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Abstract

An approach which modifies a subsonic dou-
blet iattice method was proposed in the calcula-
tion of transonic unsteady aerodynamics. In this
approach, phase shifts as well as amplitudes of
pressure load distributions on a wing were modi-
fied in use of the doublet lattice method. This
method was developed as an approximate, but prac-
tical technigue for calculating the transonic
flutter boundary on a parametric wing design stage
of an aircraft.

With the aim of obtaining data for verifica-
tion of the present method, model flutter experi-
ment was performed on an energy efficient super-
critical transport wing with an aspect ratio of
10.5 and with a swept angle of 18 degrees. The
measured flutter boundary exhibited a sharp drop
for the narrow Mach number region around 0.8 and
was 20% lower in dynamic pressure than that by the
subsonic lifting surface theory.

Flutter characteristics predicted by the
present method were compared with experimental
results, and it was found that their shape in a
“transonic dip” agrees well with that obtained
from the experiments.

1. Introduction

Recent transport aircraft design tends to
employ a higher aspect ratio and lower swept
angle wing with newly developed supercritical
airfoil sections for the purpose of energy effi-
ciency in the transonic speed range.

From the structural viewpoini, such a high
aspect ratio wing becomes very critical on aero-
etastic phenomena, which are represented by
flutter and aileron reversal, etc. More important-
ly, it is pointed out that the introduction of the
supercritical airfoils can deteriorate wing flut-
ter characteristics in the transonic range. As de-
monstrated in a couple of supercritical wing wind
tunne! flutter experiments by Farmer and Hanson !’
and others 2> ® | there exists a so-called
“transonic dip” of steep declining of flutter
speeds. and the phenomena cannot be explained by
the linear lifting surface theory. This probiem is
very complicated, but urgent. Aircraft engineers
must pay enough attention to it even on a prelim-
inary design stage.

*This investigation was carried out under
contract with JADC (Japan Aircraft Developemnt
Corporation) in conjunction with the develope-
ment of YXX ( forthcoming transport aircraft)
project.
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Although sophisticated numerical methods for
the unsteady transonic flow have been making re-
markable progresses, an appropriate method as a
design tool has not yet been available. These
methods are now being in verification and still
consume much computation time, while the aircraft
engineers need quick solutions to apply flutter
calculation results to wing structural design.

Several approximate approaches have, on the
other hand. been proposed for predicting the
transonic flutter speed boundary. If is shown that
well known Yates’ modified strip analysis can be
applied to this probliem. ““* This method modifies
steady state spanwise distribution of the section
lift curve slope and aerodynamic center by using
wind tunnel data. Another approach was derived by
Garner ‘®> , where he simulated not only spanwise
1ift but also chordwise pressure distributions by
modifying kernel functions of two dimensional sub-
sonic lifting surface theory according to experi-
mental or theoretical steady state pressure dist-
ributions. The simulated aerodynamic forces were in
good agreement with experimental resultis, but its
application to flutter calculation has not yet
been seen.

This paper proposes an approximate approach
for transonic flutter calculations, which can be
applied to the preliminary and parametric wing
design. The present method is an extended ap-
proach of Yates and Garner and takes account of
not only spanwise and chordwise pressure ampli-
tude distributions bui also phase shifis of aero-
dynamic forces caused by shock wave motions. The
pressure amplitude correction data can be obtained
from static measurements or steady state calcula-

tions of the surface pressure. Concerning the
phase shifts of aerodynamic forces relative to
airfoil motions., an empirical rule was formulated
in the present analysis. which was referred to
Tijdeman’s close experimental observations of the
unsteady transonic flow. ®

2. Transonic Flutter Analysis

2.1 Background of Transonic Flutter Phenomena

The transonic flow regime is one where sub-
sonic and supersonic flows are mixed, and the flow
pattern around a wing is complicated because of
the existence of shock wave motions on its sur-
face. Once a shock wave appears, the unsteady
pressure distribution differs absolutely from
what is predicted by the subsonic Iifting surface
theory. Recent advanced numerical calculation re-
sults 7~ and wind tunnel experiments (1% (11
gradually reveal the characteristics of shock wave
motions to us. Based on the wind tunnel test re-
sults, for example, which were conducted by
Tijdeman at NLR in Netherlands, some typical char-
acteristics of unsteady transonic pressure distri-
butions around two dimensional oscillating air-
foils can be observed and described as follows,



(1) Shock wave motions cause remarkable sur-
face pressure amplitude peak.

(2) The pressure phase distribution relative
to airfoil oscillations lags in front of
the shock wave and leads ahead beyond it.

These effects are considered to play important
roles on the transonic dip mechanism of the

flutter boundaries. <7’

2.2 Correction for Including transonic
Effects

The correction techniques to incorporate
transonic effects are outlined in this paragraph.
The corrections are done by introducing transonic
pressure amplitude and phase shift modifications
into the subsonic doublet lattice method.

Pressure Amplitude Distribution

Tijdeman' s experimental study implies that
the amplitude of unsteady pressure distributions
associated with shock waves shows the shape
similar to those observed in the guasi-steady
transonic load. In the present method. the un-
steady pressure amplitude with transonic effect
for each aerodynamic box is obtained by multiply-
ing unsteady subsonic pressure amp!itude by the
correction factor. This factor is the ratio of the
three dimensional quasi-steady transonic to sub-
sonic load at each aerodynamic box.

Thus
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Phase Shift of Pressure Distribution

The effect of the transonic flow on the phase
shift of the pressure distribution is included in
this method by assuming chordwise phase shift dif-
ferences of pressure distributions between un-
steady subsonic and transonic flows. Figure ! dis-
plays the proposed phase shift differences which
have a sharp 180 degree jump at the shock position
and vary linearly from the shock position to the
leading and trailing edges and become zero at both
edges. Figure 2 shows a typical chordwise pattern
of transonic and subsonic pressure phase shifts.

To obtain the shift difference value s at
the shock position, an empirical equation is in-
troduced in the present analysis as follows.

$s = Px-xF[ 1-EXP (~S+ Moo k") ] €2)
S =20.1
T=1.5
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where the ¢y is derived from the next equation.

! 1
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a . local speed of sound
: free stream speed of sound
c . local chord length
reference chord length
k . reduced frequency
M . local Mach number
. free stream Mach number
R . relaxation factor =0.7 ®
. free stream velocity
X . chordwise coordinate
. non-dimensional coordinate =x/c
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Figure 2. Corrected Phase Distribution of
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This empirical rule is the outcome based on
the following considerations.

(1) The ¢ increases linearly with the reduced
frequency k, when the k is relatively smaltl.
Tijdeman has measured the lag time of shock
wave motion relative to the airfoil oscilla-
tion and pointed out that the time increases
linearly with respect to the oscillating
frequency. Since the phase shift ¢g is
caused by the time lag of the shock wave mo-
tion, it can be assumed to be also linear
with respect to the reduced freguency.



(2) But as was mentioned and summarized by
Ashley 12’ and Nixon '¥* | the ¢g ap-
proaches a certain ceiling value when the
k is large, referring to several experimen-
tal and analytical resulis. In this paper
the ceiling value is hypothesized as the
product of ¢x multiplied by x{.

The ¢« is derived from the equation which
Tijdeman has expressed for the ’Kuita Wave’

lag time At in his paper. ®
Namely

th _ xs dx (

¢ {1-TR (M-Mow)+Meo]}a

and

be=w- At = ge - & (
W natural circular frequency
The x¥ is the non-dimensional cherdwise
shock location, which plays a role of
weighting function expressing the length of
the supersonic region. |t means that the in-
fluence of the pressure phase shift of a
shock wave near the leading edge is small.
This ceiling value has about the value that
Ashley referred to.

(3) The unknown values S and T were chosen for
the empirical equation to correspond with
the experimental results obtained by
Tijdeman, as shown in Figure 3. Figure 4 in-
dicates the phase shift curve with respect
to the reduced frequency k for various free
stream Mach numbers.

(4) Since the above phase shift is considered
for the surface pressure distribution, it is
assumed that the contribution to the load
is half.
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Figure 3. Estimation of Parameters S and T
in Empirical Eguation of Phase
Shifis ¢s
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2.3 Calculation procedure

At the outset one performs steady state
transonic flow calculations around a wing or
obtains the pressure distributions from wind
tunnel results, if available, and derives the
quasi-steady pressure distributions from them.

In the present analysis, FLO22'*Y code was
employed for obtaining three dimensional steady
state transonic pressure distributions around
the wing.

According to the method mentioned in the
previous paragraph. the correction factors
for the toad distributions can be expressed in
the matrix form of complex numbers.

The calculation is performed by using the
module utility of the aeroelastic analysis version
of NASTRAN program. The flutter equation is final-
ly solved by K. KE or PK method in U-g procedure.
The flow chart is shown in Figure 5.

3. Wind Tunnel Results and Comparison
with Analysis

The transonic wind tunnel flutter experiment
was conducted to obtain experimental data for the
evaluation of the present correction method.

3.1 Wind Tunnel Flutter Experiment

¥ind Tunnel Model

The wing flutter model is designed as a 1/45
size transport wing with an aspect ratio of 10.5
and an 18 degree swept angle. The model is a semi-
span version and is cantilever-mounted in the wind
tunnel watl. Descriptions of the geometry are
shown in Figure 6 ,together with airfoil sections.
This wing model employs so-called “rear loading
type” of supercritical wing sections, of which the
airfoil thickness is about 16% at the root and
12% at the tip.
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Figure 5. Flow Chart of Flutter Calculation Figure 6. Geometry of Flutter Model
with Transonic Effects

The model is constructed from an aluminum
integral structure of a spar, ribs, and webs, and
silk covered foamed plastics to provide aerody-
namic contours (Figure 7). Structural properties,
such as spanwise bending and torsional stiffness
are simulated by the spar and validated through
stiffness and vibration tests. Comparisons of mea-
sured with analytical vibration characteristics
are summarized in Table 1 and Figure 8, which
show good agreement between them.

Experimental Procedure

Experimental studies were conducted in the Figure 7. Flutter Model Mounted in a Sup-
0.6m by 0.6m blow-down transonic flutter wind porting Block
tunnel at the National Aerospace Laboratory in
Tokyo. Japan. During the flutter experiment, the
tunnel was operated in the manner of sweeping
stagnation pressure with a constant Mach number.

The experiment covered a Mach number range from
about 0.65 to 0.95 . Motion response measured
through the use of strain gage bridges on the mod-
el was monitored on strip charts and a real-time
Fast Fourier Transform analyzer. Flutter bounda-
ries and frequencies were derived from the fil-
tered data of the response which was stored on

a data recorder. A TV camera was also used for
monitoring a continuous visual record of the model
behavior.
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Experimental Results

One of the typical flutter experimental re-
sults was shown in Figure 9. Measured flutter dy-
namic pressures were plotted against Mach numbers
in the lower part of this figure, and correspond-
ing flutter frequencies in its upper part. This

Table 1. Summary of Natural Vibration Char-
acteristics of Flutter Model

EXPERIMENT ANALYSTS figure shows a precise picture of the transonic
MODE NATURAL STRACTURAL NATURAL GENERALIZED dlp wh'Ch has t']een known as a phenomeno"‘ pecu‘ 'ar
FREQ DAME NG FREQ, A SS to the transonic flutter of the supercritical wing.
(H:) @ (H) (i m ) The dip of the flutter boundary occurred in the
relatively narrow Mach number region between 0.75
1 61.9 0.0140 60.7 35561 x10° and 0.85 . At Mach=0.94, the model was stabilized
considerably and no flutter was recorded within
2 206.1 0.0180 200.6 3423 x160° the tunnel operating range of the dynamic pres-
sure.
3 1132 0.0156 4294 4580 X 107
At the bottom of the dip, a low damping un-
4 45 3.7 0.0146 4482 1190 X 1¢°¢ stable motion was observed as indicated in refer-
ences ‘17 1% This situation was illustrated in
5 7057 0.0296 7024 3281 % 167 Figure 10 , where examples of time history re-
sponse of the model motion obtained from the out-
6 79 4.0 i 816.9 5819 x 167 put signal of a strain gage bridge were presented
at sezﬁral engilnengal pornts.hlt can 2e ﬁeen
- 952 7 that the unstable motion never happens to become
’ 959.0 b L7686 x10 explosive flutter at this bottom.

In this flutter experiment, the incidence
angle at the root of wing was set at a.=0 and
2 , but significant differences of measured
flutter characteristics between them were not de-
tected.

a) Mode 2 ( second bending ) (b Mode 8 ( first torsion)

d) Mode 5 ( second torsion )
(¢} Mode 4 ( third bending )

( third torsion )

(e} Mode 6 ( fourth .bending ) (f} Mode 7

Analysis

--------- - Experiment

Figure 8. Comparison of Analytical and Experimental
Nodal Lines of Natural Vibration Mode
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3.2 Analytical Results and Correlation With
Experimental Data

200 v

Prior to flutter analyses, steady state tran-
sonic aerodynamics are calculated using FL022. Fig-
fe(Hz) - ure 11(a) presents examples of calculated sieady

150 T N state transonic pressure distributions at Mach=0.8
mlk Bl - and a@.=2" . Corresponding quasi-steady pressure
; Py o distributions are shown in Figure 11(b) . The
100 e righthand side figure in Figure 11(b) is a quasi-

! steady load distribution for each aerodynamic box
Vos 07 oF 03 10 i and is utilized for deriving the pressure ampli-
Moo tude correction factor in Eq.(1) . Examples of

modified unsteady load distributions are illus-
trated in Figure 12 , where wing flutter model os-
ol N g cillates in the first torsional mode at Mach=0.8 ,
/ ®:=2°, and k=0.2 . The unsteady load distribu-
tions with both ampiitude and phase corrections
are almost perfectly different from those of the
. subsonic doublet lattice method. In addition to
s B pressure amplitude and phase correction, the ef-
= fect of the boundary layer thickness on the gquasi-
| steady load distribution is also included when
ar(el ne) | " R steady state transonic aerodynamics are calculated
./ T R using FLO22.

THEORY
(by DLM)

Figure 13 showed the analytically and experi-
mentally derived flutter characteristics of the
wing model. Three analytical flutter boundaries
— are compared in order to specify each correction
effect on the transonic dip. It can be seen in
oA NG Figure 13 that the results of the present analyses
FLUTTHR predict the transonic dip, which cannot be esti-
A3 7 oF s 1o 1 mated by using the linear subsonic doublet lattice

Moo ) method. The flutter boundary obtained without the
’ phase correction leads to higher flutter dynamic

i

wmOn

©
®

. L pressure at Mach=0.75 than do the boundaries with
Figure 9. Measured Flutter Characteristics the phase correction. 1t is clear that the phase

Moo= 0.78 = Moo= 093

i o

!
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025 st
o (a) Dynamic Pressure a 6.0X10° ka-t/m?
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(6) Dynamic Pressure g 7.0 X 10° k- t/nf

Figure 10. Example of Time Histories of Dynamic Responces
of Flutter Model
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ries themselves, on the other hand, show some dis-
crepancy quantitatively in Figure 13 . Incidental-
ly, there appears some analytical difference be-
tween the results of the doublet lattice method
and the present analyses even at Mach=0.6 , where
the filow around the oscillating wing is subsonic.
The reason for the difference of- the flutter dy-
namic pressures around the transonic dip may come
from the same reason for the difference at Mach=
0.6. This problem needs further investigation. As
for the Mach number which gives the bottom of the
transonic dip, the analytical Mach number is lower
by 0.05 than the experimental one. Earlier discus-
sion indicates that the phase correction seems to
have a major effect on the shape of the analytical
transonic dip. This Mach number difference between
analysis and experiment possibly comes from the
way of phase correction in the analysis.

Figure 14 presents analytical U-g and U-f
curves of the critical mode for various Mach num-
bers. Although the low damping unstable motion was
experimentally observed around the bottom of the
transonic dip,this tendency is not recognized in
the U-g curve for Mach=0.75.

U (ms/s. EAS)

Meo = 0.85

400

the Present Method in Comparison (Ho
with Experiment 2001
correction of pressure distribution have some re- ! e o . . *
lation to the depth of the transonic dip. At Mach= Un (s, BAS)
0.8 , the system is stabilized significantly. This
stabilization is mainly attributed to the effect
of transonic pressure amplitude distribution,whose Figure 14. U-g Curves Calculated by the

peak shifts to the downstream direction on the
wing surface for higher Mach number region.

The analytical-experimental correlations in
the shape of the transonic dip show reasonable
agreement. Especially the width and depth of
the dip are well-correlated. The flutter bounda-
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Present Method ( First Torsional Mode
Branch )



4. Concluding Remarks

A study of the proposed approximate method

and the results of flutter experiments lead to
the following conclusions.

(1) The introduction of correction of pressure

&)

3

@

phase shift distribution as well as ampli-
tude gives better correlation between analysis
and experiment than that with the amplitude
correction only.

Better correlation with experiment in the
shape of the transonic dip is obtained when
the correction of phase shifts of pressure
load distributions is included.

In the transonic flutter experiment, the com-
plete shape of the transonic dip was deter-
mined successfully, and the low damping un-
stable motion was observed around the bottom
of the transonic dip.

Further study to improve the empirical rule

for phase shifts will be required in order to
obtain better quantitative correlation.
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