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Application of NLR's Calculation Methods
to Transonic Flow About Oscillating Wings

M. H. L. Hounjet,* J. T. van der Kolk,t and J. J. MeijerJ
National Aerospace Laboratory (NLR), Amsterdam, the Netherlands

Unsteady and quasisteady aerodynamic loads in the transonic flow domain have been obtained from the
numerical simulation methods of the National Aerospace Laboratory (NLR) for transonic potential flow. The
unsteady results have been obtained with the time-linearized finite volume method FTRAN3, embedding a so-
called field panel method which accounts for proper radiation of signals toward infinity. The mean steady
flowfields and the quasisteady results have been obtained from the application of XFLO22—the NLR system for
the simulation of steady transonic flow about wings and wing bodies. The calculations have been performed for
several wing planforms and the results are compared with experimental data. A correlation is made between the
quasisteady results of XFLO22 and FTRAN3. Flutter applications to a transonic transport wing model and a
fighter configuration have been made.

Introduction

COMPUTATIONAL methods for unsteady airloads on
oscillating wings in transonic flow are important 1) to

assist in flutter certification calculations for aircraft in a
military as well as a civil industrial environment, and 2) to sup-
port airloads and pressure measurements on oscillating wings
in the wind tunnel.

During the last decade several computational methods were
presented, of which the USTF3 code of Isogai1 seems to be the
most developed. Recently, also at the National Aerospace
Laboratory (NLR) a three-dimensional code has been
developed with the following characteristics:

1) Any steady solution can be input for an unsteady calcula-
tion (transonic small perturbation (TSP), full potential (FP),
TSP + viscous effects, FP +viscous effects, and experimental
data).

2) Low computational cost (CPU run time about 1 min on a
CDC 7600).

3) No severe limitations to frequency range, Mach range, or
planform.

4) "Exact" fulfillment of radiation conditions, i.e., no er-
roneous energy sinks or sources, which is an important feature
for flutter investigations (full aerodynamic energy balance).

5) Easy grid generation due to finite volume formulation
and relatively small extension of the grid system.

The restriction to flows with small displacements of the
shocks seems to be only a minor problem in flutter analysis
where usually only infinitely small wing motions are con-
sidered. In Ref. 2, calculations with FTRAN3 were discussed
in which mainly a coarse idealization of the mean steady
flowfield was used, approximated from measured data. The
purpose of the present paper is to demonstrate the poten-
tialities of FTRAN3 by showing results of calculations for
several planforms in transonic flow where the mean steady
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flowfields have been determined by application of the
XFLO22 code. An extensive comparison with experimental
data as well as a quasisteady comparison between XFL022 and
FTRAN3 results are presented. Flutter applications are
presented for a transonic transport wing model and a fighter
configuration.

Methods
FTRAN3

Since its introduction in Ref. 2, FTRAN3 has not changed
significantly. The code still solves the time-linearized full
potential equation with small-disturbance boundary condi-
tions and pressure representations. A new line relaxation
method has been developed and implemented that is different
from other line relaxation methods by not restricting the cor-
rections of the velocity potential to the current line itself but to
continue them a few grid points in a direction perpendicular to
the relaxed line with a distribution rule satisfying a one-
dimensional equation in that particular direction. At present,
the one-dimensional subsonic equation is applied as a
generator for the distribution rules. Experience with this new
scheme shows that it increases the smoothing performance,
especially for large-aspect-ratio cells, and is less sensitive for
increasing frequency.
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Fig. 1 Calculated model deformation of the LANN wing.
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XFLO22
At NLR, XFL022 serves as a production code for

calculating steady transonic full potential flow around wing-
body configurations.3 The original XFLO22 code of
Jameson11 was extended with an automated Richardson ex-
trapolation procedure, improving the computational time by
about a factor of 2. Grid sizes as well as grid distribution func-
tions were adjusted to give better resolution near the wing root
and/or tip. Body effects may be simulated by specifying bound-
ary conditions in a cross-wind plane near the wing root using
cross-wind velocities obtained from the NLR panel method.4

For the present applications, however, no cross-wind effects
are taken into account, except for the fighter configuration.

Interfacing XFLO22/FTRAN3
The interpolation of the XFLO22 potential flowfield into

the mesh system utilized by FTRAN3 is accomplished as
follows:

1) In each XFLO22 chordwise section, a rectangular grid
system is generated whose upper and lower horizontal lines
start at the top and bottom of the profile, respectively.

2) In each section the XFLO22 potentials are bilinearly in-
terpolated to the rectangular grid.

3) The horizontal upper and lower grid lines are shifted
down and up, respectively, toward the mean position of the
airfoil without changing the interpolated potentials.

4) The results of the shifted mesh system are trilinearly in-
terpolated to the mesh system of FTRAN3.

Flutter Methods
The flutter calculation methods applied herein are the well-

known k or V-g method and the pk method.5

Applications
The applicability of FTRAN3 and XFLO22 to unsteady,

quasisteady, and/or steady potential flow problems is
demonstrated for the following wings: 1) LANN transport-
type wing,6 2) transonic transport-type wing,7 and 3) fighter-
type configuration.

The LANN Transport-type Wing
The LANN application has been selected in order to con-

tribute to the AGARD data base for oscillating wings in tran-
sonic flow. The LANN wing model, which was wind tunnel
tested at NLR,6 is characterized by supercritical wing sections,
moderate sweep, and a high aspect ratio. No body was in-
cluded. The forced harmonic unsteady motion of the "rigid"
model was pitching. Due to the fact that the frequency of the
first bending mode was located in the middle of the unsteady
test program, the effective displacement modes have a
nonzero bending component.

Steady Flowfield
The LANN wing geometry is taken from Ref. 6.§ The static

wing deformation was calculated using experimental data for
Ma = 0.82, o! = 0.588 deg, and # = 45,250 Pa, as shown in Fig.
1. In order to match the experimental condition a. = 0.588 deg,
steady flowfield calculations for the deformed LANN wing
were performed with the XFLO22 system, for Ma = 0.82, and
four angles of attack ex = 0.35, 0.60, 0.85, and 1.5 deg. The
XFLO22 calculations were performed on three successive
grids using Richardson extrapolation up to engineering ac-
curacy and with 100 extra interations on the finest
(16x32x28) grid. At the wing trailing edge the flow is
directed along the wing's lower surface. The CPU run time for
one XFLO22 run was about 1 h.

As compared with the experimental data for ct = 0.588 deg,
the calculation for a = 0.85 deg has the best agreement. A
comparison of pressure distributions is shown in Fig. 2. Good
agreement is shown for these conditions for both shock posi-
tions and peak suction levels at the leading edge.

Unsteady Flowfield
An extensive comparison has been carried out between the

results of 1) FTRAN3 calculations, 2) quasisteady XFLO22
calculations, and 3) experiment.

FTRAN3 Calculations
Using interpolated data from the steady XFLO22 calcula-

tion at Ma = 0.82 and a = 0.85 deg, the FTRAN3 code has
been applied for a sequence of eight frequencies on a grid of
15 x 28 x 26 (spanwise x streamwise X normalwise) points. For
each frequency, convergence was obtained within 10 iterations
for an accuracy of about three digits. The clasped CPU time
totaled approximately 28 min on the CDC 170-855 (about 14
min on the Cyber 7600). The displacement modes were ap-
proximated from the measurements by the polynominal
distributions

where C is complex.

Quasisteady XFLO22 Calculations
The quasisteady XFLO22 results were obtained using four-

point Lagrange differentiation at a = 0.85 deg. The abscissas
were a = 0.35, 0.60, 0.85, and 1.5 deg, respectively. Due to the
large intervals the quasisteady results probably have been
maleffected by nonlinear effects. However, selecting smaller
intervals would lead to serious repercussions with respect to
truncation errors and the number of necessary iterations (com-
puter cost).

Experiment
The experimental results were obtained from Ref. 6. Cau-

tion should be exercised regarding the integrated experimental
data affected by an insufficient number of operative pressure
holes in important flow regions. Perhaps this could explain the
large nonlinearity in the measured integrated loads presented
subsequently. The quasisteady results were obtained by central
differences.
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§Due to the rather poor quality of the measured geometrical data,
some smoothing was performed on the LANN wing section
coordinates.
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Fig. 2 Comparison of experimental and calculated distributions of
steady pressure coefficients on the LANN wing.
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Comparison of First-Harmonic Overall Loads
Figure 3 shows a comparison for overall wing loads vs fre-

quency (definitions in Ref. 6). The trends are predicted cor-
rectly and the effect of the first bending model resonance fre-
quency at k = 0.2 is clearly demonstrated. The correlation
between the calculations at k = 0 is reasonable. The experimen-
tal upper-side loads (Fig. 3b) are strongly influenced by
amplitude effects (integration resolution effects). The com-
parison at the lower side of the wing for the real part of the nor-
mal load is disappointing (Fig. 3c), since it was expected that a
good agreement would exist between calculations and experi-
ment in subsonic flow.

Comparison of First-Harmonic Sectional Loads
A comparison of the sectional normal load coefficients at

selected frequencies is illustrated in Figs. 4 and 5; also, the
trends correlate well. The effect of amplitude in the ex-
perimental data is more significant for the real part than for
the imaginary part. The underprediction by the calculated im-
aginary part is curious since it is expected that the introduction
of viscous effects to the inviscid calculations would amplify
the difference.8 The level of the real part decreases and the im-
aginary part becomes more negative with increasing
frequency.

Surprisingly, the overprediction of the real part of the lift is
more significant for the lower side than for the upper side
(Fig. 5). The loading at the upper side is concentrated more in-
board than at the lower side.

Comparison of Quasisteady Pressures
Figure 6 shows a comparison of calculated and measured

quasisteady upper and lower-side pressures at selected stations
along the span.

Upper Side
At 7/5 = 0.2, upper side, two shock peaks are shown. At

the more outboard sections one shock peak remains, of which
the strength decreases toward the tip.

The agreement between the calculations and the measured
data is reasonable. The effect of amplitude in the experimental
data is significant from the leading edge to the shock and
beyond. The comparisons between the calculations show that
an acceptable agreement exists outside of the shock trajec-
tories. The differences at the leading edge are due to the small-
disturbance boundary conditions and the pressure representa-
tion, and partly due to the interpolation procedure. Near the
trailing edge, the disagreement is probably a result of the grid
system employed in XFLO22. A comparison of the shock
peaks is irrelevant here because in a time-linearized method
based on a steady flowfield only the integrated shock load,
which is captured in FTRAN3 with a few mesh points, has
significance. (Should the calculations be based on a mean
steady flowfield, the shock peaks would have significance,
indeed.)

Lower Side
Except for an obvious nonlinear effect in the XFLO22

results at the midchord, a good agreement is shown at the
lower side. The absence of pressure information at the mid-
chord of the section at 7/5 = 0.475 explains, in part, the low
level of the experimental loads at the lower side. At the
leading-edge region the agreement between XFLO22 and the
experiment is excellent. A satisfactory agreement is also ob-
tained between FTRAN3 and the experiment in that region. At
the trailing-edge region the differences between the results of
XFLO22 and FTRAN3 probably are due to the XFLO22 grid
system.

Comparison of First-Harmonic Pressures
Figure 7 shows a comparison of calculated and measured

real parts of the first-harmonic pressures at the upper and
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Fig. 3 Comparison of experimental and calculated unsteady lift and
moment coefficients on the LANN wing.



DECEMBER 1985 OSCILLATING WINGS 1037

LANN WING

ALPHA=0.6
PITCHING

SECTIONAL LOADS

A
a
*
0

- FTRAN3

EXP- DALPHA=0.125
EXP. DALPHA=0.25
EXP. DALPHA=0.5
EXP. DALPHA=1

Fig. 4 Comparison of experimental and
calculated spanwise distributions of unsteady
lift coefficients on the LANN wing.
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Fig. 5 Comparison of experimental and calculated spanwise
distributions of the real part of unsteady lift coefficients on the LANN
wing

lower sides for k = 0.152. The agreement between theory and
experiment is reasonable. At the lower side the incomplete
pressure information should explain most of the low level of
the measured real experimental loads. Figure 8 shows a com-
parison of calculated and measured imaginary parts of the
first-harmonic pressures at the upper and lower sides for
k = 0.453. Again, the agreement between theory and experi-
ment is reasonable.

Effect of Frequency
The effect of frequency on the pressure distribution is il-

lustrated in Fig. 9, where the first-harmonic upper- and lower-
side pressures at 7/5 = 0.475 are plotted vs frequency. The

agreement between theory and experiment is reasonable over
the entire frequency range. The level of the real pressures
decreases and the level of the imaginary pressures increases
with increasing frequency. The sign of the measured im-
aginary part of the leading-edge peak at the lower side for the
lower frequencies is a bit puzzling (stagnation-point effect?).

Supercritical Transport Wing Model
The applicability of FTRAN3 in flutter analyses is presented

for a large-aspect-ratio supercritical transport wing that was
tested extensively in the NLR wind tunnel7 and has also been
used at NLR for the verification of other transonic calculation
methods.9 Because flutter boundaries dominated by viscous
effects are more likely to be predicted conservatively with in-
viscid methods, the emphasis herein is to investigate if a con-
servative prediction of the flutter boundaries in transonic
attached flow situations can be obtained by using the three-
dimensional inviscid full potential airloads of FTRAN3. Two
experimental conditions were selected for a comparison: 1)
Ma = 0.75, a= -0.64deg, and 2) Ma = 0.70, a =1.78 deg.

Steady Flowfield
Steady flowfields were calculated for Ma = 0.7'5 and ce = 0,

- 1, and -2 deg, and Ma = 0.7 and ce= 1, 2, and 3 deg using
the XFLO22 code. Results, in terms of pressure distributions,
are compared in Figs. 10 and 11 with experimental data of
earlier steady pressure model tests for the two conditions
selected. The comparison shows good agreement for both
peak suction levels and shock positions. The calculations were
performed in the same manner as indicated for the LANN
wing.

Unsteady Flowfield
The unsteady FTRAN3 calculations have been performed

for four frequencies, two vibration modes, and the flow con-
ditions a = - 1 deg, Ma = 0.75 and a = 2 deg, Ma = 0.7. Figure
12 shows the two vibration modes that control the flutter
characteristics. The modes—fundamental wing bending and
torsion—were approximated from the measured data by a
polynominal distribution such as was used for the LANN wing
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application. In order to demonstrate the effect of the grid, the
calculations have been performed on two grids: a coarse grid
(60 points on each wing upper and lower surface, 9x 16 x 14
field points) and a fine grid (240 points on each wing surface,
15 x 28 x 26 field points). The total CPU time for this exercise
with the unsteady flowfield was about 1 h. An example of the
unsteady calculations is depicted in Fig. 13, which shows a
perspective view of calculated first-harmonic pressures at the
upper and lower sides of ;:he wing for the torsion mode and
second flow condition. The lower side clearly shows a sub-
sonic distribution, while the upper side shows dominating con-
tribution of the shock waves. At the tip and root the distribu-
tion at the upper side falls downward rapidly into a subsonic
character.

Flutter Boundaries
The flutter calculations were performed with the pk method

in a version for constant Mach number with variable wind tun-
nel stagnation pressure. The results are depicted in Fig. 14,
where a comparison is made between doublet-lattice, ex-
perimental, and FTRAN3 flutter boundaries. During the flut-
ter test, the angles of attack depended on Mach number and
stagnation pressure. Because the available unsteady airloads
were calculated using FTRAN3, comparisons could be made
only for =-0.64 deg and M# = 0.7,
o:exp = 1.78 deg. Compared with the doublet-lattice results, the
FTRAN3 airloads have a strong decreasing effect on the
calculated flutter boundaries. The first FTRAN3 application
(Ma = 0.75) is in very good agreement with the experiment
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Fig. 6 Comparison of experimental and calculated
distributions of quasisteady pressure coefficients on
the LANN wing.
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Fig. 7 Comparison of experimental and calculated distributions of
the real part of unsteady pressure coefficients on the LANN wing at
low reduced frequency.

and also the effect of the grid is quite small. The second ap-
plication predicts a nonconservative flutter boundary. The
fact that the difference between the coarse and fine-grid
results is large compared with the former case indicates a
higher sensitivity for an accurate description of the steady
and/or unsteady flowfield. The unsteady pressure distribution
at the tip, upper side, already presented in Fig. 13, may con-
firm this in view of the large spanwise gradients at the shock
peak. Adding to this that the vibration modes measured dur-
ing a vibration test at zero speed are less accurate especially in
the tip region, the flutter result may have been influenced in a
nonconservative sense. It is obvious that more flutter calcula-
tions are necessary to present a better weighed judgment.

Fighter-type Configuration
The potential use of FTRAN3 in flutter analyses is further

demonstrated for a modern fighter-type configuration in tran-
sonic flow. To emphasize the transonic effects on the wing,
only the clean wing configuration has been studied at Ma = 0.9
and o!= 1 deg. Within the scope of exemplifying the FTRAN3
method, the maximum frequency of the vibration modes con-
sidered has been restricted to 15 Hz.

Steady Flowfield
The fighter configuration is shown in Fig. 15. In this case

the body influence is simulated with the NLR panel method by
calculating velocities in a cross-wind plane outside the strake.

0.000 0.500 1.000

Fig. 8 Comparison of experimental and calculated distributions of
imaginary part of unsteady pressure coefficients on the LANN wing at
moderate reduced frequency.

XFLO22 runs, without accounting for aeroelastic deforma-
tion, were performed for Ma = 0.9 and a= 1 deg. Figure 16
shows a comparison of calculated and experimental pressure
coefficients at selected stations along the span. The ex-
perimental pressure coefficients have been obtained by inter-
polation between wind tunnel test data. Even for this highly
tapered wing the good agreement at the inboard station
demonstrates a proper simulation of the fighter fuselage effect
on the wing by XFLO22. Near the tip the agreement is less,
probably due to less grid resolution in this area.

Unsteady Airloads
Unsteady airloads have been obtained with the NLR

doublet-lattice method and FTRAN3.

Doublet-lattice A irloads
The unsteady airloads involve effects of the tip launcher,

strake, fighter body, and tail (Fig. 17a) for reduced frequen-
cies based on the full span up to k= 11.7. As an example, the
antisymmetric vibration modes were calculated up to 15 Hz
using the structural representation shown in Fig. 17b, and ap-
proximated with a surface spline technique10 using ap-
propriate conditions at the flap edges. In Fig. 17c, the first two
structural vibration modes are shown.



1040 HOUNJET, VAN DER KOLK, AND MEIJER J. AIRCRAFT

a)

v

0-000 0.500 1.000

MACH-0.82
ALPHA-0.6
PITCHING

UPPERS IDE PRESSURES

a

O

- XFL022
EXP. DALPHA-0.125
EXP. DALPHA-0.25

EXP. DALPHA-1

Fig. 9 Comparison of experimental
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Fig. 10 Comparison of experimental and calculated distributions of
steady pressure coefficients on a transonic transport wing model at
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Fig. 11 Comparison of experimental and calculated distributions of
steady pressure coefficients on a transonic transport wing model at
Ma = 0.70.
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Fig. 13 Calculated distributions of unsteady pressure coefficients on
a transonic transport wing model in torsion mode.
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Fig. 14 Flutter results according to doublet lattice, experiment, and
FTRAN3.
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Fig. 12 Vibration modes of a transonic transport wing model.
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Fig. 15 Fighter configuration.
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Fig. 16 Comparison of experimental and calculated distributions of
steady pressure coefficients on fighter wing.
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Fig. 17 Aerodynamic and structural modeling of fighter configura-
tion.

FIGHTER CONFIG.
FLUTTER STUDY

MACH=0.9
ALPHA= 1 (DEC)

— • —— 1 MODE FTRAN3
--*--- 1 MODE DOUBLET LAT-
-*- 2 MODE FTRAN3
— - — 2 MODE DOUBLET LAT.

S T R U C T I R A L DAUBdNG (G)

SPEED (v/vref)

vref = v (mach = 0.9)

Fig. 18 Flutter characteristics of fighter configuration.

FTP AN3 Airloads
The FTRAN3 code has been applied for the wing part only,

as indicated by the shadowed area in Fig. 17a; for the rigid roll
mode and the first two vibration modes (Fig. 17c); for five
reduced frequencies up to k= 3.4, based ca full span; and for
Ma --=0.9, where transonic effects are significant. Unsteady
airloads have been obtained for the whole configuration by
replacing the wing contribution of the doublet-lattice airloads
by FTRAN3 airloads. At higher reduced frequencies,

the results of FTRAN3 were nearly equal to those of the
doublet-lattice method so that this method has been applied
straightforwardly for these cases.

Flutter Characteristics
Preliminary flutter calculations for the fighter-type con-

figuration have been performed with the k method. Figure 18
shows a flutter diagram of the first two vibration modes for
Ma-0.9 and a- 1 deg. Up to v=vnf the transonic airloads
have a decreasing effect on the stability as compared with the
subsonic airloads. Starting at v= vref the stability increases us-
ing transonic airloads.

Conclusions
Application of FTRAN3 and XFLO22 to two transport-

type wings and a fighter configuration leads to the following
conclusions:

1) Quasisteady results of FTRAN3 and XFLO22 calcula-
tions correlate reasonably well.

2) Steady and quasisteady results of calculations with
XFLO22 show a reasonable agreement with experimental
data.

3) Fighter fuselage effects on steady wing pressures are
simulated successfully using the XFLO22 code.

4) Unsteady results of FTRAN3 calculations show a
reasonable agreement with experimental data.

5) Application of FTRAN3 in flutter calculations has shown
the influence of transonic effects.

However, further analysis and more results are needed to
present a more complete picture of this influence.
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