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ABSTRACT

This paper presents a new methodology for the optimization of supersonic airplane designs to meet
the dual design objectives of low sonic boom and high aerodynamic performance. Two sets of design
parameters are used on an existing High Speed Civil Transport (HSCT) configuration to maximize the
aerodynamic performance and minimize the sonic boom under the flight track. One set of the parameters

' perturbs the camber line of the wing sections to maximize the lift-over-drag ratio (L/D). A preliminary

optimization run yielded a 3.75% improvement in L/D over a baseline low-boom configuration. The other
set of parameters modifies the fuselage area to achieve a target F-function. Starting from an initial
configuration with strong bow, wing, and tail shocks, a modified design with a flat-top signature is
obtained. The methods presented can easily incorporate other design variables and objective functions.
Extensions to the present capability in progress are described.

INTRODUCTION

The sonic boom element of NASA's High Speed Research Program includes low-boom aircraft
design studies, atmospheric propagation research, and bioacoustic response studies. NASA Ames Research

®Research Scientist, MCAT Institute.
** Assistant Branch Chief, RFA.
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Center has been investigating the use of computational fluid dynamics (CFD) to predict and design low-
boom aircraft. Initially, validation studies were carried out that established the numerical requirements for
accurate sonic boom predictions using CFD. Since then, attention has turned to the prospect of using CFD

in the low-boom design process.

The need for simultaneous sonic boom and aerodynamic optimization was highlighted recently when
it became clear that airplanes designed to a strict sonic boom constraint suffer an unacceptable performance
penalty. A new proposed route structure for HSCT's incorporating supersonic corridors over land has
relaxed the sonic boom constraint somewhat. On the other hand, reducing an airframer's market risk for a

. low-boom airplane necessitates that its aerodynamic performance nearly match that of a conventional design.
Therefore, low-boom design studies must carefully balance the tradeoff between sonic boom loudness and

aerodynamic performance.

Because of its generality, CFD offers the designer the opportunity to address many design issues
simultaneously. An added advantage is that the geometry definition and performance data are common to
any analysis or optimization problem. This paper demonstrates how the same computational tools can be
used to optimize both sonic boom and aerodynamic efficiency. The theory and implementation of these
techniques are briefly reviewed, then the optimization capability is exercised using a recently-developed low-

boom configuration as an initial design (Ref. 1).

Several computational tools interconnect in the optimization procedure to be described. The CFD
flow solver is the 3-D parabolized Navier-Stokes code UPS3D (Ref. 2). Although the code is capable of
producing viscous flow results, it has been shown previously (Ref. 3) that inviscid analysis is sufficient for
accurate sonic boom prediction. All results in this paper are based on the Euler equations for inviscid flow.
The UPS3D code is supported by a hyperbolic grid generation scheme (Ref. 4) that is sufficiently fast and
robust to operate within an automated optimization environment. The nonlinear optimizer NPSOL is based
on a sequential quadratic programming algorithm in which the search direction is the solution of a quadratic
programming subproblem (Ref. 5). The near-field pressure signal created by the airplane is extrapolated to
the ground-level sonic boom by a routine based on Whitham's F-function and the equal-area rule (Refs. 6,
7). Finally, the perceived loudness (PLdB) of the sonic boom can be determined by Stevens' Mark VII
method which involves Fast Fourier Transform on the energy spectrum of the sonic boom (Ref. 8).
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AERODYNAMIC OPTIMIZATION

Ny

The Boeing low-boom model 1080-911 (Ref. 1) is used as the baseline configuration for the
aerodynamic optimization studies. This configuration is 330 ft. long and is designed to cruise at Mach 1.7 at
an altitude of 44,000 ft . A schematic of this configuration is shown in Fig. 1. The objective function to be
maximized in this case is the lift-to-drag ratio, and the design parameters influenced the camber line of the
wing sections. First, fine-grid CFD solutions were performed over a range of angles of attack to
characterize the aerodynamics of this baseline configuration. These solutions indicated a maximum L/D of

18.23 at 4.0 degrees angle of attack.

Using CFD as an analysis tool for acrodynamic optimization requires that the inherent numerical
errors of the solution are either negligibly small, or independent of the design perturbations. One means to
insure this is to use very fine grids, which is computationally expensive. Another approach is to perform the
optimization on a moderately coarse grid and then verify the end result with a fine-grid computation. This
approach helps define the grid density for which the numerical errors are independent of the design
perturbations. While the numerical value of L/D differs on coarse and fine grids, the increment due to
design changes will be preserved when the errors on the coarse grid become independent of the design
variables. In the present work, it was found that marching grid dimensions of 40 circumferential points by
30 radial points was not fine enough to produce reliable optimization trends, whereas further resolving the
surface with a 67 by 30 grid produced consistent results on sucécssively finer grids.

Design Optimization Parameters

Given a set of design parameters and the relevant constraints, the optimizer (NPSOL) will perturb the
parameters and find the steepest gradient to search for the local minimum of ‘the objective function. A
widely used approach to acrodynamic optimization of an HSCT-type configuration is the use of shape
functions (sine and exponential bumps) which are added in the airfoil sections (cf. Ref. 9). A difficulty with
this approach is that the location and nature of the shape functions must be chosen carefully for each
problem, and the values chosen for a particular configuration and flight condition may not be appropriate for
a different case.
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In this study, control points are defined on the camber line of each airfoil section as shown in Fig. 2 .
If y; is the y-coordinate of the ith control point, and §; is one of the design parameters, the new location of

that control point is
) y?ew = y?ld + Tmax , .
where Tpmgy is the maximum thickness of the airfoil. The new airfoil is formed by splining through the use
control points with the thickness held fixed. For relatively straight camber lines, the control points are - cor‘:
evenly distributed along the chord, whereas curved camber lines are defined by clustering control points in '
regions of curvature.
be
stre
calc
Results
wht
For aerodynamic optimization, the lift-to-drag ratio-was chosen as the objective function and the cod
design parameters are control points along the camber line of each airfoil section. The wing is defined by
- twenty-six spanwise stations as shown in Fig. 3. To reduce the design space for this problem, two sets of be ¢
five design parameters are used. The first set defines the camber line used for span stations 3 through 8 in
‘the high-sweep region. The second set defines the camber line for stations 9 through 26. The five control
points are evenly distributed along the camber line in both cases. The optimization run for this
demonstration required approximately eighty flow solutions totaling four hours of Cray-YMP CPU time to whe
give an optimized wing-body configuration with an L/D of 18.75 versus the original value of 18.03. Figure
- 4 compares the pressure on the lower surface of the original and optimized wing. Most of the increase in
L/D results from a reduction of the wave drag, evidenced by the lower pressure on the wing leading edge.
Figure 5 compares the airfoil section 3 of the original and optimized wing. A polar plot of L/D versus « for Int
both the original and redesigned configurations is shown in Fig. 6. The L/D is uniformly higher for the diff
optimized wing, and the maximum L/D is nearly 4% greater than the original geometry. Itis interesting to func
note that there are only minor changes in the lift distribution and volume, so the aerodynamic optimization vah
has a negligible effect on the sonic boom signature. ' The




LINEAR SUPERSONIC THEORY
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The low-boom design process in this paper makes use of linear supersonic theory which is widely
used to predict the sonic boom of slender wing-body configurations (Refs. 10 and 11). For the sake of

completeness, this method is briefly discuss?d.

Given a wing-body configuration, the equivalent area distribution due to volume, or A-function, can
pe easily determined by finding the area of the cross-section made by the cutting planes normal to the
streamwise axis (x-axis). On the other hand, the equivalent area distribution due to lift, or B-function, is
calculated by

X
B =t [cpa (1)

where B="VMoe2-1. In this paper, the B-function is calculated from the lift distribution predicted by the CFD

code.
The total equivalent area distribution, Ae(x), is the sum of A(x) and B(x). Then the F-function can
be calculated by the Lighthill integral

©o

=1 h (2 .
FQy) - j ﬁR(t) (BR()) dAe’ () )
0

where R(t)=\/Ae(t)/1t,r Aé€’(?) is the derivative of Ae(?), and function 4 is

h(z) = K (p) =——H(z) -
In these expressions K is the modified Bessel function of the second kind, p is Heaviside’s operator of

differentiation and H(z) is the Heaviside unit step function. When extrapolated to a distance 7], the F-

function is shifted by the factor of -k V71 F, where x=(y+1)(283)-12M.4. This shifted F-function is muti-
valued, so the location of the shock waves in the signature is determined by applying the equal-area rule.
The pressure signal at distance rj is obtained by

22 = WM2FO) 21 3)

x=y+pr]
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It should be noted that, by using the Abel ransform, the equivalent area distribution can be found in term
F-function

Ae(x) = 4 f Vx-t F(t) dr @
0

This form is particularly useful in the sonic boom minimization method to be described next.

SONIC BOOM MINIMIZATION

The sonic boom minimization method applied here is inspired by the method of Darden (Ref. 12),
but uses CFD to provide an accurate description of the lift distribution and near-field pressure signal. First,
a baseline flow solution is obtained and the ground-level sonic boom signature is determined by
extrapolating the near-field pressure as described in Ref. 3. The equivalent area distribution for the
configuration is generated as described above. The next step uses the optimizer to generate an equivalent
area distribution with improved sonic boom characteristics. This is done by using the nine F-function
parameters in Ref. 12 as "design"” variables (see Fig. 7). The objective function in this case is a weighted
combination of the sonic boom loudness (PLdB) and the deviation from the original area distribution:

Objective Function = (w1 *PLdB + wy*D)/2. (5)
where D is the deviation in L2 norm of the equivalent area distribution from the original design:
D = llAe - Ae(original)lly

and wy and wy are two weighting factors in the order of .001 and 1, respectively. Because the configuration
used for this demonstration was designed for a flat-top signature, the F-function parameters were further
constrained to achieve this result. Once the target F-function is defined, the new equivalent area is found
using Eq. 4. In the present case, the equivalent area increments are applied only to the A-function. As a
result, the lift distribution remains essentially unchanged and further CFD computations are not needed. In

the future, the increments will be distributed between the A-function and B-function, necessitating flow
solutions to generate the new equivalent area distribution.
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The ground-level sonic boom of the original wing-body configuration at 4 degrees angle of attack is
shown in Fig. 8. This result was obtained by extrapolating the flow solution from a distance of 1.25 body
lengths to 133 body lengths. A strong intermediate shock is evident in the si gnaturé, However, the
computational model did not include the nacelle geometry, and their effect on the far-field sigﬁature is under
investigation. Figure 9 shows the equivalent area distribution of the original geometry using CFD for the lift
distribution. The optimization routine developed a new area distribution based on a flat-top signature and
minimal deviation from the original geometry, which is also shown in the figure. Note that, except for a
small area near the nose, the new distribution adds equivalent area to the configuration.

Figure 10 compares the geometry of the original and modified configurations. The nose is visibly
sharper, and the fuselage is somewhat larger in radius near the wing leading edge. Figure 11 compares the
ground-level sonic boom for the two configurations. The modified configuration more nearly achieves the
targeted flat-top signature. However, the perceived loudness was reduced by just 1 PLdB because the front
shock was not allowed to change in this case. The lift-to-drag ratio increased by less than 1% as a result of
these changes.

SUMMARY

Analysis and optimization computer codes have been joined to address design issues for an HSCT.
Using CFD for acrodynamic analysis provides the accuracy and generality to study many different problems
with the same basic methodology. The present work has demonstrated the ability to optimize aerodynamic
efficiency and sonic boom loudness with a few simple design parameters. Applying this capability to a
baseline low-boom configuration produced a 4% improvement in lift-to-drag ratio and eliminated an
intermediate shock in a flat-top sonic boom signature with a small reduction in the loudness.

FUTURE WORK

The design capability described in this paper will be advanced along two lines in the near future.
- First, the design capability will be generalized somewhat. As mentioned earlier, equivalent area increments
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for optimization will be applied to both volume and lift distributions for increased flexibility in design. By
monitoring the acrodynamic performance as the lift distribution is manipulated, the dual design objectives
may be optimized simultaneously. Second, development of a new low-boom configuration will be pursued
using the complete geometry (including nacelles and empennage) of an existing low-boom geometry. The
goal of this effort will be to advance the performance of a low-boom HSCT in terms of sonic boom loudness
and lift-to-drag ratio as far as current technology permits.
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Figure 1. The wing-body configuration of the Boeing's 1080-911.
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Figure 2. Control points on the camber line of a wing section.
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- Figure 3. The spanwise wing sections of the Boeing's low-boom

configuration.




SUPERSONIC WING-BODY OPTIMIZATION
M = 1.7 a= 4.“ )

L/D = 18.75 I/D = 18.032

lower Serfmoe of the Wiag-Body Configuration

Figure 4. Pressure contour on the lower surfaces of the original and

modified configuration.
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Figure 5. Airfoil section 3 of the original and optimized wing.
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Figure 6. Polar plot of L/D versus a for the original and redesigned
configurations. ‘
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Figure 7. The F-function is characterised by the nine parameters as
shown. A typical relationship among the equivalent area distribution, F-
. function, and pressure signal is described.
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Figure 8. Sonic boom shape on the ground produced by the original

configuration.
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Figure 9. The difference in the equivalent area dlstnbuuons between

the original and the modaficd designs.
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Original  Configuration

Figure 10.
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Comparison in the original and the modified configurations.
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Figure 11.

Comparison in the original and the modified sonic boom:s.




