ICAS-88-3.11.2 ICAS-88-3.11.2
VORTICAL FLOWS AROUND DELTA WINGS IN UNSTEADY MANEUVERS

AND GUSTS

Rolf Staufenbiel, Bernd Steckemetz, Shangxiang Zhu
Institute for Aeronautics and Astronautics
Technical University Aachen, FRG

Abstract

This paper presents experimental investigations of two delta
wings with aspect ratio of 1 and 2 operating under unsteady
conditions at high angles of attack and sideslip. It includes
the influence of gusts produced by a gust-generator in front of
a wing fixed in a wind-tunnel, and a plunging motion caused
by a forced motion of the wing. Observed unsteady effects are
related to the time-dependent strength of the leading edge vor-
tices and, in particular, to unsteady breakdown phenomena.
Displacement of the breakdown points of the L.E. vortices is
quantitatively evaluated from water-tunnel flow visualization
showing hysteresis loops and considerable time lags. Also con-
siderable changes in lift and pitching moment in symmetrical
flow states and rolling moment under unsymmetrical condi-
tions have been found in wind-tunnel tests. Simulations using
these experimental data indicate a strong impact on the flight
dynamic characteristics of the delta wing configurations.

1. Nomenclature

AR = aspect ratio
b = wingspan [m]
¢ = root chord length [m]

CL = lift coefficient
C, =rolling moment coefficient
Cp, = pitching moment coefficient
f =frequency [Hz]
k =reduced frequency, nfc/U,,
m = aircraft mass [kg]
Re = Reynolds number, U_,c/v
= Laplace operator
= reference area = projected wing area [m?]

= freestream velocity [m/s]

]
S

U

o = angle of attack [degree]

B =angle of sideslip [degree]
v

= kinematic viscosity [m?/s]

II. Introduction

High-speed aircraft are often projected as delta wing or delta
wing-canard configurations with moderate or low aspect ratio.
At low speed conditions and in maneuver flights these config-
urations have to be operated at high angles of attack and
sideslip!+2. Investigations of delta wings initially 3-5, and in
recent years 6-10 point out the importance of delta wing studies
especially in unsteady flow.
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The flow on the suction side of delta wings is dominated by
two leading-edge vortices, which, at higher angles of attack,
undergo a marked change of structure well-known as vortex-
bursting or vortex-breakdown (Fig. 1). Changing the angle of
attack under this condition leads to a strong local displacement
of the vortex breakdown position. This causes considerable
changes in the forces and moments on the wing. In asymmetric
flow conditions the breakdown points are as well asymmetri-
cally located.

In unsteady flight maneuvers or in gust fields the development
of the flow field around delta wings is strongly time depen-
dent. The displacement of the burst points is related to the fre-
quency of disturbances in the angle of attack, and fast changes
of wing incidence produce large phase lags between the angle
of attack and the flow conditions 11-13. This behaviour can be
expected to modify the flight dynamic characteristics com-
pared to steady or quasi-steady flight conditions, insofar as the

Figure 1. Delta wing of aspect ratio 2 in symmetrical and
asymmetrical flow



induced aircraft motion has a feedback effect upon the process
of vortex bursting and displacement of the breakdown loca-
tion.

The present paper deals with the vortex breakdown behaviour
in gusts and maneuvers investigated in a water-tunnel and a
low speed wind-tunnel. Measurements of forces and moments
in the wind-tunnel provide data for a semi-empirical model of
the dynamic characteristics. Flow visualization studies in the
wateir-tunnel offer the opportunity to interpret the wind-tunnel
results.

III. _Test Facilities

The water-tunnel used in the investigations is of the
Goettingen type. It has a closed test section with a square cross
section of 0.54 m x 0.54 m and a length of 1 m. The flow
speed is limited to 4 m/s. For the purpose of visualizing the
flow field in three dimensions, the bottom and the walls of the
test section are made of glass. The low speed wind-tunnel is
also of the Goettingen type with an open test section of 3 m
length. The nozzle cross section is 1.5 m in diameter. The fan
1750 drx;l)'/ven by a 500 kW motor supplying flow velocities up to
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Figure 2. Delta wing configuration of AR=1
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Figure 3. Delta wing configuration of AR=2
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Two types of delta wings have been investigated. The first one
(Fig. 2) is a wing-body configuration with a thin, flat wing of
aspect ratio 1 (AR=1). The chord lengths of the water-tunnel
and wind-tunnel models are 0.25 m and 0.75 m, respectively.
The second configuration (Fig. 3) is a thicker sharp edged
delta wing with an aspect ratio of 2 (AR=2). The root chord
lengths of the models used in the water-tunnel and wind-tun-
nel are 0.25 m and 0.50 m, respectively. This configuration
has also been used for pressure measurements. Miniature pres-
sure transducers, connected to the surface by short tubes 14, are
installed inside the wing. The tubes are particularly necessary
for investigating the wing in plunging motion. The transducers
are oriented in such a way that there are no acceleration forces
normal to their diaphragms. The force and moment measure-
ments have been done with a wing of composite material to
reduce the mass forces on the strain gage balance.

Fig. 4 shows the experimental arrangement. The delta wing is
fixed downstream of a gust-generator which is positioned at
the exit of the wind-tunnel nozzle. The four vanes of the gust-
generator, developed for these investigations, are driven by a
25 kW dc-motor with a r.p.m.-control unit using a crankshaft
disk and a connecting rod. Gust frequencies up to 20 Hertz are
possible with maximum amplitudes of the vane angle of 10
degrees. Each vane has a spar made of carbon fibre composite.
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Figure 4. Test facility for the investigation of gusts loads
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Figure 5. Split-film probe for measurements of gust-induced
angles of attack
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Figure 6. Test assembly for plunging motions (top view)

The vanes have a NACA-0012 profile and otherwise is made
of foam coated with a thin skin of light wooden material.

The delta wings are sting-mounted on a 6-component strain
gage balance. The balance is fixed to a motorized rig enabling
variations of the angles of incidence and sideslip. In a position
of half the chord length of the delta wing an adjustable split-
film probe is used to measure the unsteady flow velocities. A
principal view of this probe, which operates in the CTA mode,
is given in Fig. 5. This two-sensor probe provides magnitude
and direction of the velocities after a thorough calibration pro-
cedure. In this way the probe supplies information about the
incremental angle of attack measured at a reference point in
the flow field.

The investigations of plunging motions of the delta wings
have been done with the assembly pictured in Fig. 6 as viewed
from the top. The model is again sting-mounted on the 6-com-
ponent balance. The sting is fixed to a rig for changing the
angles of incidence and sideslip. Driven by a three-phase
motor with r.p.m.-control, the plunging motion is performed in
a direction normal to gravity vector. In this way model weight
and unsteady mass forces produced by the plunging motion act
upon different strain gages of the balance, enabling higher
plunging amplitudes without saturating the amplifiers. Tests up

water-tunnel —e—p- :
/ 4
< AV
CCD-camera video Q
recorder I ‘ @
video frame
digital
image T
processing 1 %
unit .

host computer digitized video frame

Figure 7. Processing of flow visualization data
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to 10 Hertz are possible with a maximum incremental angle of
attack up to 5 degrees.

Using linear bearings, a crankshaft disk and a connecting rod,
it is possible to transpose the rotational motion of the motor
drive to a linear harmonic motion of the wing normal to the
undisturbed channel flow. Because the harmonic motion of the
delta wing is disturbed by the angle of the connecting rod, the
connecting rod is more than ten times longer than the maxi-
mum amplitude of model motion. The remaining error has
been regarded by software means. Information about the angu-
lar displacement of the crankshaft disk is given by a sine-
potentiometer. Knowledge of this angular displacement togeth-
er with the rotational frequency enables the incremental angle
of attack of the delta wing to be calculated.

The signals of the strain gage balance or the pressure transduc-
ers were amplified, converted to digital form and stored by a
computer. No hardware filters were used to avoid any loss of
information in the collected data. Low-pass-filtering and FFTs
have been done afterwards. Test results are obtained as time
histories of forces, moments and pressures. Using the time his-
tories, information about amplitudes and phase lags can be
extracted.

Only a few modifications had to be done to install the test
equipment of Fig. 6 into the water-tunnel. The tests in the
water-tunnel used flow visualization techniques and Laser-
Doppler-Velocimetry. Water-tunnel investigations were done
with a moving model and measurements of gust disturbances
were not possible. Hence, comparison between water-tunnel
and wind-tunnel results were restricted to maneuvering cases.
The flow was made visible using air bubbles, titanium-oxide or
milk. A stroboscopic flash lamp was available for triggering
purposes. Video pictures were taken with a CCD-video camera
and video recorder. A digital image-processing unit was used
for quantitative evaluation of the video frames (Fig. 7).

IV. Water-tunnel Results

Steady Flow

The vortex breakdown behaviour of the delta wing with AR=2
is quite different from that with AR=1. Fig. 8 presents the
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Figure 8. Breakdown locations vs. angle of attack in
steady flow



wing-fixed x-coordinate of the burst point positions normal-
ized to the root chord length of the wing vs. the angle of inci-
dence. Each position is obtained from video frames using the
digital image processing unit.

Increasing the angle of attack results in a displacement of the
vortex burst points upstream towards the apex of the wing. At
an angle of attack of about 10 degrees the vortex breakdown
reach the trailing edge of the AR=2 wing in symmetrical flow.
When the angle of attack is increased, the burst points move
upstream progressively up to 20 degrees. A further increase of
angle of attack shifts the burst points to the wing apex with a
decreasing rate of displacement .

The delta wing with AR=1 shows a different behaviour. Below
35 degrees the vortex burst points are located downstream of
the trailing edge. Increasing the angle of attack to about 37
degrees results in an abrupt movement upstream to a position
of half the root chord of the wing. Slow motion video records
show strong asymmetric locations of the burst points, even in
symmetric flow generated by strong vortex interactions and, of
course, model asymmetries. A further increase of angle of
attack again shifts the burst points to the apex with a decreas-
ing rate of displacement.

Unsteady Flow

Changing the angle of attack of the AR=2 delta wing by a
plunging motion results in an approximately harmonic motion
of the vortex burst points above the wing. This motion has hys-

135°
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Figure 9. Flow pictures illustrating the hysteresis effect on
breakdown positions in plunging motions
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Figure 10. Phase lag between angle of attack and break-
down position
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teresis and considerable phase lag compared to the model
motion. Fig. 9 gives an example of flow pictures showing the
Iocations of the vortex burst points at six phases of the plung-
ing motion., The mean value of the angle of attack is 20
degrees while the reduced frequency of the motion (k) is 1.77.
The flow is made visible by hydrogen bubbles generated by an
electrode at the tip of the wing. The hysteresis is clearly seen
between the two different burst point locations at downward
and upward motions of the wing, recorded at the same angle of
attack. Evaluation of these video frames by the image process-
ing unit gives the time histories of vortex breakdown
behaviour. In Fig. 10 the burst point displacement and the
incremental angle of attack is shown vs. the angle of the
crankshaft disk, which corresponds to the time. The upstream
motion of the breakdown points is nearly twice as fast as the
downstream motion. This causes a considerable phase lag
between plunging motion and flow conditions.

Fig. 11 show the hysteresis loops of the burst point displace-
ment vs. the incremental angle of attack for various frequen-
cies. One frequency corresponds to the case of Fig. 10. There
is a distinct hysteresis loop also at the lowest frequency as
shown in Fig. 11. By increasing the frequency at the same
incremental angle of attack (kept constant by reducing the
amplitude of motion) the hysteresis loop first gets broader
compared to the quasi-steady case. Then, the inclination of the
mean axis to the steady curve becomes larger, which corre-
sponds to an increase of phase lag in the time domain. Phase
lags of more than 180 degrees can be found. A further increase
of frequency results in a considerable reduction in the range of
burst point displacement.

V. Wind-tunnel Results

Steady Symmetrical Flow

The breakdown behaviour discussed above has a strong impact
on the aerodynamic coefficients. The lift coefficient in the
aerodynamic coordinate domain vs. the angle of attack is given
in Fig 12 for both delta wings. The breakdown displacements
of Fig. 8 are related to the lift curve characteristics. Up to an
angle of attack of 10 degrees the lift curve of the AR=2 wing
shows a non-linear increase, caused by vortex lift. When the
" burst points reach the trailing edge a gradual reduction of lift
increase results. Maximum lift occurs at an angle of attack of
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Figure 12. Steady lift coefficients of delta wings with aspect
ratios AR=1 und AR=2
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Figure 13. Influence of sideslip on steady lift, pitching and
rolling moment coefficients

about 37 degrees. At this value the burst points are located
close to the apex of the delta wing. A further increase of the
angle of attack effects an abrupt decrease of lift followed by a
smoother decrease at angles of attack greater than 42 degrees.

For the AR=1 delta wing, the maximum lift is correlated to the
above mentioned abrupt displacement of the vortex burst
points. This results in a sudden change of sign of the lift curve
slope.

Steady Unsymmetrical Flow

For the AR=1 delta wing the influence of a sideslip on the lift,
pitching and rolling moments is given in Fig. 13. An increase
of the angle of sideslip reduces the vortex lift and diminishes
the maximum lift. Also, instead of a marked peak in the lift
curve, there is now only a fiat plateau. It should be mentioned
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that the largest angle of sideslip (16 degrees) is larger than the
semi apex angle of the AR=1 delta wing. Because the pitching
moment is determined by lift and drag characteristics, the
influence of the plateau of Lift can only approximately be
found. Positive angles of sideslip effect large negative rolling
moments. These are caused by the large asymmetry in position
and strength of the leading edge vortices. The breakdown
influences the slope of the rolling moment vs. angle of attack
in a similar way to that found in the pitching moment curves.
In both cases a larger sideslip shifts the angle of attack where
the curve slope changes sign to higher values. This is because
the breakdown of the leeward vortex above the wing occurs at
a higher angle of attack.

Wind-tunnel Results for Sinusoidal Gust Disturbance

In the following, the influence of sinusoidal gusts on lift and
pitching moment is discussed. The aerodynamic coefficients
show similar hysteresis loops to that found in the investigation
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Figure 14. Hysteresis loops of unsteady lift coefficients
(AR=2)

of vortex breakdown in the water-tunnel.

Fig. 14 shows the lift coefficient of ther AR=2 delta wing,
which is disturbed by gusts for three values of reduced fre-
quency. The mean angle of attack of the fixed delta wing was
20 degrees and the gust generator produced a nearly sinusoidal
disturbances with an incremental incidence of 4 degrees.

Even at the lowest frequency, the mean value of the unsteady
lift is somewhat lower than the steady value. This may be
because the nozzle of the wind-tunnel is blocked a bit by the
gust generator. The correction of the energy loss in the wind-
tunnel nozzle, determined by the ratio of the differential pres-
sure of the nozzle to the total pressure in the test section, has
been done with the same factor for steady and unsteady mea-
surements. Further tests have shown that this factor differs by
about 3% between steady and unsteady flow conditions. This
brings the unsteady mean value closer to the steady case.
Another reason is that the unsteady mass forces have to be
neglected (assuming that they are small because of the low
bending of the strain gage balance).
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An increase of the reduced frequency results in a widening of
the hysteresis loop. This behaviour corresponds to the vortex
burst point displacements shown in Fig 11. At lower frequen-
cies the mean axis of the hysteresis loop is nearly parallel to
the slope of the steady lift curve. Increasing the gust frequency
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Figure 16. Hysteresis loops of unsteady pitching moment
coefficient (AR=1)

at first increases the width of the hysteresis loop. Afterwards,
the width decreases and the slope of the hysteresis axis is
reduced. This effect coincides with a reduction of the range of
breakdown displacement, as shown by flow visualization in
the water-tunnel. The pitching moment curves, shown in Fig.
15, closely follow the lift curve loops. The high degree of sim-
ilarity in the hysteresis loops of the water-tunnel and wind-tun-
nel results indicates that the time dependent behaviour of the
forces and moments is strongly influenced by the vortex break-
down behaviour. The increasing phase lags, corresponding to
the decreasing slope of the hysteresis axis, have a strong effect
on the flight dynamic characteristics, even if the amplitudes of
incremental lift and pitching moment decrease at higher
reduced frequencies. At an angle of attack of 20 degrees, no
bursting of the leading edge vortices was observed in water-
tunnel tests of the delta wing with AR=1. Therefore, it is 10 be
expected that the impact of the vortex lift on forces and
moments is stronger than for the wing of AR=2. Fig. 16 con-
firms this insofar as larger increments in pitching moment are
observed also at higher frequencies. The frequency at which
the flow field cannot follow a change in angle of attack, indi-
cated by a decrease of the incremental pitching moment, is
shifted to higher reduced frequencies.

Fig. 17 shows the increment of pitching moment coefficient
vs. the reduced frequency with a variation of the Reynolds
number for the delta wing of AR=1. As is well-known from
results in steady flow, the influence of the Reynolds number is
also small for the unsteady case. All data can be approximated
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Figure 17. Amplitudes of the pitching moment coefficient as
a function of reduced frequency
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function of reduced frequency
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by one curve. This diagram might imply that, except for the
highest frequencies, there is only a small influence of reduced
frequency on the increments. However, the hysteresis loops of
Fig. 16 show that two different mechanisms determine the
behaviour at lower and higher frequencies. In the range of
quasi-steady flow, the variation of the pitching moment is
characterized by the slope of the steady curve. At higher fre-
quencies, a widening of the hysteresis loops occur. In this case
the amplitudes of pitching moment and lift variations are given
by the vertical widths of these loops. :

For investigations of the flight dynamic characteristics, it is
necessary to consider the phase lags between gust disturbance
and aerodynamic forces. The time function of the gust is mea-
sured by the split-film probe, which gives the incremental
angle of attack. This probe is located in the test section of the
wind-tunnel at a position of half the wing root chord. This is
also the position of the acrodynamic center of the delta wings.

For the AR=1 delta wing, the measured phase lags of pitching
moment vs. reduced frequency are given in Fig, 18. Again, the
influence of the Reynolds number on the phase lag is found to
be negligible. At lower frequencies the behaviour of the phase
lag is almost linear. The few data obtained at higher reduced
frequencies suggest a progressive increase in phase lag. Thus,
phase angles of up to 90 degrees can be observed.

Al results discussed in this chapter concern the wings at 20
degrees mean angle of attack. For the AR=1 delta wing, the
vortex burst points are located downstream of the trailing edge.
As known from flow visualization, the vortex breakdown
points reach the trailing edge at an incidence of about 36
degrees. The effect of vortex bursting is shown in Fig. 19
where the phase lag of pitching moment vs. mean angle of
attack is plotted for different reduced frequencies. Up to the
angle of attack where the wing is affected by the vortex break-
down over the wing, the phase lag curve is almost linear, with
a well-ordered dependence upon the reduced frequency. At
higher angles of attack, vortex breakdown above the wing
leads to significant time lags of more than 180 degrees.

Wind-tunnel Results for Plunging Wings

Finally, a few results regarding the behaviour of a plunging
delta wing will be discussed. All test have been done using the
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Figure 19. Phase lag of pitching moment coefficient vs.
mean angle of attack (AR=1)

AR=1 delta wing with heave amplitudes of 4 degrees. The
experiments were done in two steps. First, for obtaining the
mass forces, measurements were performed by plunging the
delta wing with no wind-wmnnel blowing. Afterwards, com-
bined mass and aerodynamic forces were measured. The eval-
uation of these tests requires a subtraction of the two data files.
Fig. 20 presents first results obtained by this data reduction.
The phase lag at higher values of mean incidence is quite simi-

lar to the results obtained in the gust investigations. At lower

incidence, however, there is a considerable scattering of the
data and the phase lag is smaller than that obtained in the gust
case. Additional investigations should be performed to reduce
the scattering. Furthermore, these results have shown the
necessity of improving the test facilities and data reduction
software. Preceding tests of the normal frequencies of the
strain gage balance revealed a lowest normal frequency in lift
force direction which was only four times larger than the maxi-
mum plunging frequency. This ratio is quite small. As a result,
resonance effects could be a reason for the observed irregular
behaviour of the phase lags. A new balance with larger stff-
ness is being built.

V1. Semi Empirical Estimation of Flight Dynamics
The Data Base

As seen in the foregoing part, vortex breakdown on delta
wings results in quite different aerodynamic behaviour in
steady and unsteady flow conditions. It would be of interest to
see how these unsteady phenomena affect the motion of air-
planes having delta wing configurations.

In the present section a method is proposed for converting the
experimental data into a mathematical form suitable for incor-
poration in the equations of motion of aircraft. In the next sec-
tion, results are shown for a representative configuration, to
explore the effect of vortex breakdown on longitudinal aircraft
motion.

It is evident from the experimental results that the vortex
breakdown causes unsteadiness in aerodynamic forces. The
major differences between steady and unsteady cases are that
the amplitude is frequency dependent and phase lags occur in
aerodynamic forces and moments.

=200 T —
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Figure 20. Phase lag of unsteady pitching moment coeffi-
cient for a plunging delta wing (AR=1)
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Because the wind-tunnel results of the plunging delta wing are
not sufficiently reliable at present, the influence of vortex
breakdown on the forces and moments are obtained by a quasi-
steady approximation correlating unsteady water-tunnel and
steady wind-tunnel results, obtained for a delta wing of AR=2,
The quasi-steady approach relates the vortex burst point posi-
tions evaluated under unsteady flow conditions at an angie of

attack of a(1) to the angle of attack o(2), which provides the
same burst point position in steady flow. Fig. 21 gives an
example for the case of Fig. 11. Then, lift and pitching
moment are obtained from the steady wind-tunnel results in
the following manner. Fig. 22 shows the measured steady lift
curve (curve a), where the breakdown effects lead to a decreas-
ing slope. In addition, an estimation of the lift curve including
full vortex lift (without breakdown) is included in the diagram
(curve b). The loss in lift due to breakdown is the difference

between curve b and curve a. This value is taken at a(2) and
subtracted from the lift taken from curve b at a(1).

In this way, for all points of the breakdown hysteresis loop, lift
and pitching moment can be obtained as a function of time,
including effects of the phase lags. These data have been used
for the following preliminary study of flight dynamic
behaviour.
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Figure 21. Correlation between steady and unsteady break-
down locations
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Figure 22. Quasi-steady estimation of breakdown influence
on lift

The Basic Approach

For treating unsteady dynamical problems, a great deal of
work has been done in the past. Classical research on unsteady
aerodynamics, such as by Theodorsen, Kuessner, Sears and
Jones et al., was mainly aimed at the flutter problem. This was
based on the method of Aerodynamic Influence Coefficients
(AIC), where the airplane response is computed for simple har-
monic motion at discrete values of reduced frequency. Modern
control analysis calls for the representation of the aerodynamic
forces in the entire Laplace domain, so that the state equation
in matrix form can be formulated for linear stability analysis.
For this purpose, the aerodynamic transfer function (ATF) has
to be approximated by rational functions of the Laplace opera-
tor, s.

Following Dowell's suggestion!5, the following expression
defining the basic structure of the ATF is chosen:

m

a.s
ATE(5) = z _S_‘+ = 0

i=1 1

where s=sc/2U is the non-dimensional Laplace operator. To
determine the system order m and the coefficients a and b, a
parameter identification procedure has been developed by
using a direct search optimization algorithmi6, A computer
program has been developed which automatically determines a
and b for a specified value of m. The selection of m is based
on the requirements of accuracy and the minimum-state. To
approximate the measurements, the least-square error for both
amplitude and phase angle is simultaneously achieved by min-
imizing the cost function:

N
2 2
I = (I/N)Z {[Kai AA(O);)] + [Kfi A‘P(m,)] } @
i=1

where AA(w;) and A@(w;) are the errors of amplitude and
phase angle at each selected frequency. K,; and Kg; are weight-
ing factors for amplitude and phase angle, respectively. In
order to achieve better correspondence with the measured data,
it seemed suitable to interpolate the original data set at 20
equidistant frequencies.

Fig. 23 shows an example of the approximating process for the
delta wing of AR=2. The identified parameters are m=3, a,
=0.9822, a, =0.3170, a3 =-2.4644, b; =0, b, =2.8869,
by=4.3575. This approximation provides a quite good agree-
ment with the measured values of phase lag and amplitude
ratio.

Simulation of the Dynamic Response

Equation (1) is the basis for accounting for unsteady aerody-
namic effects due to vortex breakdown. These effects are
inserted into the linearized, small perturbation equations of
motion for a rigid airplane. The assumed longitudinal equa-
tions of motion have the form:
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AU =-gAy+ (pUS/2m)AC,
Ad =Aq+ (pUS/2m)AC,

. 2 . ©)]
Ag =(pU'SC /21y)ACm
AB =Aq
Equation (3) can be rewritten in matrix form
Xy = A X+ B U @

The unsteady effects are inserted into the equations of motion
through C, and C,, according to equation (1). Due to the fact
that the aerodynamic coefficients depend upon the aircraft
motion, i. e. X, = F(X; ), the ATF can be converted into a
matrix equation in the time domain

X, = A, X, + B X 5)

The subscripts s and a in (4) and (5) denote state variables and
aerodynamic coefficients, respectively. By combining Eq. (4)
with (5) the equations of motion can be written as
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Figure 23 Approximations of lift amplitude and phase lag
curves plotted against reduced frequency
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where
T
X = (X Xp)

The output equation is generally given in the form

Y =CX

Numerical Example and Results

For testing the influence of the unsteady effects, a hypotheti-
cal supersonic transport aircraft with a delta wing of AR=2 has
been chosen. The main parameters of the airplane are given as

total weight: m= 160 t

moment of inertia: I = 3,200,000 kgm?
wing area: S = 780 m2

mean aerodynamic chord: ¢ =38 m
span: b=57m

The aerodynamic derivatives for pitch rate, Cpq and Cpq, were
approximately evaluated. For simplicity, the contribution of
the horizontal tail to unsteady aerodynamic loads was neglect-
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Figure 24. Time history of angle of attack following a
(1 - cos) elevator disturbance for quasisteady and unsteady
aerodynamics
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The undisturbed flight condition is at sea-level at a speed of
83m/s. The trimmed angle of attack is 20 degrees. A distur-
bance is applied to the dynamic system by an elevator deflec-
tion in (1-cos) form with a 10 degrees amplitude and a period
of one second.

The simulation results, comparing quasi-steady and unsteady
cases, are presented in Fig. 24 a and, in Fig. 24 b, there is a
case with 25% reduction in pitch damping. It is obvious that
the inclusion of vortex breakdown features in the aerodynamic
representation has a pronounced effect on angle of attack
response. Only a small effect on the phugoid mode is to be
expected.

It should be mentioned that the results presented here are only
qualitatively correct. The aerodynamic transfer function, iden-
tified here by a few measured data in certain frequency regions
has to be generalized to the whole s-plane or, in other words
to arbitrary motion. However, the experimental data are avail-
able only at a few discrete frequencies. This may degrade the
accuracy of the numerical results. Nevertheless, the simulated
results indicate pronounced effects of unsteady vortex break-
down phenomenon on airplane motion.

Further research work should be done with a more sufficient
experimental data base. The analysis method should be modi-
fied to account for a more sophisticated dynamic system
model, which may include an automatic control system and
some structural modes.

VII. Concluding Remarks

1) Two delta wings with aspect ratios of 1 and 2 have been
studied under unsteady conditions, generated by a gust-gener-
ator and by plunging movements in a water-tunnel and a wind-
tunnel.

2) At higher angles of attack, the breakdown of the leading
edge vortices lead to hysteresis Ioops and time lags in aerody-
namic forces and moments. These can be directly correlated
with the unsteady displacement of the breakdown points above
the delta wings.

3) Influences on the flight dynamic characteristics of a delta
wing configuration have been demonstrated where, in particu-
lar, the damping of the short period mode is reduced.

4) Further work has to be done to refine the experimental and

theoretical tools. An extension to study the lateral dynamic
behaviour should be done.
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