the wing of Dan. The scaling factors in Eqgs. (6a-6b) make the lift Ae correction magnitudes
proportional to the lifts generated by the wing and horizontal tail of D, respectively. The scaling factor in Eq. (6c)
makes the correction magnitude proportional to the changes of the cruise weight and altitude. One could verify that
A 5 (Dage) = AN (Do) aNd Aguri(Dase) = Aer(Dare) USING Eqs. (6a-6¢). That is, the multifidelity Ae models in Egs. (6a-
6¢) recover the 1%, and Aer of Das.

Note that the multifidelity models depend on the feasible low-boom design Dax and the next feasible low-boom
design for updating the multifidelity models will be generated by the refined BCO method using the current
multifidelity models. The choice of using one feasible low-boom design D.x (instead of any design) for the calibrated
lift analyses of all designs is empirical and its validity is confirmed by the design study in Sec. IlI.

The multifidelity A. models in Egs. (6a-6¢) use both additive and multiplicative correction terms for design
variables in D, which could be considered as multifidelity adaptation methods [45]. Moreover, these multifidelity
models are functions of x. and a piecewise linear transformation of x. is defined by Egs. (7a-7d) to align the correction
terms with the low-fidelity equivalent areas. The multifidelity models in Egs. (6a-6¢) are not about predicting a finite
number of high-fidelity metrics (such as the CFD lift and drag coefficients). They are used to predict the high-fidelity
distribution functions Aecrpo(Xe,D) and Aer(Xe,D). In the literature, approximations of high-fidelity distribution
functions are typically based on reduced order models. Reference [49] includes an example of using a reduced order
model to approximate the CFD surface pressure distribution in airfoil inverse design optimization.

The multifidelity models for the mission performance metrics and equivalent areas achieve two goals: 1) better
predictions of the CFD wing lift and total lift at the start of overland cruise and 2) accurate predictions of Aif%., and
Aer over the entire effective distance interval [0, l]. These multifidelity models aim to achieve the high-fidelity
accuracies of lift related metrics or functions that are relevant to the sonic boom analysis.

E. Refined BCO Method
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The inverse design constraint makes the multiobjective MDO [Eq. (4)] difficult to solve as a numerical
optimization problem (see sec. II.A in Ref. [41] for a detailed explanation). The BCO method in Ref. [41] is refined
with a better trade method for the maximum overland range and the multifidelity models in Sec. 11.D for higher fidelity
solutions of low-boom MDO. The following optimization subproblems for the refined BCO method use the mission
performance metrics generated by the multifidelity models for aero data and the low-boom inverse design objective
based on the multifidelity A models. Equations (8a-8f) implicitly depend on  and 6. The motivation of decoupling
the CFD-based multiobjective low-boom MDO problem [Eq. (4)] into weakly coupled optimization subproblems was
discussed in Ref. [41]. The main reason is that no existing numerical algorithm is capable of solving Eq. (4).

. t t . t t le, t. t t t i
min PLAB(AZE") subject 0 453 (42) 24218 (o) 2 8, A5 (o) Al Ceo D) =0 o
4

(Baseline low-boom target optimization)

min {TOGWOL, ||Ae,MuFi(D)—A§?§get(D)||M} subjecttol <D <u, g;(D) =0 (7 <i <9)

dfrtrdwing,ahtail (Bb)
(Low-boom MDO using multifidelity models)
. target
max Rg;, subjectto gg(D) =0, go(D) = 0,PLdB (Aer (D)) < 70, a = ajow
RoL.HoL ' (8c)

(Range maximization for overland mission)

min TOGWp,, subjecttol <D <u, g;(D)=0(1<i<9)
Fs,diTo (8d)
(Engine thrust and mission constraint optimization)

ghlin |Ae,CFD (le' ﬁ) - Alei,fl\t/luFi(le' D)| SUbjeCt tol < D su, aaft = daft (89)
tail
(Adjustment of CFD tail rotation angle for lift matching)

min  ||4.(D) — Afrrget(D)”k subjecttol <D <u

bhtail daft (8f)
(CFD-based low-boom aft shaping of MDO solution)
The low-boom target 45r#°“(D) in the above formulations is defined by the following scaling formula.
Agftu i(le'D) le
A (e D) = it A A (2 x,) for Egs. (8b), (&c), and (8f) )

Equation (9) is the same as the weight scaling formula [eq. (3a)] in Ref. [41] if Do and D have the same overland
cruise altitude. The relationship between Al (1) and Wes can be formulated as the following equation.

At (1) = Afur(le) + AL (Le) = Ao (Le) = L0 W, (10)

The first equality in Eq. (10) follows from 4% (,) = O, the second equality is the definition for Aem(le), and the third
equality is the relationship between Aem(le) and W [8] {e.g., see eq. (6) in Ref. [15]}. So, the scaling in Eq. (9) is
proportional to Wers and inversely proportional to the ambient density p_ at HoL.

The optimization problems defined by Eqs. (8a-8f) are just iteration steps to get a solution of Eq. (4) and they do
not include some of the actual design requirements in Eq. (4). The following post-optimization conditions must be
satisfied by a solution pair (D, D) of Egs. (8a-8f) to obtain a solution of Eq. (4).

[ 4emar (D)=AGr 5 D], , < & (11a)
|4.,(D) — A== D)|| < (11b)
CGyart — CPycpp =1 (11c)
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Equations (11a-11b) are the implicit requirements for inverse design optimization problems [Egs. (8b) and (8f)],
respectively. Equation (11c) is the CFD trim constraint in Eq. (4), which can only be checked after the optimal solution
of Eq. (8e) or (8f) is obtained. If D ~ D (which is the convergence criterion of the refined BCO method), D is an
optimal solution for each of Eqgs. (8b-8d), D is an optimal solution of Eq. (8e), and Egs. (11a-11c) hold, then D satisfies
all the constraints in Eq. (4). The optimality of D for Eq. (4) is empirically inferred by the optimality of D for Egs.
(8b-8c) without a mathematical proof.

The refined BCO method is represented by the flowchart in Fig. 7. Each optimization problem in Egs. (8a-8f) is
one iteration step of the refined BCO method with Egs. (11a-11c) as the post-optimization constraints for the BCO
iterations. The design vector D and its independent copy D are partitioned into six blocks of design variables: dig, (dfr,
Awing, Gntait), (Rov, Hod), (Fs, dito), Ontait, and (B, aaﬁ), which are different from the block partitions in Ref. [41].
Each of Egs. (8a-8f) uses one block of design variables. In the BCO iterations, each optimal solution is used as the
initial design for the next optimization problem.

Yes

= 18421 - Opgan | S 0.05 &
Output Dy, € bl e >
Start with a Egs. (11b-11¢) hold?

v v A

Solve Eq. (8a) or set Solve Eq. (8b) for D,y Solve Eq. (8¢c)
ARRTEEt _ prargetp satisfying Eq. (11a) : for Dy,x

e,r,0 e,r

feasible low- ‘f' No
boom design
D Solve Eq. (8f) for D, S Eq. (8e)
a for Dy
¢ T No
Solve Eq. (3) with D = Violation of LTO N°a Change of engine ~ Yes
D, for Y. and 0, constraints? thrust? i
. 1
¢ = Yes 1
— A 4 Solve Eq. (8d) for LTO | |
Set D = D & define Redesign horizontal constraints and :
M, 6,1, u, and A, tail and wing flaps optimum thrust 1
1
1
1
A

A

Fig. 7 BCO for low-boom MDO using multifidelity models.

The refined BCO method in Fig. 7 starts with a feasible low-boom design D and solves Eq. (3) with D = D for
the calibration parameters . and 6x. The required feasible low-boom design D.x could be generated by the BCO
method in Ref. [41] or by solving Eq. (8f) first. The calibration parameters $» and 6x define the multifidelity models
for the mission performance metrics and the multifidelity equivalent areas in Eqgs. (8a-8e) (see Sec. 11.D). The four
parameters u, d, 1, and u are not design variables, but their values have a significant influence on the solution pair of
Eqgs. (8a-8f). The parameter x determines how the baseline low-boom target should be defined a priori for low-boom
MDO. The difference u — Ae(le, Date)/Ae cro(le, Dare) determines proportionally how much Ae(le,D) will deviate above

or below 42#*(le,D) for the solution D of Eq. (8f). The parameter & implicitly enforces the CFD trim constraint [Eq.
(11c)]. The initial choice of § is always zero. Once a solution of Eq. (11b) violates Eq. (11c), 0 must be set at a value
greater than the current value of AZ8*(1,/2) /A8 (). The value of ASr®(1,/2)/A5r8°(1,) will be called the trim ratio
for any Ae, target, which is fixed during each iteration cycle of solving Eqgs. (8b-8f) [see Eq. (9)]. A target A58 with
a higher trim ratio tends to move CPycrp of the corresponding feasible low-boom design forward. So, with a proper
trim ratio for A2, the corresponding feasible low-boom design will satisfy Eq. (11c) (see Sec. II1). The design vector
bounds I and u are extensively discussed in Ref. [40]. 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. (8b) can be solved effectively. In
practice, a trial and error approach is required to get a set of appropriate values for 4, I, and u. The fifth parameter Ao
is usually the x. location of the highest point on Ae ori(Do). However, as Aemuri becomes very accurate in predicting
Aer, reset Ao = leo for a better aft matching between Aemuri and 4578

The baseline low-boom target optimization [Eq. (8a)] is solved only when u or ¢ is changed. Otherwise, the
baseline low-boom target is reset to A8 (Dyaxr). The Pareto frontier of the multiobjective optimization problem [Eq.
(8b)] usually requires a significant amount (1-2 days using about 15 parallel design evaluations) of wall-clock time to
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generate. The selected solution Diow of Eq. (8b) is the lowest weight solution on the Pareto frontier that also satisfies
Eg. (11a).

The overland range optimization [Eq. (8c)] is completely different from that in Ref. [41]. Because the PLdB
requirement is removed from the post-optimization constraint Eq. (11a), PLdB(A575* (DL.w)) could be greater than 70.
For the previous two BCO methods [40,41], this would be considered as a failed attempt to find a low-boom concept
due to the infeasible overland mission requirement. For the refined BCO method, this becomes the opportunity to
discover the appropriate overland mission requirement. The goal of Eq. (8c) is to get a plausible low-boom design
with 70 PLdB when Dyow satisfies Eq. (11a).

To verify that the maximum range solution Dwmaxr 0f Eq. (8¢) is always a plausible low-boom design with 70 PLdB,
the following equalities will be proved for any design vector D in Eq. (8c) satisfying a = aLow.

CL(DLOW) ' Sref(DLoW) = *Wers (123)

Peo' U
target(D) target(DLOW) Ae MuFl(D) e MuFi (DLOW) (12b)

In Eg. (12a), Wers and p., are the weight at the start of overland cruise and the ambient density at the cruise altitude of
D, respectively.

Note that Eq. (12a) is the standard lift equation when W¢s and p.. are the cruise weight and the ambient density for
Drow, respectively. Because each optimization starts with the optimal solution from the previous optimization
subproblem, any design vector D in Eq. (8¢) has the same OML as Dow. S0, D and Diow have the same wing reference
area. The constraint a = aow implies that D has the same lift coefficient as Diow. As a result, Eq. (12a) is also the lift
equation for any D in Eq. (8c) satisfying a = aLow. This completes the proof of Eq. (12a).

Because the left side of Eq. (12a) is fixed, the right side of Eq. (12a) is the same for all D satisfying a = aiow. It
follows from Egs. (9), (10), and (12a) that AT (D) = AZX®*(Dy,w). Because D and Diow have the same OML and the
same angle of attack, 1) the calibrated lift method yields Alf..(x., D) = Aifir(xe, Diow), ANA 2) AYYUme(x,, D) =
AYSlume (x., D). The multifidelity total equivalent area Aemuri is uniquely determined by AN%..(x.), A¥NTe(x,), the
OML, the angle of attack, and the cruise Mach [see Egs. (6a-6¢)]. S0, Aemuri(D) = Aemuri(DLow). This completes the
proof of Eq. (12b).

An important relationship between PLdB and Hov is that, for a fixed Mo, and a fixed A%re*, PLAB(4S®) is a
strictly decreasing function of Ho.. That is, the PLdB value of the signature of A%®* propagated from Ho. to the
ground is a strictly decreasing function of Ho.. This relationship has no mathematlcal proof, but it has been verified
for A28 used in this paper. This relationship allows Eq. (8c) to enforce PLAB(Agr8* (D)) = 70 using Ro. and HoL.

If PLAB(AZ 8 (DLow)) > 70, let D be any design obtained by reducing the overland range of Diow. The reduced
range decreases the cruise weight Wers of D, which implies that the angle of attack « for D is smaller than ai.w at the
cruise altitude of Diow. If the overland cruise altitude of D increases and the cruise weight of D does not change, the
reduced air density at the increased altitude requires a higher lift coefficient to match the same cruise weight, which
means that a for D increases. Even though the cruise weight actually changes with the cruise altitude, the effect of the
cruise weight change on the required lift coefficient is eclipsed by the air density change. As a result, a for D increases
if the overland cruise altitude of D increases. There exists an increased altitude for D such that a = aow. Because Diow
satisfies Eq. (11a), Eq. (12b) implies that D is a plausible low-boom design and ASr®(D) = AZT®“(D,w). Because D
has a higher cruise altitude than Diow, PLAB(4S°°(D)) < PLAB(ASr®* (D ,w)) follows from the relationship between
PLdB and HoL mentioned above. With an appropriate value of RoL, there exists an increased altitude Ho. for D such
that D is a plausible low-boom design with PLdB (458 (D)) = 70. That is, the solution Diow of Egs. (8b) and (11a) can
always be converted into a plausible low-boom design Dmaxr With 70 PLdB. The cost is a reduced overland range for
Dwmaxr When PLAB(AZTE (D ow)) > 70. Similarly, if PLAB(AZ 5 (D.w)) < 70, the overland range can be increased with
the corresponding lower cruise altitude such that Dmaxr generated by Eq. (8c) is a plausible low-boom design with 70
PLdB.

The new range maximization formulation [Eq. (8c)] tolerates a wrong choice of the overland mission requirement
and avoids solving the multiobjective MDO problem [Eq. (8b)] after a change of the overland mission requirement.
This is significantly better than the range maximization formulation [eq. (2f)] in Ref. [41].

The maximum range solution Duaxr Of Eq. (8¢) is updated by the solution of Eq. (8d) to satisfy the LTO constraints
with the optimal engine thrust. This is also different from the BCO method in Ref. [41], where the engine thrust
optimization is independent of the feasibility optimization for the LTO constraints. There are three reasons to combine
these two optimization subproblems: 1) the current engine thrust Fs is close to be optimal so it does not have to be
optimized before solving Eq. (8b), 2) Fs could have a significant influence on the takeoff field length, and 3) Eq. (8d)
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is computationally easy to solve if the LTO constraints are feasible. If the LTO constraints cannot be satisfied by
modifying dito and Fs, the horizontal tail and wing flaps might have to be redesigned. In practice, the red iteration
step involving redesign of the horizontal tail in Fig. 7 needs to be avoided if possible (e.g., reducing the margin in the
LTO field length constraints if needed or increasing the wing flap sizes). A significant change of the horizontal tail
could lead to a difficult low-boom aft shaping problem [Eq. (8f)], which might have no solution satisfying Eq. (11b).
If the LTO constraints are satisfied after solving Eq. (8d) but the engine thrust is changed, then Eq. (8c) might have to
be solved again because the weight change at the start of overland cruise might invalidate Eq. (11a). This leads to the
inner iteration loop formed by the blue arrow in Fig. 7, which is easy to solve.

CFD-based low-boom inverse design optimization is only performed for the aft components. In most cases, only
one CFD off-body analysis is required to verify whether D,z is a feasible low-boom design. First, Eq. (8e) is solved
using CFD surface solutions to enforce A, cep (le Dmaxr) = AMuri (e Dmaxe), Which means that the CFD total lift matches
the cruise weight of Dmaxr at the start of overland cruise [see Eq. (10)]. If the inverse design optimization criterion
[Eq. (11b)], the trim constraint [Eq. (11c)], and [Ghait = Ghail] < 0.05 are satisfied for Duvaxr, then Dyvaxr is a solution of
Eq. (4) and the refined BCO method terminates. If Duaxr does not satisfy Eq. (11b), then Eq. (8f) is solved for Dar
with a low-boom aft shape and the iteration continues. If Dvaxr Satisfies Eq. (11b) but violates Eq. (11c), then the
parameter ¢ in Eq. (8a) is reset at a value greater than the current value of AZ8(l./2)/A455 (1,). The baseline low-
boom target 4. 5" is regenerated by solving Eq. (8a) and the iteration continues. The last non-termination condition
Of |Ghuait - Ghai] > 0.05 means that the prediction of the CFD tail rotation angle needs to be improved. In this case,
usually one additional iteration cycle of solving Egs. (8b-8e) after another calibration of the low-fidelity aero analyses
terminates the refined BCO iteration. It is important to point out that this simplistic approach works for the design
study in Sec. I11, which starts with a feasible low-boom design. In general, one should start with a large set of design
variables for the entire OML to solve Eq. (8f) and use a set of aft design variables to solve Eq. (8f) as Aemuri becomes
an accurate approximation of Ae, in the interval [0, A]. The empirical evidence [41] indicates that Eq. (8f) is only
needed to be solved once for the entire OML during the BCO iterations.

Using the multifidelity models, the refined BCO method eliminates the minor wing differences between a plausible
low-boom design and a feasible low-boom design generated by the BCO method in Ref. [41]. No convergence theory
similar to that in Ref. [50] is available for the refined BCO method. But, in practice, the refined BCO method
terminates after a finite number of iteration cycles of solving Egs. (8a-8f) (see the design study in Sec. II1) with the
termination conditions in the box connecting to the green oval for the output in Fig. 7.

F. Implementation of Refined BCO Method

All functions of D used in Egs. (8a-8d) are computed using the multidisciplinary feasible (MDF) architecture in
Fig. 8 (see Ref. [51] for classifications of MDO architectures). The MDF architecture in Fig. 8 is based on the MDO
frameworks documented in Refs. [52,53]. The analysis process is similar to that in Ref. [41] and uses the same analysis
codes. The main differences are: 1) the low-fidelity aero analyses are performed on the calibrated wing for the
truncation parameter yn, 2) (Onui—6s) instead of Gheail is used as the tail rotation angle for low-fidelity aero analyses,
and 3) the multifidelity model Ae muri(D) [defined by Eqgs. (6a-6¢)] instead of Ae,ori(D) is used to define the low-boom
inverse design objective for multiobjective MDO.

An advanced engine model was developed using the Numerical Propulsion System Simulation (NPSS) [54]. This
engine model is only scaled by the engine thrust Fs in this paper. Equation (8d) can be solved by any derivative-free
optimization method (such as the Design Explorer in ModelCenter [55]) if the LTO constraints are feasible. To avoid
expensive NPSS runs, an independent copy Fs of Fs for NPSS is fixed at the initial value of Fs 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 F is reanalyzed
using NPSS to validate the scaling after the optimization. This can be done simply by setting Fs = F (of D) in Fig. 8,
which forces NPSS to regenerate the size, weight, and performance data when the value of Fs is changed.

The constraints gs(D) > 0 and go(D) > 0 [i.e., the range constraints (11.8) and (11.9)] are automatically satisfied with
a coupled weight and fixed-range dual-mission analysis method {see the highlighted iteration loop in Fig. 8 and more
details in Ref. [40]} using FLOPS [43,44]. The coupled weight and mission analysis generates MTOGW and the
weight at the start of overland cruise, along with the component weight and CGx data. The mission analysis follows
the relevant FAA rules for the fuel reserve: 30 min hold at 1500 ft, 5% of total trip fuel, and fuel for 200 nm to
alternative airport. Each mission has the following segments: 1) taxi out (9 min), 2) takeoff to 35 ft, 3) climb max 250
kt CAS below 10,000 ft, 4) climb and accelerate to cruise altitude using minimum fuel, 5) cruise at fixed Mach number
using optimal altitude (60,000 ft ceiling) for overwater mission or Ho, for overland mission, 6) descend at optimal
L/D, 7) approach and land (4 min), and 8) taxi in (5 min). This mission profile is based on the one used by Boeing
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{see fig. 5.2 in Ref. [5]}. Linear aerodynamics codes WINGDES and AERO?2S [56] are used to generate aero data for
mission, cruise, and LTO analyses. These aerodynamic analysis codes are applied on the calibrated wing for the
truncation parameter 9 and the horizontal tail at the calibrated tail rotation angle of (Gni—6). In addition to drag due
to lift from WINGDES, skin friction and wave drag coefficients are estimated using the methods in Refs. [57,58],
respectively. The SMs are based on the WINGDES/AERO2S centers of pressure and the most aft CGx values for
cruise and LTO weights. For approach velocity and LTO field lengths, the landing weight is 70% of MTOGW and all
relevant Part 25 requirements of Federal Aviation Regulations are met [59].

Design vector D,

x X NPSS engine model, Engine scaling
ol NF'.SS, Ve Oy weight & performance| surrogate model
& requirements v
Aircraft weights Aircraft geometry
:'* estimation and layout
i ¥ ¥
Ouput default high H
objective & infeasible el Fixed-range Aerodynamics for
constraints dual-mission analysis| mission envelope
2
No Converged MTOGW and overland Inputs: Al,}[fl:ﬁ(l)u),
cruise weight are available? Yes A'::%“‘ Ay andl,,
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LTO aerodynamics & Cruise CP for AN Scaling of
CPs using MTOGW cruise weight for cruise weight AT to get Ay
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Fig. 8 MDF architecture for analyses of supersonic aircraft concept.

Any equivalent area A. (including Ae muri, Ae cro, Aer, Airee’, and ASre*) can be converted to an F-function using the

er0 !

following formula [6,7], where 4;(t) denotes the second derivative of Ae(t).

Flxo) = = [ % dt (13)

Then the F-function is converted to a pressure distribution p(x) with r = 50 ft using the following equation [8].

. _ 2
p(xe+7B)=Peo _ N‘”OL)l - F(xy) (14)
Poo 2rp)2

Finally, the solver for an augmented Burgers equation [21] is used to compute the ground signature for A. by
propagating the corresponding p through the standard atmosphere [60] from the altitude (HoL — 50) to the ground. The
humidity profile for the standard atmosphere is based on ANSI S1.26 [61]. The method in Ref. [3] is used to compute
PLdB of the ground signature.

All CFD results for Egs. (8e) and (8f) are generated using the Cart3D solver [62] based on three-dimensional Euler
equations. The engine shown in Fig. 1 is modeled using a flow-through nacelle for CFD analysis. A volume mesh of
about 32 million cells [63] is used for calculation of CFD off-body pressure at 3 body lengths below the aircraft, as
well as CPycep. The Mach, altitude, and angle of attack for CFD analysis are Mo, Hot, and « of the maximum range
solution Dwmaxr Of EQ. (8¢). The CFD off-body pressure is used for calculation of Ac, [17].

The positive integer k = 8 for the inverse design objective functions in Egs. (8b) and (8f) provides a good balance
for minimizing both maximum and average matching errors. Equations (8a), (8d), (8e), and (8f) are solved using the
Design Explorer in ModelCenter [55]. The multiobjective MDO [Eg. (8b)] is solved using the Non-Dominated Sorting
Genetic Algorithm Il (NSGA I1) in ModelCenter. The overland range optimization [Eq. (8c)] is solved only when
|PLAB(AZ " (DLow)) — 69.88| > 0.02. Equation (8c) is solved with a nested iteration loop: 1) start with D = Dyow, 2)
for a given Rov, change Ho. such that the equality constraint for the angle of attack is satisfied (with a tolerance of
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0.001°) for D; 3) reduce Ro if PLAB(4g (D)) — 69.88 > 0.02 and increase Roy if PLAB(4L®*(D)) — 69.88 < —-0.02,
and 4) repeat the previous two steps until |PLdB(45#°(D)) — 69.88] < 0.02.

For an operational computing environment of Windows servers with 40 cores of Intel Xeon CPUs at 2.4 GHz and
Linux servers with 96 cores of Intel Xeon CPUs at 2.2 GHz, the average wall-clock time of one iteration cycle for
solving Egs. (8a-8f) is about 2-5 days. It takes about 1-2 days for solving Eq. (8b), 4 hours for solving Eq. (8¢) and
verifying whether Eqgs. (11b-11c) hold, and 1-2 days for solving Eq. (8f) if a feasible low-boom design exists. The
refined BCO method usually terminates after a few iteration cycles of solving Egs. (8a-8f) if no exception occurs. The
exceptions include that the horizontal tail has to be resized for the LTO constraints or Eq. (8f) cannot be solved using
the simplistic set of the design variables in this paper.

I11. Design Study of Low-Boom Supersonic Transports

For the design study in this paper, the baseline in Sec. I1.A is used as the initial D for the refined BCO method
in Fig. 7. Except for the last iteration cycle, Ao is the x. location of the highest point on Ac Lori(Do). The engine thrust
Fs of 34,000 Ib is never changed during the refined BCO iterations. Six iteration cycles of the refined BCO method in
Fig. 7 without any LTO constraint violation are performed to get a converged solution Dyaxr = Dmaxg. The solutions
Dwmaxr and Dwaxr differ only by a tail rotation angle difference of G — Ol = 0.04°.

B0 — gmsetp,,.),60.9 PLAB
20 | (D)
20 _ Aer(Dypaxg), LD=10.2

e Aor(Dare), LD =104

£ 160 -- Accro(Dmaxr)

o

g 40 | T Auri Oy B[

E 120 — Aﬂfévu(ﬁnaxn) Pressure: 0.4 0.5 0.6 0.7 08 09 1 1.1
[ i -

S | Aleo(Bun)

ES

i}

0 25 50 75 100 125 150 175
Effective distance, ft
a) Equivalent areas b) Aft pressure contours

Fig. 9 Optimization results for intermediate low-boom aft shaping solution.
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Fig. 10 Low-boom targets for different trim ratios.

Optimization results for an intermediate low-boom aft shaping solution Das of Eq. (8f) are shown in Fig. 9. The
calibration parameters 9 and 6, are 1.145 ft and 4.166°, respectively, for the multifidelity models in Sec. I1.D. The
parameters for the baseline low-boom target are 4 = 1.227 and ¢ = 0.438. The maximum range solution Dmaxr has
MTOGW of 148,724 Ib. The maximum overland range is 3595 nm with Ho. of 52,106 ft and the maximum overwater
range is 3928 nm (after setting TOGWow = MTOGW). The angle of attack and the tail rotation angle at the start of
overland cruise are 1.92° and 5.04°, respectively. The solution Duaxr 0Of Eq. (8¢) has a tail rotation angle of 4.92° to
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match the CFD lift with the weight of Dwaxr at the start of overland cruise. The aft shape of A¢(Dmaxr) is considered
to be too far away from the low-boom target (see Fig. 9a). So, Eq. (8f) is solved to get a feasible low-boom design
Dt In this case, Dan can be obtained from Dwuaxr by a change of the incident angle of the pylon with respect to the
fuselage from —0.5° to 0.5°. Figure 9a compares the equivalent areas of Dyaxr, Dmaxr, and Dar, While Fig. 9b compares
the aft pressure contours of Dyvaxr and Da. Note that Ae muri(Dmaxr) is an accurate prediction of A ((Dmaxr) €XCept some
noticeable differences in the aft region.
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Fig. 11 Pareto frontier and equivalent areas for Diow.

For the last iteration cycle of the refined BCO method, the calibration parameters §« and éx are 1.270 ft and 3.803°,
respectively. The CFD correction terms for the multifidelity Ac models are plotted in Fig. 5. The optimal RoL and Ho,
from the previous iteration cycle are 3695 nm and 51,321 ft, respectively, which define the overland range constraint
ge(D) > 0 for Eq. (8b). The baseline low-boom target is generated using x = 1.215 and ¢ = 0.448. Figure 10 compares
the baseline low-boom targets for 6 = 0, 0.432 (used for Dot in Ref. [41]), and 0.448 when Ho, = 51,321 ft, l.o = 249
ft, and 425 (le0) = 250 ft2. Note that the trim ratio A7*(le/2)/4Z*(le) equals J if ¢ is large enough to make the
midpoint constraint in Eq. (8a) active. A total of 13,300 designs are generated by NSGA 11 in ModelCenter with a
population size of 100 for each generation. The fixed-range dual mission analysis failed for 238 designs. For each
failed case, high objective and infeasible constraint values (see the red box in Fig. 8) are used to steer the optimizer
away from the design with failed mission analysis. The Pareto frontier for Eq. (8b) and the A analysis results for Dyow
are shown in Fig. 11. The Pareto frontier is partitioned into two groups: the rejected designs that violate the inverse
design matching error constraint Eq. (11a) and the acceptable designs that satisfy Eqg. (11a). The selected Pareto
solution for Eq. (8b) is labeled as Dyow that is the acceptable design with the lowest weight. Figure 11b shows that
Diow is a plausible low-boom design with 70.1 PLdB, which is higher than 70 PLdB.
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Fig. 12 Equivalent areas of Dmaxg and Duaxr, and signatures for Dmaxr and Dyor.
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When using Eqg. (8c) to get a plausible low-boom design Dwmaxr With 69.9 PLdB from Diow, Rov is reduced from
3695 nm to 3500 nm and Hoy is increased from 51,321 ft to 52,240 ft. The angle of attack and the tail rotation angle
at the start of overland cruise for Dmaxr are 2.30° and 4.61°, respectively, which are the same as those for Diow. The
solution Dmaxr has MTOGW of 144,251 b and a zero fuel weight of 70,842 Ib. After setting TOGWow = MTOGW,
the maximum overwater range of Dmaxr is increased from 3600 nm to 3882 nm. It is worth noting that the calibrated
lift method usually leads to a higher drag at the start of cruise than that from the original low-fidelity aero analysis.
For Dwmaxr, the total of wave drag and induced drag using the calibrated wing is 0.00792, higher than 0.00764 for using
the original wing, at the start of low-boom cruise.
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Fig. 13 Fuselage and wing shapes of Dyaxr and Dyt.

The solution Duar Of Eq. (8e) has a slightly different tail rotation angle of 4.57°. Figure 12a shows that
Aemuri(Dmaxr) is an accurate prediction of Ae(Dmaxg) With minor differences in the aft region and Ae(Dwmaxr) matches
the low-boom target closely. The feasible low-boom design Dmaxr has a shaped ground signature oscillating along the
low-boom target signature (see Fig. 12b). Moreover, Duaxr has a trim margin of CGyart — CPx.crp = 169.5 — 167.6 =
1.9 ft and satisfies Eq. (11c). So, the refined BCO method terminates wWith |Gl — Oheail] = 4.61 — 4.57 = 0.04 < 0.05.
The following mission constraint values for Dmaxr Satisfy the constraints (11.1)-(11.6).

(111.1) CG margin to prevent tip over on the ground is 12.6 ft.

(111.2) SM for overland cruise = 6.5% of MAC.

(111.3) LTO SMs are 4.8% and 2% of MAC, respectively.

(111.4) Tail rotation angles for trim at LTO are —15.2° and —14.9°, respectively.

(I11.5) LTO field lengths are 6742 ft and 8320 ft, respectively.

(111.6) Approach velocity = 136 kt at altitude of 1000 ft.

The fuselage and wing shapes of Duaxr are compared with those of Dot in Ref. [41] (see Fig. 13). The widths of
front fuselage of Dior are increased and the wing of Dyt is extended forward for Dyaxr to match A3 (Dmaxr). The
surface pressure contour of Duaxr is sShown in Fig. 14, which is visually similar to that of D ot {see fig. 16 in Ref.
[41]}, and the Euler L/D at the start of overland cruise for Dmaxr is 10.1, about 13.5% higher than the Euler L/D of 8.9
for Dior. In comparison, the low-fidelity L/D of Dwvaxr including the skin friction drag is 7.73 at the start of overland
cruise.

_
02 03 04 05 06 07 08 09 1 11 12

® CPp=167.61t

Top view

® CGyqn =169.5ft Bottom view

Fig. 14 CFD pressure contour for Duax at start of overland cruise.

It is important to note that the potential to achieve the target PLdB value of 69.9 for a feasible low-boom design is
yet to be realized with future development of low-boom shaping methods to tailor the ground signature for a
significantly lower PLdB. As pointed out before, the current CFD-based low-boom inverse design methods [17,22-
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25] are capable of using local shape modifications to lower the noise level of the undertrack ground signature below
79 PLdB. How to narrow the gap between the target PLdB value and the actual PLdB value of the undertrack ground
signature of the optimal low-boom inverse design is still an open problem in CFD-based low-boom inverse design
optimization. Another issue related to the fidelity of the generated low-boom concept in this paper is the use of a flow-
through nacelle to model the engine. A low-boom configuration with a flow-through nacelle usually loses its low-
boom characteristics once the flow-through nacelle is replaced by a powered engine. See Ref. [24] for a detailed
discussion about how the powered engine simulation could affect the low-boom design. Furthermore, only the noise
level in PLdB for the undertrack ground signature at the start of overland cruise is considered in this paper. In reality,
a commercial supersonic transport must satisfy the specified low-boom requirement (that is the upper limit of 70 PLdB
in this paper) for its sonic boom ground noise levels in all directions (not just the undertrack direction) under the entire
flight trajectory. This is still an unsolved problem for future research.

IVV. Conclusions

A CFD-based multiobjective MDO problem is formulated for development of low-boom supersonic transports.
For every design, the mission analysis is calibrated using one CFD analysis so that the wing lift and total lift generated
by the low-fidelity aero analysis code are nearly identical to the CFD wing lift and total lift at the start of overland
cruise. The multifidelity mission analysis eliminates the inconsistency between CFD analysis for low-boom inverse
design optimization and low-fidelity aero analyses for multiobjective MDO with the mission constraints.

Multifidelity models for the mission performance metrics and CFD equivalent areas are constructed to solve the
CFD-based multiobjective MDO problem. The previous block coordinate optimization (BCO) method is refined to
improve the low-boom cruise efficiency and increase the fidelity of MDO solutions. For a given low-boom cruise
Mach, the refined BCO method can generate a low-boom supersonic transport that satisfies the mission performance
requirements and has the potential to achieve an undertrack sonic boom ground noise level below 70 PLdB. The details
for the generated low-boom supersonic transport are summarized in Table 4. This concept demonstrates that the NASA
N+3 low-boom goal for a supersonic transport with ground noise level below 70 PLdB might be achievable.

Table 4 Low-boom supersonic transport generated by the refined BCO method

Number of passengers 40 | Overwater cruise Mach 1.8
Seat pitch, in 48 | Overwater range, nm 3882
Fuselage length, ft 232 | Low-boom cruise Mach 1.7
Wingspan, ft 60 | Low-boom range, nm 3500
Wing area, ft? 3203 | Low-boom cruise altitude, ft 52,240
MTOGW, Ib 144,251 | PLdB of inverse design target 69.9
Zero fuel weight, Ib 70,842 | Euler CFD L/D for low-boom cruise 10.1
Maximum LTO field length, ft 8320 | Low-fidelity L/D for low-boom cruise 1.7
Approach velocity, kt 136 | CFD trim margin for low-boom cruise, ft 1.9
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