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Steady and Unsteady Transonic Airloads on a Supercritical Wing
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and
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A brief description of an experimental investigation to determine steady and unsteady airloads on a fixed and
an oscillating supercritical wing model is presented. Steady and unsteady data are correlated with results of
computational methods for various representative cases. Steady transonic flow computations were carried out
using the XTRANG3S code and the Bailey-Ballhaus/McNally code. Unsteady flow computations were performed
using the XTRAN3S code and a quasi-three-dimensional method, which combines the LTRAN2-NLR code with
subsonic theory. Compared to the experimental data, the computed results show qualitatively similar transonic
effects on pressure distributions and lift coefficients. The accuracy, however, is only modest.

Nomenclature

B = semi-span (1.0 m)

B-B = Bailey-Ballhaus steady wing code

B-B/M = Bailey-Ballhaus code coupled with McNally
plane boundary-layer code

c =local chord

Cac =mean aerodynamic chord (0.268 m)

C, =sectional moment coefficient about local
quarter chord

Cy = wing moment coefficient about
aerodynamic center, X ¢

C, = pressure coefficient

C. = sectional normal force coefficient

c, = wing normal force coefficient

f =frequency, Hz

i =y -1

k =reduced frequency = nfc /U,

M, = freestream Mach number

Q-3-D = quasi-three-dimensional method of NLR

Uy = freestream velocity

X = chordwise ordinate

Xac =aerodynamic center (0.291 m)

XTRAN3S = transonic steady and unsteady wing code

Y = gpanwise ordinate

o, =mean angle of attack, deg

Aa =angular amplitude of displacement trans-
ducer or angular increment for quasi-steady
calculation, deg

0 =cyclic angular position, deg

Superscripts

)’ =real part

« ) =imaginary part

( )* =critical condition

Subscript

1 = first harmonic
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Introduction

HE availability of accurate computational aerodynamics

methods is important to the successful development of
reliable aeroelastic prediction techniques. In the past decade,
the availability of larger, high-speed computers and advances
in computational fluid dynamics have led to the development
of improved numerical aerodynamic analysis procedures.
Unfortunately, experimental data suitable for code
correlation efforts, especially unsteady data, are scarce, and
are virtually nonexistent for advanced-technology wings at
transonic speeds.

To meet this need, a cooperative program was initiated in
1979 to produce a transonic aerodynamic data base for both
steady and unsteady flows on an aft-loaded transport aircraft
wing. This program resulted in the acquisition of ex-
perimental data validating new computational methods and
providing insight into three-dimensional unsteady transonic
flow phenomena. This wing model, known as LANN wing,
tor Lockheed-Georgia, Air Force Wright Aeronautical
Laboratories, NASA Langley, and the National Aerospace
Laboratory (NLR) of the Netherlands, has been designated as
one of the five AGARD three-dimensional standard
aeroelastic configurations.'

The results of the experimental investigation are presented
in Ref. 2. Correlations of theoretical and experimental results
are reported in Refs. 3 and 4. This paper summarizes the
experimental and theoretical investigations, and concentrates
on the correlation of results for a number of representative
cases.

Experiment
LANN Modecl Description

The LANN model wing (Fig. 1) shape is similar to that of
the supercritical Wing A model, previously developed and
investigated by Hinson and Burdges.® The model wing has a
simple planform (Fig. 1). Its geometry is obtained by linear
interpolation between the supercritical airfoil sections at the
root and tip. ThHe materials chosen for the model were suitable
for a cryogenic test environment. The model has an aspect
ratio of 7.92, thickness ratio of 0.12, 1.0-m semi-span and
0.361-m root chord. The sweep angles of the leading edge,
trailing edge, and 0.25 chord line are 27.5, 16.9, and 25.0 deg,
respectively. The model was fitted with transition strips at a
distance of 5% of the mean aerodynamic chord downstream
of the wing leading edge.

The LANN model was instrumented to measure surface
pressures in order to provide a data base which could be used
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Fig. I LANN wing geometry and instrumentation.

to verify transonic-flow computer codes. A total of 212
pressure orifices were positioned in chordwise rows at six
wing span stations. The spanwise locations of the pressure
orifice rows are shown in Fig. 1. At four wing span stations, a
total of 22 in-situ pressure transducers were mounted near
orifice rows. These transducers were used in the NLR
measuring technique (summarized below) to determine tube
transfer functions for the unsteady pressures measured
through the static pressure orifices.

During unsteady testing, the model aeroelastic mode shape
was measured using 12 accelerometers and one linear variable
differential transformer (LVDT). The LVDT was positioned
near the wing root station and was used to monitor the am-
plitude and mean steady incidence of the motion input to the
model. The accelerometers were located in chordwise rows at
4 wing span stations. The placement of these accelerometers
on the wing planform is shown in Fig. 1.

Test Facility

Tests of the LANN wing model were performed in the
transonic wind tunnel (HST) of NLR (Ref. 2). This is a
closed-circuit wind tunnel with a test section of 1.6x2.0 m
and a velocity range of M, =0.0 to M, =1.28. Typical
Reynolds numbers of 5x 10° based on mean acrodynamic
chord were attained on the model during testing.

The wing model was attached to a support that was
mounted on a turntable at the sidewall of the tunnel test
section. The mean angle of attack of the model could be
adjusted remotely over a +3 deg range with respect to the
support angle. The angle of the support, in turn, was adjusted
by rotating the turntable.

The wing pitch oscillation about an axis normal to the wind
tunnel sidewall was introduced by a hydraulic activator. The
amplitude of oscillation could be adjusted up to 1.0 deg, while
the frequency could be varied between 0 and 72 Hz. Due to the
model natural frequency of about 30 Hz, the unsteady
aeroelastic mode shape was strongly dependent on the
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Fig. 2 Influence of Mach number on nodal line position.

frequency. The influence of frequency and flow conditions on
the nodal line location is shown in Fig. 2.

Data reduction was carried out using PHAROS (Processor
for Harmonic Analysis of the Response of Oscillating Sur-
faces), NLR’s data acquisition and reduction system. Output
quantities from the PHAROS system are the zeroth (steady
component) and the real and imaginary components of the
first harmonic of the unsteady pressures. In addition, higher
harmonic contributions can be obtained when required.
Sectional lift and moment coefficients are also obtained by
integration of surface pressure distributions.

Measuring Technique

Surface pressure measurements on the LANN model were
made using the NLR measurement technique (Refs. 6 and 7).
This method is particularly well suited to handle a large
amount of pressure data at a relatively low cost. This
technique involves using conventional static pressure
tube/scanning valve instrumentation for dynamic as well as
static measurements. For unsteady flow cases, the tube
gcometry, mean velocity level, and frequency of the pressure
fluctuation play a significant role in the dynamic response of
the measuring system. To determine the necessary tube
response corrections, the actual transfer functions of selected
reference tubes were measured with 22 in-situ pressure
transducers. The measured transfer functions were then used
to calibrate the remaining pressure tube responses.

Accuracy

It is generally recognized that it is extremely difficult to
quantify the accuracy of measured unsteady aerodynamic
data. At attached transonic flow conditions a rough estimate
of the accuracy of unsteady pressure measurements for the
LANN model is about 5% in magnitude and 3 deg in phase
angle.
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Fig.3 Test conditions of LANN wing model.

The accuracy of lift and moment coefficients depends in
particular upon the spacing of pressure orifices in regions with
large pressure gradients. In some wing sections of the LANN
model, at shock waves and in the outboard nose region, the
spacing was not sufficiently dense to obtain an accurate
description of the local pressure peaks. As a result the
measured airloads are less accurate than the measured
pressures, and probably are slightly lower than in reality. For
a theory-experiment correlation, the measured pressure
distributions should be preferred as a basis for comparison.

The experimental results are not corrected for wall in-
terference effects. Steady results may be corrected using the
following estimated correction to the angle of attack:

Aa=a,C, deg

where a, varies linearly from —0.25 at M, =0.5to —0.5 at
M., =0.8. The effect of this correction on the quasi-steady lift
C/W/w is an increase of approximately 2 to 5%. This gives an
indication of the magnitude of wall interference effects on the
unsteady airloads.

Test Conditions

Figure 3 summarizes the combinations of Mach number,
incidence and lift coefficient at which steady and unsteady
measurements have been taken for the LANN model. The
majority of unsteady tests were taken at an amplitude of 0.25
deg, at frequencies varying from 12 to 72 Hz. At a limited
number of conditions the effect of amplitude (up to 1 deg) and
the presence of higher harmonics was measured. For a
complete description of the test program and results, see Ref.
2. In the present paper a limited number of cases are used for
correlation with various computational methods, discussed in
the next sections.

Computational Methods

The three transonic flow numerical methods used for
comparison with the selected portion of the LANN wing data
base were 1) the XTRAN3S unsteady small disturbance wing
code (Ref. 8), 2) a Bailey-Ballhaus steady small disturbance
wing code (Ref. 9) coupled with the McNally plane boundary-
layer code (Ref. 10), and 3) a quasi-three-dimensional (Q-3-D)
method using LTRAN2-NLR, an unsteady transonic small
disturbance airfoil code, and subsonic three-dimensional
corrections (Ref. 11).

The XTRAN3S Code
The version of the XTRAN3S code used in this study in-

cludes the improved spanwise grid distribution and the partial
vectorization of the program provided by NASA Langley.
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This code uses a time-dependent small disturbance equation
and an alternating direction implicit algorithm originally
developed by Borland and Rizetta (Ref. 8). The tangency
condition on the wing is satisfied in a mean chord plane. The
initial condition for the calculation is an undisturbed uniform
flow. A restart from previously calculated results is possible.
This feature facilitates the continuation of any calculation for
which converged results are not yet achieved. The computed
results are considered to have converged when all the tran-
sients have disappeared from the computational flow field.

The Bailey-Balihaus/McNally Code

The B-B/M code is a code that weakly couples the viscous
effect, i.e., McNally code, with the Bailey-Ballhaus steady
wing code by employing the surface transpiration velocity to
simulate two-dimensional boundary-layer effects. Since the
flow in the spanwise direction on a transport type aircraft
wing is usually seen to be small, this weak coupling scheme
seems to be reasonable. This code, like most other viscous
codes, is limited to unseparated flows for reliable results.
Although the calculations may be continued after flow
separation, the numerical results thus obtained, however,
must be used with caution. The tangency, initial and con-
vergence conditions used in B-B/M code are similar to those
used in the XTRAN3S code.

The NLR Quasi-Three-Dimensional (Q-3-D) Method

The computational method for three-dimensional unsteady
transonic flow used at NLR is an engineering method which
combines two-dimensional transonic theory with two- and
three-dimensional subsonic linear theory.!' An early version

“of this method was reported in Ref. 12. Applications to the

LANN model are reported in Ref. 4.

The method was applied as follows for the harmonically
oscillating model with given steady-state pressure
distributions. Using the LTRAN2-NLR code,!? unsteady
transonic airloads were computed for one representative wing
section (Y/B=0.475) in unit pitch and heave motions at
various values of mean incidence and frequency. The
theoretical incidence was adjusted in advance to obtain ap-
proximate matching of theoretical and experimental shock
wave location. Subsequently, distributions of two-
dimensional airloads over the wing span were obtained by
interpolation in the above set of results, taking into account
the sectional reduced frequency and local lift coefficient. As a
basis for three-dimensional correction procedure, subsonic
theory was used to compute two- and three-dimensional
unsteady aerodynamic influence coefficients. The final
distributions of unsteady airloads was obtained by com-
bination of the two-dimensional transonic results with the
two- and three-dimensional subsonic results for the actual
vibration mode. A subsonic three-dimensional correction was
also applied to the computed - two-dimensional unsteady
transonic pressure distribution at the representative wing
section.

In addition to the inviscid results, viscous effects were
computed for a few cases using the LTRAN2-NLR code
coupled with Green’s lag-entrainment method (LTRANYV
code).

Steady Results

The numerical results of the XTRAN3S code presented in
this section were obtained using the program options of the
modified form of the small disturbance equations together
with NLR coefficients. Low- and high-frequency options,
respectively, were used for the steady and unsteady flow
calculations. The boundary conditions were steady down-
stream, unsteady wake, and unsteady lifting surface for
unsteady flow and all steady conditions for the steady flow
calculations. The computational mesh used was 13-span-
station by 39-chordwise-point on the half-wing. The slope at
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Fig. 4 Steady pressure coefficients for M, =0.82, «, =0.6 at
Y/B=0.475.

the computational mesh points was interpolated from eight
fitted polynomials for the measured wing ordinates.

The numerical results of B-B/M code presented here were
obtained with the full conservative option of the code. The
computational mesh used was 25-span-station by 49-
chordwise-point on the half-wing. The wing ordinates at the
grid points of XTRAN3S, i.e., the output of XTRAN3S code,
were used as input for the B-B/M code to maintain con-
sistency in wing geometry.

Shown in Fig. 4 are the typical steady inviscid flow results
near mid semi-span (47.5%) obtained from XTRANS3S, B-
B/M, and Q-3-D and the measured data for a freestream
Mach number of 0.82 and a mean angle of attack of 0.60 deg.
All numerical methods underpredicted the leading edge
suction peak and the shock strength at all span stations
calculated. This may be due to the lack of mesh points near
these flow regions where the gradients are high. Also, the
numerical results showed more rear loading than ex-
perimentally observed. This compensates for the deficit in the
predicted normal force on the wing ahead of the shock.
Therefore, the normal force always correlates better with the
experimental data than the moment coefficient does. The
comparison of the calculated results with the measured data is
generally better for the inboard sections than for the outboard
sections.® The results obtained from the viscid option of the
B-B/M code also are included in this figure. The viscous
ctfect reduces the level of leading edge suction from the in-
viscid results and shifts the shock location quite noticeably
even though the flow is still attached. For Q-3-D results, in
spite of the matching of theoretical and experimental shock
wave location, differences still exist at the rear half of the
airfoif and in the supersonic flow region.

The span loading distribution at three angles of attack at
0.82 Mach number is shown in Fig. 5. The agreement between
the experimental and theoretical results is better at a smaller
than at a higher angle of attack. That span loading distribu-
tion of XTRAN3S at the wing tip does not approach zero as
fast as the experimental and the other theoretical results is
probably due to the lack of mesh points used. The results
from the viscid option of the B-B/M code seem to correlate
fairly well with the measured data.

Y/8

Fig. 5 Steady spanwise normal force distributions at different angles
of attack for M, =0.82.

The integrated wing normal force and moment about the
acrodynamic center at several angles of attack for a fixed
Mach number is shown in Figs. 6 and 7. The slope of normal
force with respect to angle of attack at a fixed Mach number is
quite linear at small angle of attack. The agreement with the
measured data is very good for the XTRAN3S and the viscid
B-B/M codes. Even though the experimentally observed flow
separation did not take place until the angle of attack was
greater than 2.9 deg, the theoretical method started to fail at
2.0 deg.

Unsteady Results

The correlation of unsteady flow results is given in this
section. The theoretical results were that of XTRAN3S, B-
B/M codes, and the Q-3-D method. Only the results of one
frequency, 24 Hz, are presented in detail. The zero frequency
case was approximated from the results of steady flow
calculations. The effects of frequency and Mach number on
airloads are also shown.

Unsteady pressure coefficients are presented in the
following form:

C,=C, +iC,"=C, /Aa (1)

Unsteady airloads are obtained by integration of the unsteady
pressure distributions. Sectional airloads coefficients are
presented as follows:

lift ]
C,=C."+iC, I;C:]/AO{ )
moment (positive nose down, about 1/4 chord)

1
Crni = C/n "+ ij f=- Cm[/Aa &)
K

A similar notation is used for the wing unsteady lift and
moment coefficients C,; and C,,;. The reference length for
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Fig. 7 Steady wing moment cocefficient vs mean angle of attack for
M, =0.82.

C,;; is the mean aerodynamic chord and is determined about
an axis through the mean aerodynamic chord quarter-chord
point normal to the wind tunnel sidewall.

For zero frequency (quasi-steady results) the first harmonic
components in Eqgs. (1) to (3) were determined in an ap-
proximate manner using steady results at incidences «,, + Aa
and «,, — Aw, for instance:

C;n‘ = [C/) (CY,,, +AC¥) —C/,(O(,,, —AO{) ]/(ZAO[)

Quasi-steady lift and moment coefficients were determined
analogously.

Quasi-Steady

The quasi-steady result obtained for a 0.82 Mach number
and 0.60 deg mean angle of attack perturbed by 0.25 deg is
shown in Figs. 8, 9, and 10. In Fig. 8, the calculated pressure
along a near mid-semi-span station from XTRAN3S, Q-3-D,

Fig. 8 Quasi-steady pressure coefficients for M, =0.82, «,,, =0.6 at
Y/B=10.475.
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Fig. 9 Quasi-steady spanwise normal force distribution for
M, =0.82, «,, = 0.60, and Ax=10.25.

and both inviscid and viscid options from B-B/M are shown,
while the sectional lift and moment coefficients are shown in
Figs. 9 and 10. All numerical results overpredicted the quasi-
steady upper surface pressure and underpredicted the shock
shift due to the perturbation of the mean angle of attack along
the inboard sections. Overprediction near wing tip by
XTRAN3S code is far more than the B-B/M code.

The quasi-steady sectional lift and moment coefficients
(Figs. 9 and 10) show a general overprediction of C.’,
especially the results of Q-3-D method and a reasonable
prediction of C,,’. The large overprediction of C." with Q-3-
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D, which is caused by accounting for transonic effects, is
stronger than that by the either XTRAN3S or B-B code
shown in Fig. 9. Apparently the subsonic three-dimensionatl
effect implied in the Q-3-D method does not give a sufficient
reduction of the transonic sectional lift coefficients. Sur-
prisingly, the subsonic theory shows the best agreement with
the experimental results. In general, the inclusion of viscous
effect has shown improvement on the lift coefficient from the
inviscid results. Viscous results for a near mid-semi-span
station, obtained using the LTRANYV code with the Q-3-D
method, show an improvement. For unknown reasons,
however, this viscous correction, obtained using Green’s lag-
entrainment method, is much stronger than the viscous
correction computed in the B-B/M code using the boundary
layer method of McNally.
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Unsteady

The unsteady flow calculations were made for a Mach
number of 0.82, a mean angle of attack of 0.6 deg, and a
pitching amplitude of 0.25 deg at 24 Hz (a reduced frequency
of 0.076 based on the mean aerodynamic chord). The results
are shown in Figs. 11 to 14. A comparison between the
XTRAN3S and the measured chordwise pressure along mid
semi-span station at different angular positions is shown in
Fig. 11. The fluctuation of pressure over the wing during one
cycle of pitch oscillation is rather small, except near the
shock. The calculated results showed a larger shock excursion
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Fig. 13b Unsteady spanwise normal force distributions for
M, =0.82, o, = 0.6, Aa=0.25, and f =24 Hz, imaginary.

in terms of the local chord near the tip rather than near the
root. It is rather difficult to see clearly the exact shock ex-
cursion from the experimental data because of the spacing of
the measuring orifices. From the available experimental data,
however, it is observed that the shock movement seems to be
larger near the mid-semi-span than ¢ither the tip or the root.

The computed unsteady pressure distributions (Fig. 12) of
XTRANS3S and Q-3-D for the near mid-span station show a
similar comparison with the experimental results as in the
quasi-steady case. Due to the prior matching of the steady
pressure distribution, the location of the unsteady pressure
peaks of Q-3-D agrees well with the experimental result. The
results of XTRAN3S are quite reasonable, except the
predicted pressure peak of the real part is slightly downstream
of the experimental data.

The unsteady sectional lift distributions are shown in Fig.
13. Both real and imaginary parts of XTRAN3S results again
compared well with the experimental data. The real part of
three-dimensional subsonic method agrees well with the
experimental data but not the imaginary part. Accounting for
transonic effects in Q-3-D yields an overprediction of C.’,
but it improves the prediction of C.” considerably. The
unsteady moment coefficients (Fig. 14), are not predicted
accurately. The transonic effects in Q-3-D caused an increase
in the magnitude of both C. and C,, by approximately 30%
and a decrease in phase angle by approximately 10 deg and
10%, respectively, for C. and C,,. To investigate the effect of
viscosity, results of the LTRANYV code for a near mid-span

Y/B

Fig. 14a Unsteady spanwise moment coefficient distributions for
My =0.82, o), =0.60, A =0.25, and f=24 Hz, real.
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Fig. 14b Unsteady spanwise moment coefficient distributions for
M, =0.82, o, =0.60, Ae=0.25, and =24 Hz, imaginary.

station were combined with the Q-3-D method. Accounting
for the boundary layer, as in the quasi-steady case, only
improves the prediction of C.".

Frequency Effect

The effect of frequency on the unsteady airloads is in-
vestigated for f=0, 24, and 48 Hz at M, =0.82 and «,, =0.6
deg with Aa=0.25 deg.

A global impression of the effect of frequency on the
unsteady airloads is given in Fig. 15, which shows the un-
stecady lift and moment coefficients of the wing. Here it
should be noted that the vibration mode also varics with
trequency, which causes a discontinuity in C, and C,, near
the frequency of about 30 Hz (K =10.09), which corresponds to
the natural first bending mode of the model. Like the sec-
tional coefficients, C,’ is overpredicted, whereas C,” is
rcasonably well predicted by both XTRAN3S and Q-3-D
method. At f=0 and 24 Hz, the Q-3-D method predicts a
similar, but somewhat stronger, transonic effect on C, than
the XTRAN‘3‘S’ code. The unsteady moment coefficients,
again, are not predicted accurately by any method.

The transonic effects included in Q-3-D tend to increase the
magnitude of both C, and C,,;, but decrease the phase angle
from its three-dimensional subsonic theory counterpart. Both
magnitude and phase angle decrcase as the frequency in-
creases except the magnitude of Cy, increases as {requency
increases from zero then decreases as the frequency increases
further. ’

i
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Fig. 15 Effects of frequency on wing lift and moment coefficients
for M, =0.82, a,,, =0.6, and Aa=10.25.

Mach Number Effect

To investigate the effect of Mach number on the unsteady
airloads for a,,=0.6 deg and f=24 Hz, the Q-3-D method
was applied at M, =0.6 and 0.77 in addition to 0.82.

Wing unsteady lift and moment coefficients are shown in
Fig. 16. The strong gradients in the experimental results for
M, =0.82 are associated with separated flow, which falls
outside the scope of the theories investigated. Expectedly, in
the subsonic case there is little difference between subsonic
and Q-3-D transonic theory. The differences become larger as
the Mach number increases and the flow becomes more
strongly transonic. Although the Q-3-D method gives a more
accurate prediction of C,” and, in a qualitative sense, of
C,,’, the agreement with experimental results is not yet
satisfactory. For a more accurate prediction, accounting for
viscous effects and also for a more accurate modeling of the
unsteady inviscid flow seems necessary.

Conclusions

A wing model (the LANN wing) has been fabricated and a
rather complete set of transonic flow experimental data, with
wide ranges of variation in Mach number, mean angle of
attack, amplitude, and frequency in pitch-oscillation, has
been obtained. Besides attached tlow, some separated flow
conditions have been included in the data set. These data are
meant to support the development of computational methods
for transonic unsteady viscous flow about wings.

Three numerical methods were compared with measured
data. They were the XTRAN3S unsteady wing code, a version
of Bailey-Ballhaus stcady wing code coupled with the
McNally plane boundary-layer code, and, finally, a quasi-
three-dimensional method for transonic unsteady airloads
computations.

The numerical results obtained with XTRAN3S and B-B/M
codes have shown promise in predicting the flow over wings
with shock waves, but all are far from perfect. A good match
of shock location over the wing span is still not consistently
attainable with either code. The small disturbance codes used
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Fig. 16 Effects of Mach number on wing lift and moment coef-
ticients for «,, =0.6, Aa=0.25, and f=24 Hz.

in this correlation underpredicted the leading edge suction
peak. The inclusion of the weakly coupled boundary layer in
the inviscid wing code tended to improve its overall agreement
with measured results.

The wing lift force correlated surprisingly well between the
calculated and measured results, even though the pressure
distributions on the wing did not match as well. The
correlation of the wing moments was not as good compared to
the lift correlation. This probably was caused by the fact that
shock location over the wing was not correctly predicted by
the theoretical methods wused, especially the Bailey-
Balthaus/McNally and XTRAN3S codes.

The XTRAN3S code and the relatively low cost Q-3-D
method predict qualitatively similar effects of shock waves on
the unsteady airloads. Quantitative differences between both
methods are probably due to inaccuracy of the prediction of
the mean steady state by the XTRAN3S code, and by the
approximate nature of the subsonic three-dimensional effects
modeled in the Q-3-D method. The agreement with cx-
perimental results is not yet satisfactory, although in some
respects improvement can be observed as compared to results
of subsonic theory. Besides the approximatc nature of the
inviscid flow computations, the neglect of viscous effects also
partly explains the disagreement between experimental and
theoretical unsteady airloads.
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