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Fig. 1 Objective function convergence histories for both conserative
worst-case strategy (CWC) and method, using the equal probability
criterion (EQP).
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represent the structural deformation for the cantilevered wing.
Addition of rigid-body modes in plunge and pitch presents no
additional difficulty. A 2.54 m/s (typical of storm conditions)
intensity, Dry den gust spectrum, was selected for the input
load.

In the first example, cross-sectional areas of bar elements
were selected as the design varibles. An allowable stress of
1761.4 kg/cm2 and values of Lsw = LF = 17,250 h were used
in the optimum design process. The first bending mode domi-
nated the stress distribution as evidenced by a concentration of
material at the root, and the first excursion constraint was
active at the optimum. Both finite-difference and semi-analyt-
ical gradient computations were used with essentially similar
results.

A second set of numerical results reported here pertains
to the implementation and verification of constraints based
on an equal-probability-of-load-combination criterion. This
problem involved a combination of deterministic static loads
and gust-induced random loads. The thickness of six sets of
panel members was altered during redesign. Ap(x,y) value o£
0.99 was selected for the equal probability criterion. An allow-
able stress magnitude of 2465.9 kg/cm2 was specified, and a
total of 40 load combinations were chosen to represent the
ellipse of equal probability. Optimum designs were obtained
on the basis of a worst-case estimate of the stress function
given by Eq. (4) and the use of Eq. (3) with values of ai and
02 obtained from an equal probability criterion. As shown in
Fig. 1, the final optimum weight of the equal-probability-
of-load-combination method was 8% less than that obtained
from a conservative worst-case strategy. Additional results
and a detailed description of the model are presented in
Ref. 6.

Concluding Remarks
The principal goal of this study was to develop an optimiza-

tion capability to design airframe structures for random gust
loads in addition to static or dynamic deterministic loads. The
combination of optimization algorithms with analysis tools
such as EAL and IS AC makes available a tool for stress, dis-
placement, frequency, flutter, and gust-response-constrained
optimization. Furthermore, implementation of semi-analyti-
cal gradient calculations provides added computational effi-
ciency to the programming system. This system also provides
a natural test bed for continuing studies in a multilevel decom-
position approach for aeroservoelastic synthesis. The use of
an equal-probability-of-load-combination criterion for struc-
tural reliability constraints has also been demonstrated for
representative structural models.
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Introduction

T HE so-called wing C was designed by NASA and the
Lockheed-Georgia Company as one in a series for which

it was intended to provide reliable experimental data for the
purpose of comparisons with computational efforts. The full
potential in viscid transonic wing code FL022, in combination
with an optimization routine, was used to configure the wing
for highly three-dimensional flow by selecting a large sweep
angle and a low aspect ratio combined with supercritical sec-
tions and considerable twist. It was intended that the flow re-
main attached at a design Mach number of 0.85 and lift coeffi-
cient of 0.5, which corresponds to a 5 deg of angle of attack.
The desired pressure distribution was specified at two span-
wise locations and the wing was constructed by linear develop-
ment between the root and tip.

The purpose of this Note is to present results obtained from
interactive solutions of inviscid and boundary-layer equations
and to compare them with experimental values. Calculated
results were obtained with an Euler code and a transonic
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potential code to provide solutions of the inviscid flow and
were interacted with solutions of two-dimensional boundary-
layer equations with a strip-theory approximation. The ex-
periments were performed in the NASA Ames Research Cen-
ter 6x6 ft transonic/supersonic wind tunnel1'2 and included
pressure distributions at five spanwise stations at a chord
Reynolds number of 6.8 xlO6 and Mach numbers of 0.70,
0.82, 0.85, and 0.90. Transition was fixed at 4.5% chord on
both surfaces.

Calculations and Comparison with Experiment
The interactive boundary-layer approach, based on the

strip-theory approach to three-dimensional flow, has been
described in Ref. 3 and includes incorporating viscous effects
into the inviscid flow through a surface-blowing boundary
condition. Two inviscid flow procedures corresponding to a
full potential code4 and an Euler code were used in the calcula-
tions. The transonic potential code was used in nonconser-
vative form with a numerical grid of!61x25x33 mesh points
and the Euler code 145 x 25 x 31 mesh points arranged in a C-
grid in the stream wise and spanwise directions and, in some
cases, with an H-grid in the spanwise direction.

Figure 1 allows comparison of the measured and calculated
results at M00=0.70. The interactive calculations with the
Euler code and H-grid spanwise and with the full potential
code agree well with experimental data, except near the
leading edge where the flow is supercritical. As expected, the
calculated lift coefficients also agree well with the normal
force coefficient 07^ = 0.483 calculated from the measured
pressure distributions. It is evident that calculations with the
Euler code and C-grid in both directions reproduce the veloci-
ty peaks more accurately, except near the wing tip where the
local lift is overpredicted over the whole chord. The results of
Fig. 2 correspond to M^ =0.82 and show attached flow with
shocks. The interactive calculations with the Euler code are
closer to the measurements than those with the full potential
flow solutions. The C-grid was used in spanwise direction
mainly to improve results near the wing tip. However, it is
clear that better agreement with experiments has resulted near
the shock location and over the whole wing, apart from the
wing tip where the lift still tends to be overpredicted and
caused the wing lift coefficient to exceed the measured normal
force coefficient CN = 0.53. It should be noted that the
predicted pressure recovery near the trailing edge at the wing
tip differs in all cases from the measured values, indicating a
strong decambering effect in the experiment.

Figure 3 shows results at the design condition at which flow
visualization has shown the flow in the outer 30% of the span
to be separated due to strong shock/boundary-layer interac-
tion. The calculations are in good agreement with experiment,
except in the region of the separation bubble, and the cor-
responding lift coefficient is only slightly lower than the
measured value of CN of 0.54. It is surprising that here the
results obtained by interaction with the full potential flow
method are in better agreement with those of the Euler method
than the results of Fig. 2. The pressure distributions obtained
at MO, =0.9 and the full potential code are again in reasonable
agreement with experiments on the inboard and middle por-
tions of the wing, as shown in Fig. 4. The predictions on the
outboard portion of the wing show attached flow, whereas the
experiments suggest separation because the predicted shock
pressure rise is spread out over a considerable distance.
Despite this discrepancy, the predicted lift coefficient is close
to the measured normal force coefficient CN of 0.56.

Similar calculations to those of the previous paragraph were
reported in Ref. 5 and made use of a zonal Euler/thin-layer
Navier-Stokes (ETLNS) code. They were compared to the
measurements referred to previously and to those performed
with a smaller model, manufactured to the same design, and
tested in the Lockheed Georgia 20x28 in. wind tunnel. They
showed good agreement for attached flow, particularly for the
smaller model. The two sets of results are, however, different
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Fig. 1 Comparison of calculated and experimental chordwise
pressure distributions for Mw = 0.70, Re = 6.8 x 106.
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Fig. 3 Comparison of calculated and experimental chordwise
pressure distributions for Mw = 0.85, Re = 6.8 X106.
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Fig. 2 Comparison of calculated and experimental chordwise
pressure distributions for Mm = 0.82, Re - 6.8 x 106.

in some details due to differences in the wind tunnels and test
conditions. The Ames wind tunnel has a square test section
with porous (6% porosity) ceiling and floor, whereas the
Lockheed Georgia tunnel has a rectangular test section with
variable porosity side walls and ceiling. It was found that in

Fig. 4 Comparison of calculated and experimental chordwise
pressure distributions for Mm = 0.90, Re = 6.8 x 106.

order to match the calculated and measured pressures near the
leading edge, the angle of attack of the smaller model had to
be increased to 5.9 deg and a similar check for the larger
model indicated negligible lift interference so that the nominal
angle of attack was retained.
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Concluding Remarks
It is concluded that the interactive calculations with the in-

viscid flow represented by the Euler code are in better agree-
ment with experimental data than those with the full potential
code, especially in the presence of shock waves and with the
exception of the wing-tip region. The full potential code gives
rise to more diffuse and weaker shocks, which allows calcula-
tions at higher Mach numbers without separation. When the
flow is not separated, the predicted pressure distributions are
in excellent agreement with experimental data. The
Euler/thin-layer Navier Stokes (ETLNS) code appears to be
better able to evaluate large regions of separated flow.
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