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Abstract

Transonic fiutter characteristics of a typical arrow wing configuration of a supersonic
transport have been studied by using the Full Potential Code (USTF3) in addition to the
usual DLM (Doublet Lattice Method) code as the unsteady aerodynamic tools.
According to the analyses using the DLM code, the symmaetric mode flutter (for full fuel
condition) of the stiffness designed model is always more critical than the anti-symmetric
mode flutter for Mach numbers up to 0.95, while the analyses by using the USTF3 say
that the anti-symmetric mode flutter becomes more critical than the symmetric mode
flutter for Mach numbers greater than 0.90 taking the minimum flutter velocity around
Mach one due to the transonic dip phenomenon. ltalso has been shown that the
symmetric mode flutter does not show the transonic-dip phenomenon in contrast to the

anti-symmetric mode flutter.

1. Introduction

The transonic flutter characteristics play the
critical role in the structural design of a
Supersonic  Transport (SST) arrow wing

conﬁguration”. For example, the design studies

performed by Turner and Grande? of the early
Boeing SST Model 969-512B disclosed that the
strength designed configuration does not meet
the flutter requirement and it was found that the
unrealistically high mass penalty was expected to
achieve the flutter clearance (1.2VD = 259 m/s
EAS at M=0.90), which was initially set. The
possible existence of transonic dip phenomenon
of a SST arrow wing configuration has also been
shown experimentally by Durham et al.3) for the
NASA Langley Supersonic Technology Series
(ATS-200) design. Therefore, it is quite
important to identify the behavior of the transonic
flutter boundary of a SST arrow wing
configuration.

Inthis paper, apreliminarydesign study hasbeen
performed of transonic flutter characteristics of a
SST arrow wing whose configuration is similar to
that of Boeing 969-512B model. In this study,

the Unsteady Full Potential Code (USTF3)4) is
employed as an aerodynamic tool in addition to

the usual Doublet Lattice Method (DLM )2) code.

2. Strength and Vibration Analyses

In Fig. 1, the plan form of the arrowwing used for
the present study is shown. The length of the
root chord is 50.4 m and the semispan length is
18.9 m. The leading edge sweep angle of inner
and outer wings is 74 degrees and 60 degrees,
respectively. The full span wing areais about 830

m? and the aspect ratio is 1.61. The airfoil

section is 3 percent thick circular-arc. The engine
mass is assumed to be 6,500 Kg for each of the
four engines. The engines are expressed by the
concentrated masses atthe locations indicated in
Fig. 1. For the full fuel condition, which is the
most critical for flutter, 200,000 Kg of the fuel
massis assumed. The maximum gross take-off
mass is assumed to be 374,000 Kg. Therefore
the zero fuel massbecomes 174,000 Kag.

The hatched partof the plan form shown in Fig. 1
indicates the wing box location. The structural
materialused is the Graphite/PEEK (APC2). The
laminate construction of the composite materialis
assumed to be quasi-isotropic, and the thickness
of the upper and lower skin panels is assumed to
be linearly tapered from the root to the tip
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stations for simplicity. For the strength and
vibration analyses, the in-house FEM code is
employed. Fig. 2 shows the arrangementof ribs
and webs and it also shows the FEM grids on the
upper and lower skin panels. Total number of
elements and nodes are 670 and 204
respectively. The strength requirement is to
sustain 2.5g load of maximum take-off gross

weight which corresponds with 9.175x108 N.
This static load can be realized at M=0.90 and

a=5.19 Tsai-Wu failure criterion is employed to
identify the structural failure. As the first step, the
strength analyses are performed to determine
the strength designed structure which satisfies
the strength requirement described above. The
total structural massof the strength design thus
determined is 27,515 Kg including upperflower
skin panels, webs and ribs (upperflower skin
panels: 1,800 Kg, webs: 10,460 Kg, ribs: 15,260

Kg).

The vibration analyses including the rigid body
degree-of-freedom have been performed for this
strength designed structure. In Figs. 3aand 3b,
the symmetric and anti-symmetric natural
vibration mode shapes and frequencies for the
full fuel condition are shown, respectively. (The
flutter phenomena for this model are more critical

for the full fuel condition than for the non-fuel
condition.} Itshould be noted that the first three
modes are rigid body modes, namely, fy=to=fg=

0 and that only the elastic modes are shown in
Figs. 3aand 3b.

3. Flutter Analyses

As the first step of the fiutter analyses, the
calculations, based on U-g method, by using the
DLMcode have been performed. The 16 mode
shapes inciuding the rigid body modes are
employed for the calculations. The 200 panels (
10 chordwise by 20 spanwise ) areemployed for
evaluating the unsteady aerodynamic forces in
using the DLM code.

In Fig. 4, the flutter boundaries of the symmetric
and anti-symmetric mode of the strength
designed structure ( for the full fuel condition) are
shown together with the flutter requirement
(1.2Vp=259 m/s)curve. As seen fromthe figure,

both the flutter boundaries, symmetric and anti-
symmetric, do not satisfy the 1.2 Vp flutter

740
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Fig. 1 Planform of Arrow Wing Model
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Fig. 2 Finite Element Grid
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(a) Symmetric Mode

(b) Anti-Symmetric Mode

Fig. 3 Natural Vibration Modes and Frequencies of Stregth Designed Model

requirement, and the symmetric mode flutter is
more criticalthan that of the anti-symmetric. From
the examination of the magnitudes of the eigen
vectors ( the generalized coordinate
corresponding to each natural vibration mode) at
the flutter conditions it can be identified that the
4th, 5th and 6th modes mainly contribute to the
symmetric mode flutter while the 4th, 5th and 7th
modes mainly contribute to the anti-symmetric
mode flutter.

As the second step of the flutter calculations, the
rough sizing has been conducted to meet the
flutter requirement by increasing the thickness of
the upperfiower skin panels. (The fiutter velocity
of the symmetric mode flutter isincreased to 260
m/s EAS by increasing the thickness of the
upperfiower skin panels 1.95 times of those of
the strength designed structure.) The total mass
of the stiffness designed structure thus
determined is 29,171 Kg (the weight increase

from the strength designed structure is 1,656
Kg). The symmetric and anti-symmetric mode
flutter boundaries of the stiffness designed
structure are shown in Fig. 5. In Figs. 6a,b, the
symmetric and anti-symmetric natural vibration
modes are shown, respectively. The mainly
contributing modes for the symmetric mode
flutter are the 4th, 5th and 6th modes, while the
4th and ‘5th modes contribute to the anti-
symmetric mode flutter. [t is quite interesting to
see in Fig. 5 that the flutter velocity of the
symmetric mode takes almost constant values
while the fiutter velocity of the anti-symmetric
mode decreases with the increase of Mach
number up to 0.95.
symmetric and anti-symmetric mode flutter
boundaries suggest that the anti-symmetric
mode fiutter might experience the transonic dip
phenomenon while the symmetric mode flutter
does not. It is obvious that those trends
(predicted by DLM code) should be confirmed by
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using the more accurate transonic code such as
the full potential code.

Thus, the numerical flutter simulations using the

full potential code (USTF3)4) are performed for
this stiffness designed structure. Before we
proceed to the flutter simulations, the capability
of USTF3 for calculating unsteady aerodynamic
forces tor the arrow wing configuration should be
evaluated. Since the experimental data of the
unsteady pressure distributions on an oscillating
arrow wing configuration are not available at
present, USTF3 is evaluated by the comparison
of the unsteady pressure distributions predicted
by USTF3 with those of DLM (this might be
regarded as a cross check of the two-methods).
In Figs. 7, the unsteady load distributions (real
and imaginary parts) at 42.5% semispan and
77.5% semispan stations, respectively, on the
present arrow wing oscillating in pitch about the
axis through the root midchord point at M=0.50
and k=2.0 (k: the reduced frequency based on
root semichord) with the amplitude of one
degree that are calculated by USTF3 and DLM,
respectively, are compared. A good agreement
between USTF3 and DLM canbe seen since the
nonlinear thickness effect is small at M=0.50. In
Figs. 8, the similarcomparisons of the unsteady
load distributions at M=0.90 and k=20 are
shown. Some nonlinear thickness effect
predicted by USTF3 for the real partatthe 42.5%
semispan station and for both the real and
imaginary parts at the 77.5% semispan station
can be seen in the figures. From Figs. 7 and 8,
we concluded that USTF3 can give us the
reliable unsteady aerodynamic forces including
the nonlinear thickness eflects for the flutter
simulations of the arrow wing configuration.

The fiutter simulations by using USTF3 arebased
on the modal approach (see Ref. 4 for further
details of the simulation technique). InFig. 9, the
aeroelastic responses of the generalized
coordinates corresponding to the 4th, 5th and
6th modes of the symmetric mode of the
stiffness designed structure obtained at M=1.0
and V=303 m/s EAS are plotted. Itcan be seen
from the figure that those three modes are
coupled each other. The similar aeroelastic
responses have been calculated for several
values of the velocity at each Mach number
(M=0.60~1.15), and the critical flutter velocity is
determined (at the point where the damping
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Fig. 7 Unsteady Load Distributions on Arrow
Wing Oscillating in Pitch (M=0.5, k=2.0)
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Fig. 9 Aeroelastic Responses of Generalized Coordinates
(Symmetric Mode, M=1.0, V=303 m/s EAS)
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Fig. 13 Comparison of Symmetric and Anti-Symmetric Mode Flutter Boundaries Predicted by USTF3
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coefficient is zero) by the interpolation of the
damping coefficients calculated from those
aeroelastic response curves. In Figs. 10, the
flutter boundary and frequency thus determined
by using the USTF3 are plotted together with
those predicted by DLMcode. As seen fromthe
figure, the flutter boundary determined by
USTF3 is higher than that predicted by DLM, and
it shows no transonic dip phenomenon.

The similar aeroelastic response calculations are
also performed for the anti-symmetric mode of
the stiffness designed structure. In Figs. 11, the
flutter boundary and frequency determined by
USTFS3 are plotted together with those predicted
by DLM. As seen from the figures, the fiutter
boundary predicted by USTF3 shows the
transonic dip phenomenon experiencing the
minimum flutter velocity around Mach number
one, though the flutter velocities for Mach
number 0.6 ~ 0.90 are slightly higher than those
predicted by DLM. In Fig. 12, the typical
aeroelastic responses of the generalized
coordinates corresponding to the 4th, 5th and
6th naturalmode shapes obtained at M=1.0 and
V=290 m/s EAS areplotted. Itcanbe seen inthe
figure that the 4th and 5th modes are strongly
coupled each other.

InFig. 13, the flutter boundaries of the symmetric
and anti-symmetric modes of the stiffness
designed structure, that are predicted by USTF3,
arecompared. As seen fromthe figure, the anti-
symmetric mode flutter becomes more critical for
Mach numbers over 0.90 than that of the
symmetric mode due to the transonic dip
phenomenon  (experienced by the anti
symmetric mode).

4. Concluding Remarks

The study on the transonic flutter characteristics
of an arrow wing configuration has been
conducted by using the full potential code
(USTF3)in addition to the DLM (Doublet Lattice
Method) code as the unsteady aerodynamic
tools. The following results areobtained:

1) The strength designed structure does not
meet the flutter requirement.

2) According to the analyses by using the DLM
code, the symmetric mode fiutter for the full
fuel condition is more criticalthan that of the anti-
symmetricmode flutter for Mach numbers 0.60
~0.95 calculated.

3) According to the analyses by using USTF3
code, the anti-symmetric mode flutter of the
stiffness designed structure for the full fuel
condition becomes more critical than that of
the symmetric mode flutter for Mach numbers
higher than 0.90 since the anti-
symmetric mode flutter experiences the
transonic dip phenomenon while the

symmetric mode flutter does not.
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R
Measurement of Aerodynamic Heating in HYFLEX

by
Keisuke FUJII"!

ABSTRACT

Aerodynamic heating in the ceramic tile region of HYFLEX is measured for comparison with wind
tunnel test results. Aerodynamic heating rate in the flight were reduced from time history of surface
temperature of ceramic tile assuming thermal model constructed from ground lamp heating test.

Boundary layer transition was observed in windward side and the position of transition moves forward
within several seconds to about 30% of x/L. It is interesting that re-laminarization were observed at point of the
transited area in spite of almost constant free stream Reynolds number. Comparison of local flow condition
around the transition with Poll’s criterion! were made and the results showed that the condition is reasonable .
considering surface roughness. Also, heating rate before transition and after re-laminarization agrees with the
data from wind tunnel test at relatively low Reynolds number.
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