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Fuselage Shape Optimization of a Wing—Body
Configuration with Nacelles
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An aerodynamic design tool that combines a computational fluid dynamics code with an optimization technique
for a drag minimization is developed and applied to a fuselage shape optimization of a Mach 1.7 scaled supersonic
experimental airplane. An airframe/nacelle integration is taken into consideration. The optimized fuselage is
compared with a conventional axisymmetrical area-ruled fuselage designed by a linear theory. The results indicate
that a nonaxisymmetrical fuselage design concept with this optimization design tool is effective for the reduction of
pressure drag, especially in the design of an airplane that generates a strong interference drag between its airframe

and nacelles.

Nomenclature
Cp, pressure drag coefficient
C;, = liftcoefficient
C, = pressure coefficient
H = Heaviside step function
1 = object function in optimization process
K = penalty function coefficient in optimization process
L = airplane length
M = Machnumber
R = fuselageradius
14 = fuselage volume
X = axial coordinate of airplane
o = angle of attack
As = computational grid spacing
" = Mach angle
Subscripts
min = minimum value
0 = initial value

Introduction

IRPLANE drag reduction is important in the design of an

economically feasible next-generation supersonic transport
(SST). One drag count (Cp = 0.0001) reduction of an SST airplane
reduces airplane gross weightby 4700 kg and saves 3400 kg of fuel.
This is equivalentto reduction in the structural weight of more than
1 ton (Ref. 1). The National Aerospace Laboratory (NAL) of Japan
started a scaled supersonicexperimentalairplane program, National
Experimental Supersonic Transport (NEXST)? in 1996 to establish
advanced technologies, including a computational fluid dynamics
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(CFD)-based design tool for the drag reduction of the SST. In this
program, flight tests of an uncrewed nonpowered experimental air-
plane (NEXST-1) will be conducted. This airplane was designed
for Mach 2.0 using NAL’s original aerodynamic design technology
together with CFD prediction. Its design features for high lift/drag
ratioincludea cranked arrow wing, a modulated warp, an area-ruled
configuration, and a natural laminar flow wing. The engine installa-
tioninfluences both wave drag due to volume and the drag due to lift.
Many theoretical and experimental studies for the reduction of an
airframe/nacelleinterferencedragare conducted >~ The authorsde-
veloped a CFD-based total aerodynamic design tool® for the design
of a jet-powered experimental airplane (NEXST-2) to reduce the
airframe/nacelle interference drag. This aerodynamic design tool
combines a CFD code with an optimization technique. A three-
dimensional Euler CFD code® with an overset-grids technique’ is
used for solving the flowfield around a complex airplane configura-
tion. An advantage of the overset-grids technique for a CFD-based
aerodynamicdesign is the ease of regenerating computational grids
for shape modifications because a computational grid is generated
independently around each airplane component. For the optimiza-
tion process, a quasi-Newton optimization technique based on a
conjugate gradient method® is adopted. The flow chart of this de-
sign tool is shown in Fig. 1. One design cycle of the quasi-Newton
optimization method has two steps: a gradient calculation of the
object function and a line minimization in the direction that is a
conjugate to the calculated steepest direction. In the gradientcalcu-
lation, the design tool utilizes an adjoint sensitivity analysis.”!° The
computational cost for the sensitivity analysis of the optimization
processis largelyreducedby the adjointmethod, compared with a fi-
nite difference gradient calculation. The adjoint method used in this
design tool has been validated by comparing the adjoint gradients
and finite difference gradients of the object function with respectto
all design variables. The design tool has been applied to several test
cases of the drag minimization problem, such as a simple axisym-
metrical body and two bodies under a wing-body configuration$
The main objective of this research is to find an effective design
concept for the reduction of an airframe/nacelle interference drag
by applying the design tool to a fuselage shape optimization of the
jet-powered experimental airplane.

In the nextsection, the SST configuration optimizedin this paper,
and its computational grid used in the CFD analyses, are described.
Results obtained applying the design tool to a fuselage shape opti-
mization of a wing—body configuration and a wing—body configura-
tion with two flow-throughnacelles are then presented. Two types of
designspaces,an axisymmetricaland a nonaxisymmetricalfuselage
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Fig. 1 Shape optimization flow chart.
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Fig. 2 Wing-Body configuration with nacelles.

shape modification, are used in the case of the wing-body configu-
ration with two flow-through nacelles.

SST Configuration

The SST configuration, whose fuselage shape is optimized in this
paper, is shown in Fig. 2. This configurationis one of the candidates
of the jet-powered experimental airplane in its conceptual design
phase. Its design Mach number is M =1.7. Its length is 10.057 m,
wing areais 10.12 m?, and the wing aspectratio is 2.4. The nacelle
lengthis 3.37 m, which is rather large for the scaled airplane. This is
because we use existing jet engines for the jet-powered experimen-
tal airplane, whereas the airplane configuration itself is scaled for
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Fig. 4 Computational grids.

the flight tests. The optimized fuselage geometry obtained in the de-
signprocessis compared with an axisymmetricalarea-ruledfuselage
thatis designed using a CAD system so that the total equivalentarea
distribution of the aircraft is equal to that of a Sears—Haack body.
Figure 3 shows the total equivalent area distribution of the config-
uration shown in Fig. 2, compared with the target area distribution
of the Sears—Haack body. In this study, a total equivalent area dis-
tribution of a wing—body configuration with nacelles is determined
as follows:

1) Define a cutting plane at a given point on the airplane axis
whose normal vector is inclined at the angle of 7 /2 — u from the
axis.

2) Generate a cross section of each airplane component inter-
cepted by the cutting plane.

3) Define an equivalent area as a summation of the frontal pro-
jection areas of all cross sections.

4) Rotate the cutting plane at the angle of 2z /N around the air-
plane axis and calculate the equivalent area in the same way as
2 and 3.

5) Repeat stage 4 N times and average all N equivalent areas.

6) Repeat stages 1-5 from the nose to the tail of the airplane.

N =24 is used in this study. Figure 4 shows the computational
grids around the configuration used in the CFD analyses. A major
grid is generated around the wing—body configuration and a minor
grid is generated around the nacelle. The minimum grid spacing on
the body surface of these grids are Asy,;,/L =0.0001. The major
grid is regenerated for every CFD calculation for the fuselage shape
modification to avoid grid skewness and the change of minimum
grid spacing that are accompanied by the modification of the former
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Fig. 5 Fuselage shape optimization result without nacelles.

grid. The CFD code is validated by comparing its computational
results of a similar SST configuration with the experimental data.®

Design Results

In this section, the design tool is applied to a fuselage shape op-
timization of wing—body configurations with and without nacelles.

Wing-Body Without Nacelles

In the optimizationprocess of a wing—body configuration without
nacelles, the object function to be minimized is

1={Cpp + KI(V = Vein)/Vein PH (Verin — )} [Cipo (1)

where Cp, is for a wing-body configuration that is obtained by
the CFD analysis. The second term of the numerator is the penalty
function that keeps the fuselage volume no less than a specified
minimum value V,,;,, which is the area-ruled fuselage volume in the
design. The function H (y) is the Heaviside step function, which has
a value of 1 when y has a positive value and O when y is less than 0.
K influences the convergence rate of the design. In this study, it is
set to 50, which is determined not to hinder the convergence from
some design tests. An initial fuselage geometry is the Sears—Haack
body, whose area distributionis used as a target distribution for the
area-ruled wing—body configuration. The initial fuselage geometry
is modified axisymmetrically by adding radial changes whose axial
distribution is defined by a 12th-order Bezier curve controlled by
13 points, including two fixed points at the fuselage nose and tail.
The radial coordinates of the other 11 points are used as design
variables in the optimization process. The optimization result is
shown in Fig. 5. Figures 5a and 5b show the convergence histories
of the pressure drag coefficient and fuselage volume with respectto
the number of CFD calculations. After 21 CFD calculations (nine
design cycles), the pressure drag coefficient is reduced about 18%
from the initial configuration, and both the pressure drag coefficient
and fuselage volume are at about the same level as those of the
area-ruledconfiguration. The fuselage geometry and total equivalent
area distribution of the optimized configuration shown in Figs. 5¢
and 5d, respectively, are about the same as those of the area-ruled
configuration.

Wing-Body with Nacelles

Next, the design tool is applied to the wing—body configuration
with two nacelles shown in Fig. 2. The object function is the same
as Eq. (1), where Cp, representsthe pressure drag coefficient of the
wing—body configurationand the outer surfaces of two flow-through
nacellesin this case. Three types of Bezier curvescontrolledby three
sets of design variables are checked before the shape optimization.
In these checks, each curve is added to the initial Sears—Haack body
to minimize the following object function:

I = / |Rlargel - Rld-x (2)

where the target radius distribution Ry i the original area-
ruled fuselage. As shown in Fig. 6, the fuselage represented by
a 16th-orderBezier curve is quite similar to the area-ruled fuselage,
whereas the 8th- and 12th-orderBezier curves are differentfrom the
area-ruledfuselage. Therefore,a 16th-orderBezier curveis used for
a shape modification in the following cases.

Axisymmetrical Fuselage Modification

At first, the fuselage geometry is modified axisymmetrically by
a 16th-order Bezier curve. There are 15 design variables. Figure 7
shows the fuselage shape optimizationresult. The pressure drag co-
efficient is reduced about 22% from the initial configuration after
19 CFD calculations (eight design cycles), and both the pressure
drag coefficient and fuselage volume are at about the same level as
those of the area-ruled configuration. The optimized fuselage ge-
ometry and total equivalentarea distribution, however, are different
from those of the area-ruled configuration. The pressure drag coeffi-
cient of each airplane componentis shown in Table 1. The pressure
drag coefficient of the inner duct surfaces of two flow-through na-
celles of the optimized configuration, which is not included in the
object function, is about the same as that of the area-ruled configu-
ration. Although the total pressure drag coefficient of the optimized
configuration is about the same as that of the area-ruled configu-
ration, the drag of the wing-body configuration is decreased 2.6
drag counts and that of two nacelle outer surfaces is increased 2.2
drag counts. This result suggests that the area-ruled axisymmetri-
cal fuselage, based on a linear theory using a CAD system, is not
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Table1 Pressure drag coefficient of each airplane component

Wing-Body, Nacelles (outer) Nacelles (inner) Total
Fuselage a,deg  Cp, X 10* Cpp % 104 Cpp % 104 Cpp % 10* LiftCy
Area-ruled 0.0 60.9 125.6 —-152 171.3 0.027
Optimized (axisymmetrical) 0.0 58.3 127.8 —15.1 171.0 0.027
Optimized (nonaxisymmetrical) 0.0 59.1 121.5 —15.3 165.3 0.021
Optimized (nonaxisymmetrical)  0.19 57.3 123.1 —-152 165.2 0.028
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Fig. 7 Axisymmetrical fuselage shape optimization result with nacelles.

a unique solution of a minimum pressure drag configuration if an
airplane generates a strong interference drag between its airframe
andnacelles. In this case, the optimizationdesign tool found another
solution in the design space starting from the initial Sears—Haack
body. The original area-ruled fuselage can be found by the design
tool if another initial configuration is selected. The total lift coeffi-
cient (Cp) of the airplane is also shown in Table 1. Although a fixed
lift coefficient constraintis not given in this shape optimization, the
lift coefficient does not change during the design process in the case
of the axisymmetrical fuselage modification.

Nonaxisymmetrical Fuselage Modification

Next, the design space is extended to a nonaxisymmetrical fuse-
lage whose upper, lower, and side radius distributionson the airplane

axis are modified separately from the initial geometry. Each radius
modification method is the same as the axisymmetrical fuselage
case; therefore, the total number of design variables used in this
case are 15 x 3 =45. The axisymmetrical area-ruled fuselage rep-
resented by a 16th-order Bezier curve, shown in Fig. 6, is used
as an initial geometry. As shown in Figs. 8a and 8b, the pressure
drag coefficient of the optimized configurationis about 3% smaller
than that of the area-ruled configuration, whereas their fuselage vol-
umes are about the same. Figure 8c shows top and side views of the
optimized fuselage compared with the initial geometry. The lower
fuselage shape becomes different from the upper and side shape and
shows a rapid decrease of the radius at x =0.3-0.5. It seems that
the increase of the equivalent area at about x = 0.4 for the nacelles
shown in Fig. 8d is canceled by only the lower part of the fuselage.
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Fig. 8 Nonaxisymmetrical fuselage shape optimization result with nacelles.

a) Initial area-ruled configuration

b) Optimized configuration with a nonaxisymmetrical fuselage

Fig. 9 Iso-C, contours on airplane surfaces.

As shown in Table 1, the total pressure drag coefficient is reduced
6.0 drag counts, in which 1.8 drag counts are due to the wing—body
and 4.1 drag counts are due to two nacelle outer surfaces. The main
reduction of the pressure drag is due to the nacelle outer surfaces.
Figures 9a and 9b show the C,, contours of the initial and optimized
airplane surfaces, respectively. It is seen that the strong expansion
generated from the optimized fuselage interferes with the shocks
from the nacelle intakes and reduces the pressure on the nacelle
outer surfaces. Although the optimized fuselage geometry is con-
siderably different from the area-ruled fuselage, the total equivalent
area distribution of the optimized configuration shown in Fig. 8d is
not so different from that of the Sears—Haack body compared with
the axisymmetrical fuselage case shown in Fig. 7d. This suggests
that the optimized fuselage may be one of the candidates that satisfy
the area rule in the nonaxisymmetrical fuselage design space. The
design tool selected the geometry that minimized the interference
drag between the wing—body and nacelles.

The lift coefficient of the optimized configuration (C; =0.021)
shown in Table 1 is smaller than that of the area-ruled one
(CL =0.027) because the expansion generated from the fuselage
reduces the pressure on the wing lower surface. Therefore, the pres-
sure drag coefficient of the optimized configuration is recalculated
by the Euler CFD codeat the angle of attack = 0.19 deg and shown
in Table 1. The resultshows that the total pressure drag coefficient of
the optimized configurationis still smaller than that of the area-ruled
one at the same lift coefficient.

Conclusions

Fuselage shape optimizations of wing—body configurations with
and without nacelles are conducted by an aerodynamic design tool
that combines a three-dimensional Euler CFD code with a gradient-
based optimization technique. The fuselage geometry obtained in
the optimization process of the wing-body configuration without
nacelles is about the same as the area-ruled fuselage. An axisym-
metrical and a nonaxisymmetrical fuselage shape modification are
used in the case of the wing—body configuration with two flow-
throughnacelles. The axisymmetrical optimized fuselage geometry
is different from the axisymmetrical area-ruled fuselage, whereas
the pressure drag coefficient and fuselage volume of the optimized
configuration are about the same as those of the area-ruled config-
uration. This suggests that the area-ruled fuselage is not a unique
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solution of a minimum pressure drag configuration if an airplane
generates a strong interference drag between its airframe and na-
celles. The design tool found the optimized configuration with a
nonaxisymmetrical fuselage, whose total pressure drag coefficient
is smaller than that of the area-ruled configuration. Infinite airplane
configurationsthatsatisfy the area-rulecan existin anonaxisymmet-
rical fuselagedesignspace,and the optimizedairplaneconfiguration
seems to be one of them. The result indicates that this aecrodynamic
design tool has the ability to select a better configuration among
many area-ruled configurations, taking into considerationthe inter-
ference drag between an airframe and nacelles.
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