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from Abbott and Doenhoff6 (solid airfoil). The provoked
bubble increases the lift with about 10% and tends to bring
the lift curve near that of potential flow. At incidences higher
than 13 deg, when the flow separates, the very simple flow
model does not work well. In Figs. 4a and 4b, the displace-
ment and momentum thickness on the upper surface of the
airfoil, at 13-deg incidence, are presented. On the entire
permeable region, the displacement and momentum thickness
are thinner for the permeable airfoil. Only at the end of this
region, is there an increase which is the result of the pressure
hollow. The Vn in the permeable region, is shown in Fig. 4c.
A great suction can be observed at the end of the permeable
region (negative normal velocity) which can be helpful for the
behavior of the boundary layer. The diminution of the positive
pressure gradient after the I.e. peak, determines a delay in
transition on the upper surface of the airfoil.

These theoretical results, obtained using a simple flow model,
are encouraging. They must be verified by a more complex
flow model for detached regions and especially by comparison
with experiments.

conditions has become more relevant. As a consequence, the
dynamic derivatives evaluation becomes even more important
for the recent aircraft configurations. In particular, the mea-
surement of dynamic stability derivatives has been refined in
order to investigate the nonlinearities of the aerodynamic
coefficient trends as a function of motion variables.

One of the most widely used methods to obtain dynamic
stability parameters is the direct forced oscillation technique,
where the model oscillates at constant amplitude and fre-
quency in a single degree of freedom (DOF). Therefore, any
aerodynamic reaction is supposed to be coherent with the
primary motion. Hence, a direct causal relationship between
the aerodynamic reactions and the primary motion itself is
established, when small angular displacements are consid-
ered. This condition permits a rather simple determination of
the derivatives, as discussed in Ref. 1.

In this note, a set of experimental results—obtained with
the new TPI/TU rig—is presented. These data reproduce,
with small discrepancies, the measurements on similar cali-
bration models, performed by NRC/IAR, DLR, and FFA.
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Dynamic Stability Derivatives
Evaluation in a Low-Speed

Wind Tunnel

Experimental Facilities
The TPI/TU D3M low-speed wind tunnel is a closed-circuit

tunnel with a contraction ratio of 5.44. The test section is
circular with a 3-m diameter. The maximum speed is 98 m/s
and the turbulence level is 0.3% at 50 m/s.

The propelling system is driven by a 1.1-MW dc motor and
it consists of two fans with four blades that are mechanically
linked to the motor by a gear box.

The model tested was the standard dynamics model (SDM).
This is a calibration model introduced by NRC/IAR in 1978,
specifically for dynamic tests. The weight of the model (ma-
chined in aluminum alloy) without the internal balance is 8
kg. The wing surface is trapezoidal with a 40-deg sweep angle
and the main geometrical dimensions are length 0.943 m, wing
span 0.609 m, wing surface 0.117 m2, and mean aerodynamic
chord 0.220 m. The center of gravity (e.g.) of the oscillating
system (i.e., balance reference center) is at 35% of the mean
aerodynamic chord.

A specific servomechanical unit (see Fig. 1) was designed
in order to perform static tests on the model and to generate
the harmonic motion of the SDM in the three separate ro-
tational DOF. The final design of the unit was the result of
previous experience and development.2-3

A vertical strut supports the model that is connected to a
strain gauge balance by an internal leverage that links the
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Fig. 1 TPI/TU mechanical apparatus.
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rear of the SDM with an oscillating vertical rod. The leverage
configuration can be easily changed according to the different
primary oscillations (pitch, roll). When yaw oscillations are
performed, a different strut is used and the model is sus-
pended in a 90-deg rotated position.

The harmonic motion of the model is excited by a driving
unit, powered by a dc motor that is placed under the floor of
the test section. It is linked to the main rod that supports the
SDM, by a gear box which is connected to an adjustable
flywheel. Setting the flywheel radius, it is possible to modify
the oscillation amplitude of the model (±3 deg), while the
oscillation frequency (maximum 5 Hz) is set by the rotation
speed of the motor.

Two step motors are used to change the angle of attack
and the angle of sideslip: 1) the former, translating vertically
the dynamic motion unit, acts on the rod and changes the
main leverage position that determines the angle of attack (a
ranges from -7 to +60 deg); and 2) the latter rotates the
vertical strut, modifying the angle of sideslip (j8 ranges from
-15 to + 15 deg).

An electronic control unit (ECU) is interfaced to the me-
chanical apparatus and is linked to the control PC by a special
digital device. Synchronization with the data acquisition com-
puter is possible (handshake or triggering). The distortions
of the primary motion, induced by the different geometrical
configurations of the support and of the leverages, are cor-
rected by the software routines acting on the control loop.

The five-component internal force transducer connects the
model to the mechanical support and permits the measure-
ment of the dynamic loads.

For static tests, the conditioned signals are multiplexed and
measured by a high-precision integrating voltmeter, inter-
faced with the computer by a programmable software lan-
guage simulation card.

In dynamic conditions, a multisample unit and a high-speed
analog to digital converter are adopted. The software elab-
oration is based on the Fourier analysis of the signals, iden-
tifying the in-phase and the out-of-phase vectorial compo-
nents of the driving torque acting on the oscillating model.
The sampling rate can be synchronized with the internal clock
of the data acquisition PC or with an external trigger signal.

Experimental Program
The results presented here (related essentially to damping

derivatives evaluation) are part of an experimental program for
the measurement of direct, cross, and cross-coupling derivatives
on different model configurations. The SDM was tested at Mach
numbers ranging from 0.1 to 0.2, corresponding, respectively,
to Reynolds numbers (referred to the mean aerodynamic chord)
of 0.45 x 106 and 0.89 x 106 at angles of attack up to 60 deg.
The measurement of the damping derivatives was carried out
using the pitch/yaw-roll apparatus discussed above.4

The TPI/TU mechanical apparatus, based on a vertical
suspension, is different from other rigs5 based on rear sting
supporting systems. The vertical strut, generally adopted for
wind-tunnel experiments on transport aircraft models, pre-
vents the model plunging, as the support deflections are lim-
ited during the tests.

The pressure distribution on the lower side of the SDM
fuselage has been measured in static conditions, even at high
angles of attack. These measurements confirm that the aero-
dynamic interference of the model suspension is small.

The experimental results of the TPI tests are generally in
good agreement with those obtained in other laboratories6'10

(IAR—formerly NAE, FFA, DLR—formerly DFVLR), tak-
ing into account the different suspension systems, test condi-
tions, and model sizes. The aerodynamic coefficients are related
to the body axes reference system.
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Fig. 3 Pitch damping derivative.

The trend of the static coefficient Cm measured at TPI and
in the other laboratories, is presented in Fig. 2. The results
related to DLR are time-averaged from dynamic tests. The
values are in good accordance, even at high angles of attack
(the comparison is possible up to a = 60 deg only with NAE
results). The shape of Cm curve shows a linear behavior of
this coefficient up to the wing stall.

A stabilizing effect due to downwash induced by the wings
on the horizontal tail was also found for a > 15 deg.

The damping derivatives, in pitch and in roll, respectively,
are presented in Figs. 3 and 4 as a function of the angle of
attack. These data are related to the small amplitude oscil-
lation tests with comparable angular displacements.

The damping derivative Cmq + Cmd peaks at a = 12 deg.
It then reaches a minimum at a = 20 deg, and after this drop,
slowly rises again with some oscillation in its trend. The ex-
perimental data deviation is moderate (8% = 5.5%).

The derivative Clp + C^ sin a remains fairly constant in
the range tested, and the correlation of the different results
and the data deviation (6% = 3.8%) are satisfactory.
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Fig. 4 Roll damping derivative.

Concluding Remarks
The results obtained with the calibration tests of the pitch/

yaw and roll mechanism (related to the SDM) were in good
accordance with the data published by NAE (IAR), DFVLR
(DLR), and FFA, taking into account the different charac-
teristics of the wind tunnels and of the model suspensions.

As a consequence, the research program has been extended
to different model configurations, developed with the aim of
investigating their aerodynamic behavior in a wide maneu-
vering field.

Acknowledgment
The authors would like to acknowledge the technical staff

of SACIMEX (Torino-Italy) for their contribution in the de-
sign and manufacturing of the apparatus.

References
f, E. S., "Direct Forced Oscillation Techniques for the De-

termination of Stability Derivatives in Wind Tunnel," AGARD-LS-
114, March 1981.

2Cavallari, A. Guglieri, G., and Quagliotti, F., "Development of
a Measurement Technique for Damping Derivatives in Pitch," 17th
ICAS Congress, Stockholm, Sweden, Sept. 1990.

3Cavallari, A., Guglieri, G., and Quagliotti, F., "Development of
Experimental Methods for Dynamic Derivatives Measurement in Wind
Tunnels," International Aerospace Congress, Melbourne, Australia,
May 1991.

4Guglieri G., and Quagliotti, F., "Determination of Dynamic Sta-
bility Parameters in a Low Speed Wind Tunnel," AIAA 9th Applied
Aerodynamics Conf., Baltimore, MD, Sept. 1991.

5Orlik-Rueckemann, K., "Review of Techniques for Determina-
tion of Dynamic Stability Parameters in Wind Tunnels," AGARD-
LS-114, March 1981.

6Huang, X. Z., and Beyers, M. E., "Subsonic Aerodynamic Coef-
ficients of the SDM at Angles of Attack up to 90°," LTR-UA-93,
Ottawa, Canada, Jan. 1990.

7Beyers, M. E., and Moulton, B. E., "Stability Derivatives Due
to Oscillation in Roll for the SDM at Mach 0.6," LTR-UA-64, Ot-
tawa, Canada, Jan. 1983.

8Beyers, M. E., Kapoor, K. B., Moulton, B. E., "Pitch and Yaw
Oscillation Experiments on the SDM at Mach 0.6," LTR-UA-76,
Ottawa, Canada, June 1984.

9Torngren, L., "Dynamic Pitch and Yaw Derivatives of the SDM,"
FFA TN 1985-05, Bromma, Sweden, Oct. 1985.

10Schmidt, E., "SDM Experiments with the DFVLR/ AVA Tran-
sonic Derivative Balance," AGARD-CP-386, May 1985.

Shape Sensitivities and
Approximations of Modal Response

of Laminated Skew Plates
Sarvesh Singhvi* and Rakesh K. Kapaniat

Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061

Introduction

T HE derivatives of the natural frequencies and mode shapes
of a generally laminated tapered skew plate with respect

to various shape parameters are obtained. The frequencies
and mode shapes of the composite cantilevered plate are ini-
tially determined as a function of a particular design variable
using the Rayleigh-Ritz method. The derivatives of the ei-
genvalues and eigenvectors with respect to the shape variables
are computed analytically and the results are compared with
those obtained using the finite-difference method in order to
confirm their accuracy. The four independent shape param-
eters considered are 1) the plate surface area, 2) the aspect
ratio, 3) the taper ratio, and 4) the sweep angle. The eigen-
values and eigenvectors are then approximated over the range
of the variable using linear, exponential, and pseudoexpo-
nential approximation schemes, and compared with the values
obtained from reanalysis. Numerical results are obtained for
both symmetrically and unsymmetrically laminated plates.

Mathematical Formulation
Recently, a number of studies have been conducted on the

sensitivity of various static and dynamic aeroelastic responses
(e.g., flutter, divergence, etc.) to four wing shape variables
such as surface area, taper ratio, aspect ratio and sweep angle
(e.g., Kapania et al.1'2). All these studies required the deriv-
atives of the stiffness and mass matrices with respect to the
four shape design variables mentioned previously. These de-
rivatives were obtained using a finite-difference approach.
Such an approach, though very easy to implement, suffers
from one major drawback: the results may be extremely sen-
sitive to the step size. A larger step size leads to significant
truncation errors and a too-small step size may lead to round-
off errors. To avoid these problems, it is desired that the
derivatives be obtained analytically as far as possible.

In addition to the sensitivity of the stiffness and mass ma-
trices, the sensitivity of the modal response (free vibrations
and mode shapes) is also of interest. Sheena and Karpel3

performed the static aeroelastic analysis of wings using free
vibration modes. Recently, Karpel4 also obtained the sensi-
tivity derivatives of flutter characteristics and stability margins
for aeroservoelastic design of wings by representing the wing
in terms of its modal coordinates. The sensitivity analysis of
aeroelastic responses therefore needs the sensitivity of the
modal response. Accurate and efficient determination of this
sensitivity information for the case of a generally laminated
wing is the key objective of this research.

It is highly desirable in optimization to be able to calculate
the effect of design variable changes without having to per-
form a full analysis for each design iteration. This need has
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