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Application of Transonic Codes to Flutter Analysis
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T.Y. Yang*
Purdue University, W, Lafayette, Ind.
P. Guruswamyt
Informatics, Inc., Palo Alto, Calif.

Alfred G. Strizi
University of Oklahoma, Norman, Okla.

Transonic flutter analyses are performed for two conventional airfoils, NACA 64A006 and NACA 64A010,
and three supercritical airfoils, MBB A-3, CAST 7, and the NASA TF-8A wing section at 65.3% semispan. Two
degrees of freedom, plunging and pitching about the quarter-chord axis, are considered. The aerodynamic data
are obtained by using the two transonic aerodynamics codes LTRAN2 (indicial and time integration methods)
and STRANS2/UTRANS?2 (harmonic analysis method). The unsteady aerodynamic data are computed within
the low reduced frequency range. For all airfoils, the effect of Mach number on flutter speed is studied for
several values of four different aeroelastic parameters. For the MBB A-3 supercritical airfoil, the effect of angle
of attack on flutter speed is studied. For the cases of a flat plate and a NACA 64A006 airfoil, time response
results are obtained by LTRAN2. Applicability and limitations of the two transonic codes are evaluated. Results
for the transonic flutter characteristics of these airfoils are discussed and some comparisons are made.

Nomenclature
a, =distance in semichords measured from midchord to
elastic axis
b,c =semichord and full-chord lengths, respectively
Cu =lift coefficient due to plunging

=lift coefficient due to pitching

=moment coefficient due to plunging

C =moment coefficient due to pitching

e =distance in chords measured from leading edge to

center of pressure

g =structural damping coefficient

h =plunging degree of freedom

I, =polar moment of inertia about elastic axis

=reduced frequencies defined as wb/U and wc/U,
respectively

m =mass of the airfoil per unit span

r, =radius of gyration about elastic axis= (/,/mb?)

S =airfoil static moment about elastic axis

U = freestream velocity

X, =distance in semichords measured from midchord to
pitching axis
Xq =distance in semichords measured from elastic axis to

mass center = S/mb

o =pitching degree of freedom

7 =airfoil-air mass density ratio = m/wpb?
p =freestream air density

%) = flutter frequency

W, =uncoupled plunging frequency

W, =uncoupled pitching frequency

w, =reference frequency set equal to unity
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Introduction

N recent years, there has been extensive progress in

transonic unsteady computational aerodynamics. A review
of the state-of-the-art of the numerical methods was given by
Ballhaus and Bridgeman.! Based on the developments in
computational aerodynamics, aeroelastic applications have
been performed and were reviewed by Ashley.? In the present
study, the applications of transonic codes to flutter analyses
of conventional and supercritical airfoils are discussed as a
summary of three years of research sponsored by the Air
Force Office of Scientific Research.

To date, a number of efficient transonic computer codes are
available to solve the two-dimensional, inviscid, small-
disturbance, unsteady aerodynamic equations by the finite
difference method.

Traci, Albano, and Farr? developed the codes STRANS2
and UTRANS?2 to solve the transonic steady and unsteady
equations by the relaxation method. The unsteady equation is
time-linearized by treating the unsteady solution as a small
linear harmonic perturbation about a nonlinear steady-state
solution.

Ballhaus and Goorjian* used a time integration method to
solve the unsteady transonic equation. They developed the
code LTRAN2 to time-accurately solve the low-frequency
transonic equations. This code accounts for shock movement
during the unsteady computations. The code also includes an
indicial method. Recently, several modifications have been
incorporated into LTRAN2. Houwink and van der Vooren®
modified LTRAN2 by adding high-frequency terms to the
boundary conditions and pressure computations. Recently,
Rizzetta and Yoshihara® developed an unsteady transonic
code, EXTRAN2, which does not have any low-frequency
assumptions. High-frequency terms are retained in the
potential equations, the boundary conditions, and the
pressure computations. Viscous effects are incorporated in
the program by using a viscous ramp method.

Goorjian’ did a preliminary study to remove the small-
disturbance and low-frequency restrictions by considering the
full potential equations. Williams?® discussed a procedure of
linearizing unsteady transonic flows which contain shocks. He
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considered the equations governing the unsteady field,
allowing for induced oscillations of any embedded shocks.

In addition to these finite difference methods, several other
methods such as the finite element method and the Kernel
function method have been applied to solve the unsteady
transonic equations. A brief survey of such efforts is given in
Ref. 9.

There have also been attempts to solve the three-
dimensional, inviscid, small-disturbance transonic equations.
Traci, Albano, and Farr? developed the codes TDSTRN and
TDUTRN utilizing the relaxation method. Recently, Borland,
Rizzetta, and Yoshihara!® presented a transonic code,
LTRAN3, which solves the three-dimensional, low-
frequency, unsteady transonic equation by time integration
method.

Parallel to these theoretical attempts, several experimental
studies have been conducted in the area of transonic
aerodynamics. In Ref. 11, steady-state wind-tunnel results are
presented for several supercritical airfoils. Tijdeman!? un-
dertook steady and unsteady wind-tunnel experiments on a
NACA 64A006 airfoil. Davis and Malcolm!? studied the
aerodynamic characteristics of an oscillating NACA 64A010
airfoil in the wind tunnel at transonic Mach numbers. Davis
and Malcolm!4 also obtained experimental unsteady
aerodynamic results for the NACA 64A010 conventional
airfoil and the NLR 7301 supercritical airfoil.

Based on the theoretical and experimental developments in
unsteady transonic aerodynamics, aeroelastic applications
have been investigated. In Ref. 3, Traci, Albano, and Farr
reported a flutter analysis of the NACA 64A006 and NACA
64A410 airfoils based on aerodynamic coefficients computed
by the relaxation programs STRANS2 and UTRANS2.
Preliminary results obtained for the NACA 64A006 airfoil
demonstrated the importance of the' transonic range by the
drop in flutter speed at M =0.85. The restricted Mach number
range of the aerodynamic data did not permit an in-depth
examination of the NACA 64A410 airfoil. Rizzettals per-
formed flutter analysis of a NACA 64A010 airfoil by using
the same two programs, STRANS2 and UTRANS2. He also
reported an aeroelastic time response analysis for this air-
foil. 16 Two cases, single (pitch) and three (pitch, plunge, and
aileron pitch) degrees of freedom, were considered.

Ballhaus and Goorjian!? used the time integration and
indicial approaches to conduct aeroelastic response analyses.
They presented a time response procedure to determine the
flutter speed of a single-pitching-degree-of-freedom NACA
64A006 airfoil at M=0.88. The response histories were
computed by using LTRAN2 coupled with a simple ordinary
differential equation integration procedure such that the
aerodynamic equation and the equation of motion of the
airfoil were integrated simultaneously.

In Ref. 2, Ashley studied flutter characteristics of the TF-
8A wing section at the 65.3% semispan station by using ex-
perimental wind-tunnel data. McGrew et al.!'® carried out
transonic flutter analysis of supercritical wings, studying a
TF-8A flutter model and the YC-151I1I prototype aircraft.

Mykytow !? pointed out the detrimental effect of mass ratio
on the flutter boundary in the transonic region: the greater the
mass ratio, the deeper the dip. From the study of a binary
system of the streamwise section of a sweptback wing,
Jsogai?® concluded that the mechanism of the single-degree-
of-freedom flutter dominates the flutter of the system studied
at the bottom of the transonic dip. He also remarked that the
large time lag between the aerodynamic pressures and the
airfoil motion in the transonic region, caused by the com-
pressibility effect, is the main cause of the transonic dip
phenomenon. Recently, Isogai?! conducted an extensive
transonic flutter analysis of a NACA 64A010 airfoil. Flutter
calculations were performed for two typical binary systems,
one simulating the vibrational characteristics of a typical
streamwise section of a sweptback wing, and the other those
of an unswept wing. A sharp transonic dip of the flutter
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boundary is shown for the former case, while the dip for the
latter is relatively mild. Once again, he concluded that the
mechanism of the single-degree-of-freedom flutter, which is
caused by the large negative damping produced by the phase
lag of the shock wave motion, dominates the flutter at the
bottom of the transonic dip when the mass ratio is relatively
large.

In a Comment by Hitch and the Reply by Yang et al.,?? it
was explained that transonic flutter speed is affected by the
magnitude of lift coefficient C,, and the aft-movement of the
center of pressure. The former decreases the flutter speed,
whereas the latter increases the flutter speed.

Farmer and Hanson?? performed a wind-tunnel study to
investigate the flutter behavior of two dynamically similar
wings, one with supercritical wing sections and the other with
conventional ones. It was found that the supercritical wing -
experienced a much more pronounced transonic dip than the
conventional wing.

Eastep and Olsen?* reported the flutter analysis of a rec-
tangular wing by using the three-dimensional unsteady
transonic codes TDSTRN and TDUTRN.? With increase in
Mach number, both flutter speed and frequency decreased in
the transonic regime. The decrease in flutter speed was greater
when transonic aerodynamics were used as compared to linear
aerodynamics.

In this study, flutter analyses were performed for five
airfoils, oscillating in plunge and pitch about the quarter-
chord axis. For the two conventional airfoils NACA 64A006
and NACA 64A010 and the supercritical airfoil MBB A-3,
both LTRAN2 and STRANS2/UTRANS2 were
simultaneously employed to obtain the aerodynamic data. For
the other two supercritical airfoils, CAST 7 and the NASA
TF-8A wing section at the 65.3% semispan station, the
aerodynamic data were obtained by LTRAN2 and
STRANS2/UTRANS2, respectively. Four aeroelastic
parameters were considered as variables in the analyses: the
airfoil-air mass density ratio, the position of the mass center,
the plunge-to-pitch frequency ratio, and the position of the
elastic axis.

The effect of Mach number on flutter speed was studied for
various values of these parameters. The transonic dip
phenomenon was illustrated and explained. For the MBB A-3
supercritical airfoil, the effects of angle of attack, camber,
and supercritical thickness distribution on flutter speed were
also examined.

Time response results were obtained for a flat plate and a
NACA 64A006 airfoil by simultaneously integrating the
LTRAN2 aerodynamic equations and the structural
equations. Both a single- and a two-degree-of-freedom case
were considered. Neutrally stable response was found when
checking a lowest point on the transonic flutter speed curve.

Applicability and limitations of the two transonic codes are
evaluated. Results obtained for the transonic flutter
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Fig. 1 Definition of parameters for a 2-degree-of-freedom
aeroelastic system.
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characteristics of these airfoils are discussed and some
comparisons are made.

Acroelastic Equations of Motion

Figure 1 defines the sign conventions and the parameters
for a typical airfoil oscillating in pitch and plunge. The system
is similar to that shown in Sec. 9-2 of Ref. 25.

In deriving the equations, the assumptions were
1) displacement 4 and rotation « are measured from the mean
position given by the steady-state condition; 2) the airfoil is
rigid; 3) the amplitudes of oscillation are assumed to be
small; and 4) the principle of superposition of airloads holds
even when there are shocks present. Discussion and
justification of the last assumption were given in Ref. 13.

Considering equilibrium of the aeroelastic system as shown
in Fig. 1, the final eigenvalue equations for flutter analysis

are’®
Eo 20
(uk[M]—[A]) =X\ [K] 1
Xy X

where £, and o, are the nondimensional amplitudes in plunge
and pitch oscillations, respectively; u and k, are defined in the
Nomenclature.

The matrices [M], [A], and [K] are as follows:

1] x,
(M] = { } (2a)
Xo | To
1 Cin/2 ‘ Ca
[A1= - (2b)
g —th l _Zcmu
(wy/w,)? 0
(K] = { “nfen)” | | @0)

| 0

| r2(w,/0,)? |

The eigenvalue A is complex and defined as
A=p(l+ig)wb?/U? 3)

where g represents the structural damping coefficient, which
is assumed to be small and of the same order for both
plunging and pitching modes. A flutter solution is obtained
when g is found to be zero. In the transonic flutter analysis,
the essential task is the computation of the aerodynamic
coefficients for Eq. (2b).

Results and Discussions

The equations for the configurations of the five airfoils
studied were supplied by Olsen.26 The airfoil data are
presented. in Ref. 27, except for the TF-8A wing section, for
which the data are given in Ref. 28. Figure 2 shows the
configurations of all the airfoils considered.

Flutter Analysis of a NACA 64A006 Airfoil

Detailed flutter analyses were first performed for the
conventional NACA 64A006 airfoil (6% thickness-to-chord
ratio) and are given in Refs. 9, 22, and 29. The airfoil was
assumed to plunge and pitch about the quarter-chord axis.
The aerodynamic coefficients were obtained for M=0.7, 0.8,
0.85, 0.8625, and 0.87, in the low reduced frequency range.
Both computer codes STRANS2/UTRANS2 and LTRAN2
were employed. Flutter results were presented as plots of
flutter speed and the corresponding reduced frequency vs
airfoil-air mass density ratio, position of mass center,
position of elastic axis, or freestream Mach number. In each
figure, several sets of curves for different values of plunge-to-
pitch frequency ratio were shown. The effects of these
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Fig.2 Airfoil configurations.

parameters on the flutter characteristics of this airfoil were
discussed. .

The two sets of results based on the two separate computer
codes were, in general, in good agreement. Flutter results of
the transonic codes compared well with those obtained by
linear flate plate theory in the subsonic regime. However, only
the transonic codes presented the transonic dip near M =0.85.

Flutter Analysis of a NACA 64A010 Airfoil

Flutter analyses were performed for the NACA 64A010
conventional airfoil (10% thickness-to-chord ratio) and are
given in Ref. 9. The aerodynamic coefficients were obtained
for plunge and pitch about the quarter-chord axis at M=0.72,
0.76, and 0.80, and at various values of low reduced
frequency. Both computer programs, LTRAN2 in the indicial
mode and STRANS2/UTRANS2, were used. Flutter results
were presented as plots of flutter speed and the corresponding
reduced frequency vs each of the three aeroelastic parameters
(w0, x,, a,) or freestream Mach number. In each figure,
several sets of curves for different values of plunge-to-pitch
frequency ratio were shown.

The effects of the aeroelastic parameters on the flutter
characteristics of this airfoil were discussed. The two sets of
results obtained in Ref. 9 based on the two computer codes
were, in general, in good agreement.

Additional results which were not given in Ref. 9 are ob-
tained here for M=0.82 by LTRAN2 and STRANS2/
UTRANS?2. Results for flutter speed and reduced frequency
vs Mach number are given in Fig. 3 for three u-values. All the
curves show a transonic dip. The minimum for the two curves
by the indicial method for u =200 and 300 appears to be at
M>0.82. The detrimental effect of the mass ratio is seen: the
higher the g, the deeper the dip.

Flutter Analysis of a MBB A-3 Supercritical Airfoil

Detailed analyses of a MBB A-3 supercritical airfoil were
conducted to study 1) the flutter characteristics of the airfoil
at 0-deg angle of attack and design Mach number 0.765;
2) the flutter characteristics of the airfoil at design Mach
number and design C,=0.58; 3) the effect of camber on its
flutter characteristics; 4) the comparison with flutter
characteristics of a conventional symmetric airfoil of the same
thickness-to-chord ratio; 5) the effect of Mach number on its
flutter speed; and 6) the effect of angle of attack on flutter
speed. Studies 1-5 were reported in Refs. 30 and 31.
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Fig. 4 Distribution of steady pressure coefficients for MBB A-3 by
STRANS?2.

The aerodynamic coefficients were obtained by using both
codes STRANS2/UTRANS2 and LTRAN2 for these six
studies. Flutter results were presented as plots of flutter speed
vs different aeroelastic parameters, Mach number, or angle of
attack. ,

In study 1, the aerodynamic and flutter results obtained by
the two codes at M=0.765 and o=0.0 deg compared well.
They also provided a basis for comparison with later results.

In study 2, flutter analysis was conducted at design Mach
number 0.765 and the equivalent design angle of attack that
yields a design lift coefficient of C,=0.58. These angles were
0.75 and 0.42 deg for STRANS2 and LTRAN2, respectively.
In general, the airfoil was more stable at the equivalent design
angle of attack than at 0-deg angle of attack.

In study 3, flutter analysis was carried out for a MBB A-3
supercritical airfoil without camber at design Mach number
-and the equivalent design angles of attack. Within the range
of values selected for all parameters, removal of the camber
from the airfoil decreased the flutter speed; i.e., the camber
had a stabilizing effect on the airfoil.
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In study 4, a conventional airfoil, NACA 64A010, was
scaled down to the same maximum thickness-to-chord ratio as
the MBB A-3 airfoil (8.9%). The flutter characteristics of this
equivalent conventional airfoil were almost the same as those
of the MBB A-3 airfoil without camber.

In study 5, the effect of Mach number on flutter charac-
teristics of the MBB A-3 airfoil at 0-deg angle of attack was
investigated. The Mach numbers considered were 0.70, 0.72,
0.74, 0.765, and 0.78, respectively. All the curves for flutter
speed showed a dip in the neighborhood of the transonic
design Mach number M =0.765. The effects of x_, u, w,/w,,
and a, on the various characteristics of the dip phenomenon
were demonstrated.

In study 6, steady and unsteady aerodynamic results were
computed for the MBB A-3 supercritical airfoil for various
angles of attack at the design Mach number. Because of



MARCH 1982 TRANSONIC FLUTTER ANALYSIS 215
Table1 Aerodynamic coefficients for MBB A-3 for various angles of attack at M =0.765 by UTRANS2
Reduced frequency, &,
Angle 0.0 0.05 0.10 0.15 0.20
of attack, deg Re Im Re Im Re Im Re Im Re Im
1.3 0.104 0.492 0.278 - 0.835 0.492 1.074 0.677 1.184
1.2 0.106 0.499 0.281 0.844 0.501 1.087 0.695 1.197
1.0 0.111 0.508 0.285 0.854 0.508 1.100 0.710 1.209
Cjs 0.75 .0.119 0.557 0.279 0.906 0.539 1.172 0.772 1.277
0.42 0.094 0.513 0.286 0.881 0.536 1.138 0.745 1.262
0 0.089 0.521 0.260 0.900 0.523 1.185 0.772 1.288
-0.4 0.091 0.512 0.281 0.881 0.521 1.150 0.736 1.275
1.3 10.376 0 9.345 —1.724 8.254 —2.451 7.260 —2.718 6.362 —2.747
1.2 10.590 O 9.514 ~1.768 8.389 —2.521 7.360 —2.808 6.435 ~2.839
1.0 10709 0O 9.610 -1.803 8.463 —2.567 7.419 —2.853 6.483 ~2.884
Cy, 0.75 11.388 0O 10.171 —1.941 8.932 —2.818 7.757 —3.144 6.702 —3.180
0.42 11.168 - 0 9.992 —-1.915 8.757 —2.687 7.677 —2.948 6.744 —2.966
0 11.221 0 10.141 —1.949 8.843 -2.801 7.667 - 3.060 6.710 -2.970
-0.4 11.129 0 9.979 —1.878 8.780 —2.605 7.745 —2.857 6.845 —2.881
1.3 —-0.007 —0.044 -0.016 -0.077 —0.031 -0.106 —0.051 —0.125
1.2 —0.006 -0.043 -0.016 —-0.076 -0.029 —0.106 -0.050 -0.126
1.0 —0.005 -0.040 -0.012 -0.071 -0.023 -0.100 —0.040 -0.121
Cs 0.75 -0.003 -0.035 —0.003 —0.060 —0.009 -0.09 -0.020 -0.113
0.42 0.0 -0.024 0.002 —0.047 0.002 -0.072 0.0 —0.096
0 0.003 -0.015 0.010 ~0.031 0.017 —0.053 0.020 -0.076
-0.4 0.003 ~0.012 0.010 -0.026 0.018 —-0.044 0.025 —0.065
1.3 —0.901 0 -0.829 0.073 —0.766 0.079 -0.715 0.066 -0.671 0.061
1.2 -0.899 0 -0.826 0.069 ~0.764 0.073 -0.715 0.059 -0.673 0.052
1.0 -0.824 0 -0.759 0.048 -0.709 0.040 -0.672 0.019 —0.643 0.007
Co 0.75 —0.691 0 —0.640 0.006 —0.614 -0.023 -0.597 -0.056 —0.589 -0.073
0.42 -0.510 0 -0.482 -0.032 -0.472 —0.087 —0.476 -0.140 —0.489 —0.180
0 -0.311 0 —-0.307 -0.074 -0.319 —0.148 —0.340 -0.212 —0.365 —0.265
-0.4 -0.248 0 —0.246 —0.082 -0.262 ~0.162 -0.285 -0.231 ~-0.314 ~0.286
Table2 Aerodynamic coefficients for MBB A-3 for various angles of attack at M= 0.765 by LTRAN2
Reduced frequency, &,
Angle 0.05 0.10 0.15 0.20
of attack,
deg Re Im Re Im Re Im Re Im
-0.2 0.160 0.598 0.429 1.036 0.694 1.362 0.977 1.595
0.0 0.171 0.636 0.422 1.100 0.724 1.420 0.881 1.728
0.2 0.238 0.671 0.595 1.095 0.900 1.386 1.199 1.563
Cy 0.42 0.324 0.728 0.734 1.130 1.058 1.379 1.355 1.505
0.6 0.452 0.783 0.917 1.133 1.247 1.314 1.493 1.417
0.8 0.709 0.830 1.165 1.105 1.441 1.231 1.619 1.311
-0.2 11.965 —3.206 10.356 —4.290 9.078 —4.625 7.974 —4.886
0.0 12.724 —3.409 11.00t —4.223 9.469 ~4.825 8.642 —4.403
0.2 13.419 —-4.752 10.952 —5.946 9.237 —5.999 7.815 -5.997
C, 0.42 14,555 —6.480 11.303 —7.340 9.195 —7.055 7.524 -6.775
0.6 15.662 ~9.043 11.329 -9.174 8.763 —8.316 7.086 —7.467
0.8 16.604 —14.18 11.053 —11.65 8.205 —-9.607 6.554 - 8.093
-0.2 —0.005 -0.026 -0.031 -0.049 —-0.022 -0.073 -0.030 -0.100
0.0 -0.008 —0.038 -0.015 -0.071 -0.022 —0.103 -0.029 -0.136
0.2 -0.021 —0.054 -0.052 -0.089 -0.077 -0.118 -0.107 -0.140
Cos 0.42 ~0.043 —0.085 -0.092 -0.127 -0.137 —0.152 —0.180 -0.162
0.6 —0.078 -0.120 —0.158 —0.158 —0.215 ~0.174 —0.268 -0.164
0.8 -0.171 -0.171 -0.280 -0.182 -0.346 -0.176 —0.385 -0.171
-0.2 -0.511 0.109 —0.489 0.131 ~0:489 0.145 —-0.502 0.149
0.0 —-0.763 0.162 -0.706 0.150 —0.686 0.146 -0.680 0.145
0.2 ~1.084 0.416 —0.892 0.515 -0.790 0.513 -0.699 0.537
Chr 0.42 —1.704 0.868 -1.272 0.924 -1.014 0.913 —0.811 0.901
0.6 -2.391 1.553 —-1.579 1.579 —1.158 1.430 -0.820 1.338
0.8 —3.409 3.409 —1.820 2.803 -1.175 2.306 -0.857 1.924
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Table 3 Aerodynamic coefficients for CAST 7 for various Mach numbers by LTRAN2

Reduced frequency, k&

[4

Mach 0.05 0.10 0.15 0.20
No. Re ' Im Re Im Re Im Re Im
0.600 0.033 0.413 0.116 0.798 0.229 1.153 0.355 1.480
0.625 0.045 0.428 0.131 0.824 0.267 1.180 0.384 1.514
0.650 0.047 0.449 0.159 0.855 0.293 1.221 0.458 1.544
Cp 0.675 0.063 0.480 0.192 0.904 0.359 1.272 0.542 1.597
0.700 0.088 0.553 0.285 1.051 0.532 1.387 0.759 1.705
0.710 0.132 0.620 0.391 1.103 0.698 1.463 0.999 1.730
0.720 0.258 0.759 ) 0.653 1.241 1.047 1.523 1.372 1.695
0.600 8.263 —0.650 7.976 —1.156 7.685 -1.529 7.402 -1.777
0.625 8.566 —0.900 8.237 —1.305 7.864 —-1.780 7.568 -1.922
~ 0.650 8.987 —0.945 8.549 —1.585 8.139 —-1.954 7.722 —2.288
Cp, 0.675 9.593 —1.263 9.037 —-1.921 8.483 —2.392 ) 7.986 -2.711
0.700 11.047 -1.750 10.513 —2.854 9.245 —3.549 8.527 -3.797
0.710 12.400 —2.636 11.030 —3.906 9.753 —4.652 8.652 —4.995
0.720 15.176 —~5.152 12.407 —6.528 10.150 —-6.977 8.473 —6.862
0.600 0.001 -0.001 0.003 —0.003 0.007 -0.005 0.011 -0.008
0.625 0.001 —-0.001 0.004 —0.003 0.008 —0.005 0.014 -0.009
0.650 0.002 —0.001 0.006 —0.003 0.012 —0.005 0.018 —0.009
Cos 0.675 0.004 0.004 0.009 0.002 0.018 -0.001 0.028 -0.007
0.700 0.005 -0.001 0.016 —0.003 0.031 -0.013 0.047 -0.027
0.710 0.006 -0.021 0.015 —0.040 0.026 —0.063 0.025 -0.091
0.720 -0.011 -0.085 —0.040 -0.147 —0.078 —0.189 -0.119 -0.218
0.600 -0.021 -0.020 —0.026 —-0.034 - —0.030 —0.046 —0.039 -0.057
0.625 —0.023 —0.024 -0.027 —0.040 —0.036 -0.056 -0.047 -0.068
0.650 —0.015 ~0.032 —-0.025 —0.059 —0.032 -0.077 —0.046 -0.091
C,. 0.675 0.070 —-0.074 0.022 -0.093 —0.003 -0.117 -0.034 - —0.140
0.700 -0.009 -0.089 —-0.030 -0.162 —0.085 —0.205 -0.137 -0.237
0.710 -0.414 ~0.111 —-0.399 —0.153 —0.417 -0.173 —0.457 -0.123
0.720 —1.705 0.225 —1.472 0.395 —1.261 0.522 —-1.092 0.593
Tabled4 Aerodynamic coefficients for TF-8A at o= — 3.0 deg for various Mach numbers by UTRANS2
Reduced frequency, k,
Mach 0.0 "0.05 0.10 0.15 0.20
No. Re Im Re Im Re Im Re Im Re Im
0.70 0.0 0 0.057 0.471 0.218 0.828 0.395 1.094 0.549 1.312
0.74 0.0 0 0.081 0.485 0.251 0.844 0.453 1.104 0.619 1.290
0.76 0.0 0 0.088 0.496 0.279 0.864 0.494 1.113 0.668 1.268
(N 0.77 0.0 0 0.095 0.513 0.299 0.889 0.531 1.138 0.722 1.276
0.78 0.0 0 0.108 0.535 0.335 0.909 0.574 1.132 0.752 1.283
0.79 0.0 0 0.105 0.510 0.323 -0.858 0.543 1.067 0.697 1.201
0.80 0.0 0 0.113 0.516 0.340 0.854 0.555 1.057 0.706 1.186
0.70 9.444 0 9.430 —0.634 8.219 —-1.674 7.568 —1.941 6.971 —2.043
0.74 10.174 0 9.358 ~1.462 8.455 —2.095 7.629 —2.368 6.886 —2.438
0.76 10.631 0 9.649 —1.689 8.581 —2.376 7.634 —2.631 6.796 —2.661
C, 0.77 11.161 0 10.034 -1.876 8.840 —2.640 7.776 —2.893 6.851 —-2.891
0.78 11.768 0 10.440 —2.141 9.068 -2.917 7.904 -3.156 6.889 —3.130
0.79 11.236 0 9.904 -2.056 8.560 -2.761 7.436 —2.934 6.486 —2.861
0.80 11.366 0 9.939 —2.124 8.552 —2.843 7.394 -3.013 6.424 —-2.932
0.70 0.0 0 0.004 —0.001 0.011 -0.004 0.022 -0.012 0.035 —0.021
0.74 0.0 0 0.003 —0.007 0.010 —0.015 0.019 -0.026 0.029 -0.039
0.76 0.0 0 0.002 -0.012 0.007 —0.026 0.014 —0.040 0.021 —0.056
Cs 0.77 0.0 0 0.002 —0.015 0.006 —-0.029 0.012 —0.046 0.018 -0.063
0.78 0.0 0 0.001 —0.016 0.006 —0.032 0.011 - —0.049 0.018 —0.066
0.79 0.0 0 —0.002 —-0.030 —0.005 —-0.054 -0.008 -0.075 —0.007 —0.094
0.80 0.0 0 —0.006 —0.042 —-0.018 —-0.073 —0.028 —0.096 —0.033 -0.116
0.70 —0.013 0 -0.019 —0.096 -0.042 -0.170 —0.066 —0.240 —0.090 -0.301
0.74 —0.115 0 -0.122 —0.086 —-0.139 —0.165 —0.161 —-0.234 —-0.184 —0.293
0.76 -0.238 0 —0.235 -0.070 —0.243 —0.143 —0.256 —-0.209 -0.273 —0.266
Cha 0.77 -0.285 0 -0.277 —0.065 ~0.283 —-0.136 —0.293 -0.203 -0.307 —0.262
0.78 -0.311 0 —-0.301 —0.066 —0.305 —0.141 —0.316 -0.209 -0.331 —-0.270
0.79 —-0.611 0 —~0.560 —0.003 -0.522 —0.042 —0.499 -0.099 —0.484 —0.163
0.80 —0.890 0 -0.797 0.073 -0.718 0.057 —0.658 0.011 —-0.615 -0.059
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Fig. 7 Effect of angle of attack on flutter speed for MBB A-3 by
LTRAN2.
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Fig. 8 Distribution of steady pressure coefficients for CAST 7 by
LTRAN2.

different limitations of the two programs, different angles of
attack had to be considered: —0.2, 0.0, 0.2, 0.42, 0.6, and 0.8
deg for LTRAN2, and - 0.4, 0.0, 0.42,0.75,1.0,1.2, and 1.3
deg for STRANS2/UTRANS2, respectively. Figures 4 and 5
show the steady pressure curves obtained by STRANS2 and
LTRAN?2, respectively. The obvious discrepancies between
the two sets of curves are due to the differences in the two
codes which will be discussed in the Concluding Remarks. The
corresponding unsteady aerodynamic coefficients obtained by
UTRANS2 and LTRAN2 are shown in Tables 1 and 2,
respectively.

Based on these coefficients, flutter analysis was conducted
and -the results are given as plots of flutter speed and
corresponding reduced frequency vs angle of attack for
various values of the aeroelastic parameters. Detailed results
are presented in Ref. 32. Figures 6 and 7 show two typical sets
of flutter curves obtained by STRANS2/UTRANS2 and
LTRAN?2, respectively. Figure 6 shows the effect of angle of
attack on flutter speed for three values of airfoil-air mass
density ratio (100, 200, and 300). The values for X,» @y, and
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Fig. 10 Compensating effects of Re (C;,) and e on flutter speed for
CAST 7 by LTRAN2.

w,/w, were 0.5, —0.5, and 0.1, respectively. The
corresponding results for LTRAN2 are given in Fig. 7. In
both figures, the flutter speed increases with the increase in
mass ratio. The flutter speed gradually increases with the
increase in angle of attack. The increase appears to be more
rapid in the neighborhood of «=0.8 deg.

Because of the limitations of both codes, the upper limits of
o considered by LTRAN2 and UTRANS2 were 0.8 and 1.3
deg, respectively. In the extra region of higher w«-values
studied by UTRANS2 (see Fig. 6), it appears that the in-
creasing trend of the flutter speed curves becomes more
flattened in the neighborhood of the design angle of attack 1.3
deg, indicating that for the values of the parameters chosen,
the airfoil is more stable near the original design angle of
attack.

Flutter Analysis of a CAST 7 Supercritical Airfoil

Detailed analysis of a CAST 7 supercritical airfoil (11.9%
thickness-to-chord ratio) was conducted by LTRAN?2 to study
the effects of Mach number on flutter speed for four
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aeroelastic parameters at 0-deg angle of attack. The Mach
numbers considered were 0.60, 0.625, 0.65, 0.675, 0.70, 0.71,
and 0.72, respectively.

Figure 8 shows the effect of Mach number on the upper and
lower surface steady pressure curves obtained by LTRAN2.
M=0.72 is practically the highest Mach number that can be
considered in the present analysis. The corresponding un-
steady aerodynamic coefficients are shown in Table 3. Based
on these coefficients, the flutter analysis was conducted.

Figure 9 shows the curves of flutter speed and
corresponding reduced frequency vs Mach number for three
values of airfoil-air mass density ratio (100, 200, and 300).
The other aeroelastic parameters x,, a,, and w,/w, were
assumed as 0.5, —0.5, and 0.1, respectively. In this figure, the
flutter speed increases with the increase in airfoil-air mass
density ratio. All curves for flutter speed present a dip in the
neighborhood of M=0.71. The shapes of the dip are more
pronounced for higher values of u. Similar results obtained by
varying the other aeroelastic parameters are presented in Ref.
32, -

The transonic dip may be explained as the result of the
compensating effects of the lift coefficient C,, and the
position of center of pressure e. Such effects are shown for the
CAST 7 airfoil in Fig. 10. In this figure, Re(C,,) increases
with the increase in Mach number and the flutter speed drops
at a comparable rate. The e value stays more or less un-
changed up to about M=0.70. Thereafter, the e value in-
creases noticeably; i.e., the center of pressure moves aft,
which increases the flutter speed sharply.

Flutter Analysis of a TF-8A Wing Section at the 65.3% Semispan
Station

The TF-8A supercritical wing was developed by NASA and
has been subjected to various aerodynamic and aeroelastic
studies.??? In this paper, a flutter analysis of the typical wing
section at the 65.3% semispan station (7.9% thickness-to-
chord ratio) was undertaken at various Mach numbers by
STRANS2/UTRANS2. In a wind-tunnel test,?® the local
angle of attack of this wing section was —3.0 deg when
corresponding to a zero mean angle of attack of the zero-twist
station at the 1-g design condition. Hence, this flutter analysis
was performed at o= —3.0 deg and also at «=0.0 deg for
comparison.

Figure 11 shows the upper and lower surface steady
pressure curves obtained for the TF-8A wing section for seven
Mach numbers (0.70, 0.74, 0.76, 0.77, 0.78, 0.79, and 0.80) at
a= —3.0 deg by STRANS2. The corresponding unsteady
aerodynamic coefficients by UTRANS2 are given in Table 4.
Based on these coefficients, flutter analysis was conducted
and the effect of Mach number on flutter speed was studied
for various values of the aeroelastic parameters.

Figure 12 shows the curves for flutter speed and the
corresponding reduced frequency vs Mach number at a=
—3.0 and 0.0 deg obtained for three airfoil-air mass density
ratios (100, 200, and 300). The other aeroelastic parameters
X,, a,, and w,/w, were assumed as 0.5, —0.5, and 0.1,
respectively. In this figure, the flutter speed increases with the
increase in mass ratio for both angles of attack. All the three
curves for o= — 3.0 deg present a dip in the neighborhood of
M=0.78. The dip is more pronounced for higher u values.
The corresponding curves for a=0.0 deg do not show a dip
other than having their lowest values between M =0.72 and
0.76. Results were obtained by varying the other three
aeroelastic parameters and are presented in Ref. 32. '

As explained earlier, the transonic dip phenomenon may be
explained as a result of the compensating effects of the lift
coefficient C,, and the position of center of pressure e. Such
effects are shown in Fig. 13.

Time Response Analysis

Aeroelastic time response results for forces and
displacements were obtained by simultaneously integrating
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the LTRAN2 aerodynamic equations and the structural
equations by a direct integration method. One- and two-
degree-of-freedom systems were considered for a flat plate
and a NACA 64A006 airfoil.

For the flat plate, the time response analysis was performed
at M =0.70. The results compared well with the correspond-
ing ones obtained by linear aerodynamic theory.

For the NACA 64A006 airfoil pitching about midchord at
M=0.88, the present time response results compared well
with those given in Ref. 17. For the NACA 64A006 airfoil
plunging and pitching simultaneously, a neutrally stable
response was found when checking a lowest point (at
M =0.85) on the flutter speed curves obtained previously. The
effect of mass ratio on the time response was also studied.
Details of this time response analysis are given in Refs. 33 and
34,

Concluding Remarks

Within the range of aeroelastic parameters considered in
this study, the following concluding remarks may be made.

1) The indicial method 1is computationally more
economical than harmonic and time integration methods. The
time integration method is from theory more accurate than
the indicial and harmonic methods. It can treat shock
movement during the unsteady computations.

2) The MBB A-3 airfoil is more stable at design angle of
attack than at 0-deg angle of attack. The removal of camber
from the MBB A-3 airfoil generally decreases the flutter
speed. The aerodynamic and flutter results obtained for the
MBB A-3 airfoil without camber and those for the con-
ventional NACA 64A010 airfoil scaled down to 8.9%
maximum thickness-to-chord ratio are almost the same.

3) For the case of zero mean angle of attack, all the curves
for flutter speed obtained for the MBB A-3 supercritical
airfoil showed a dip phenomenon in the neighborhood of the
design Mach number M=0.765. At M=0.765, the flutter
speed for the MBB A-3 airfoil increases with the increase in
angle of attack. However, this was not the case for the flutter
curve given by LTRAN2 for w,/w,=0.2.
STRANS2/UTRANS2 results indicate that the increasing
trend of the flutter speed with the increase in « slows down in
the neighborhood of the design angle of attack o =1.3 deg.

4) The flutter curves for the CAST 7 supercritical airfoil
present a dip around M=0.71 and those for the TF 8-A wing
section at ae= — 3.0 deg present a dip around M =0.78. This
seems to indicate that for the supercritical airfoils, the similar
but thicker airfoils experience the transonic dip at lower Mach
numbers than thinner airfoils. Also, the supercritical airfoils
with camber appear to show transonic dips at lower Mach
numbers than the symmetric conventional airfoils.

5) Aerodynamic and flutter results obtained by LTRAN2
and STRANS2/UTRANS2 compare well for most of the
cases. The comparisons were better for thinner airfoils, lower
Mach numbers, and smaller angles of attack. Discrepancies
between the results by the two programs may be attributed to
the differences in mesh size, the manner in which the shocks
are treated in the two respective programs, and the
aerodynamic and computational differences between the two
programs.

6) In the time response study for the NACA 64A006 air-
foil, neutrally stable response was found when checking a
lowest point on the flutter speed curve obtained by flutter
analysis. The agreement between the two methods, one does
not and one does use the principle of linear superposition of
airloads, seems to indicate that this principle is valid at least
for the values of the parameters assumed in this study.

7) Due to the low frequency approximation used in
LTRAN?2 and the convergence difficulty encountered in using
UTRANS?2, the reduced frequencies k. considered in all cases
were limited to be not more than 0.2. The plunge-to-pitch
frequency ratio w,/w, had to be held to lower values of 0.1
and 0.2 in most cases. For both programs, convergence and
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accuracy deteriorated with the increase in Mach number,
angle of attack, and thickness of the airfoil.

8) For a more complete understanding of the transonic
flutter behavior of conventional and supercritical airfoils, the
present limitations on low reduced frequency, small angle of
attack, and low Mach number must be relaxed. Viscous ef-
fects should be included in the transonic codes. Such
developments have been under way.5® More developments in
three-dimensional transonic codes and their applications to
flutter analysis of full wings are needed. Studies in this
direction can be found in Refs. 3, 10, and 24. Experimental
flutter trend data are needed to verify the present analytical
results.
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INJECTION AND MIXING IN TURBULENT FLOW—v. 68

By Joseph A. Schetz, Virginia Polytechnic Institute and State University

Turbulent flows involving injection and mixing occur in many engineering situations and in a variety of natural
phenomena. Liquid or gaseous fuel injection in jet and rocket engines is of concern to the aerospace engineer; the
mechanical engineer must estimate the mixing zone produced by the injection of condenser cooling water into a waterway;
the chemical engineer is interested in process mixers and reactors; the civil engineer is involved with the dispersion of
pollutants in the atmosphere; and oceanographers and meteorologists are concerned with mixing of fluid masses on a large
scale. These are but a few examples of specific physical cases that are encompassed within the scope of this book. The
volume is organized to provide a detailed coverage of both the available experimental data and the theoretical prediction
methods in current use. The case of a single jet in a coaxial stream is used as a baseline case, and the effects of axial pressure
gradient, self-propulsion, swirl, two-phase mixtures, three-dimensional geometry, transverse injection, buoyancy forces,
and viscous-inviscid interaction are discussed as variations on the baseline case.
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