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A New Capability for Measuring Dynamic Air Loads

in a Wind Tunnel

Trving C. StarLER,* ORREN B. Turis,T AND WALTER J. HIRTREITER]
Cornell Aeronautical Laboratory Inc., Buffalo, N. Y.

This paper reviews the capabilities provided by the Cornell Aeronautical Laboratory’s new
system for dynamic testing in wind tunnels. By means of this unique mounting system, a
model can be forced precisely in any desired planar sinusoidal motion. A series of wind-~
tunnel tests with this facility permitted, for the first time, the measurement of the separate
components of the rotary damping moment. The moment due to rate of change of angle of
attack was measured by oscillating the model in pure plunging motion. The moment due
to pitch rate was measured during pitching motion. The sum of these is compared with the
total rotary damping moment as measured in rotation. Comparisons of data taken at two
frequencies and four Mach numbers indicate that the components are accurate Lo within
+1079, of the total rotary damping moment. The results are compared with theory, flight-
test data, and other wind-tunnel measurements on the same and similar models. Future
applications of this equipment are reviewed, particularly with regard to its use as a research
tool to support basic investigations for the development of theoretical or semiempirieal
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methods for predicting dynamic-stability characteristies of aireraft at transonic speeds.

Introduction

HE diversity of operation and the unusual configurations

of present-day aircraft introduce new problems in pre-
diction of flight stability and control. The designer who must
know the dynamic-stability characteristics of a new aircraft
configuration to predict its handling qualities when it flics at
high subsonic and transonic speeds faces a dilemma, how-
ever. Available theories for predicting the required acro-
dynamic characteristics in this speed range are totally in-
adequate. There are, currently, no proven methods for
predicting the unsteady aerodynamic loads at transonie
speeds and at the low reduced frequencies typical of aireraft
rigid-body dynamics. To aid in the development of such a
theory and to advance the technical understanding of un-
steady transonic flow in gencral, there exists a requirciment
for wind-tunnel tests of unsteady acrodynamics in the
transonic speed range. In recognition of this need, Cornell
Acronautical Laboratory Ine. (CAL), under sponsorship
of the U. 8. Air Force Research and Technology Division,
Flight Dynamics Laboratory, Control Criteria Branch,
undertook the development of a unique oscillatory mounting
system by means of which a model in a wind tunnel can be
forced precisely in any desired planar sinusoidal motion.
Longitudinal short-period dynamie testing was chosen for the
initial program to limit the equipment and experimentation
necessary for obtaining useful and correlative results. The
methods and equipment are, nevertheless, applicable to
lateral dynamic testing as well.

The dynamic measurement of aerodynamic stability deriva-
tives in wind tunnels is not a new undertaking. A review of
some of the early techniques is given by B. Melville Jones in
Ref. 1. Reviews of more recent literature on dynamic wind-
tunnel testing?—! show that some of the basic techniques
developed in those first years of aviation are still used today.
These recent reports contain descriptions of current oseil-
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lators, instrumentation, and model-building practices. They
represent curved flow or nonoscillatory testing techniques,
free-oscillation methods, resonant excitation systems, a
variety of inexorable forcing techniques, and two new free-
flight approaches!'t.'? but, generally, they are limited to con-
siderations of the measurement of total damping.

The unique capabilities provided by the CAL/Air Force
Dynamic Testing System result from the ability to inexorably
force the model in any desired planar sinusoidal motion. In
particular, three basic motions can be achieved to study
longitudinal dynamics. These arc:

1) A pure rotational motion about the model’s center of
gravity. Both the angle of attack and the pitch angle vary
continuously, as in the flight path shown in Fig la. The
translational velocity is zero and the angle of attack equals
the rotational angle. Dynamic measurements can be made
of the lift and pitching moment due to angle of attack (F,«
and M,e) and also of the total rotary (dynamic) forces,
which are composed of the sum of the contributions due to
rate of change of angle of attack and the contributions due
rate of rotation [(Fg + F)0 and (M, + M4)0).

2) A pure plunging or translatory motion. The angle of
attack varies continuously but is due only to the translational
veloelty, since there is no significant rotation about the
model’s center of gravity, as in the flight path shown in Fig.
1b. Dynamic measurements again can be made of the lift
and moment due to angle of attack as in rotation but, more
important, the lift and moment due to rate of change of angle
of attack alone (i.e., Fye and M 4a) can be evaluated.

3) A pure pitching motion. This is the particular com-
bination of rotational and translational motion such that the
angle of attack remains constant, as shown in the flight path
of Fig. le. In general, the cffective oscillatory angle of
attack of the model is the vector sum of the oscillating rota-
tional angle about the c.g., 8, and the angle of attack due to
the translational velocity of the c.g., z/U, e, « = 0 47 /U.
The oscillating rotational angle is equal in amplitude and
opposite in phase to the angle of attack due to the plunging
motion. Thus, the net angle of attack is maintained con-
stant in pure pitching motion. This motion permits meas-
uring the lift and moment duc only to rotational (or piteh)
rate (ie., Fg0 and #g0). Similar considerations pertain to
directional-lateral dynamics when the model is rotated by
90° on the balance support.
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Dynamic-Testing System

The basic components of the dynamic-testing system are
represented in Fig. 2. The operator adjusts the controls on
the mechanical oscillator so that the model is foreed into a
desired planar sinusoidal motion. The motion is measured
by lincar and angular accelerometers in the model whereas
forees and moments are measured by a strain-heam balance
svstem between the model and the sting support.  Signals
from these transducers ave passed through a signal-processing
system that provides due. outputs proportional 1o the ampli-
tudes and phases of the components of the force, moment,
and aceelerations at the oscillator frequencey,  This informa-
tion, plus the oscillator frequency and tunnel test conditions,
is displayed visually i the dynamie-testing control room
ig. 3) and is recorded automatically and simultancously

The dynamic balance and mechanical oscillator system
wag designed for use with CAL’s 8-[t transonic variable-
density wind funnel.  This wind tunnel is particularly well
suited to the requirements of the system. Over a Mach
number range of 0.50 to 1.20, dynamic pressures can be held
constant in a range of 200 through 600 ib/ft? or Revnolds
number/1t ol reference length can be heid constant at values
of 1 > 109 through 3.5 X 105  Tmpaci temperatures are
held between 120° and 155°F, even for the supersonic speeds.
This tunnel’s 8- 84t test seetion has perforated walls that
permit  complete  performance measurcments on  models
through the transenic speed range.

Mechanical Oscillator

The sting support for the model constitutes one arm of the
linkage system (sce Iig. 2) which is driven by connecting
rods mounted eccentrically on two flywheels. Periodic mo-
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Fig. 1 Longitudinal motions of the model.
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ton at even low requencies is assured by the large flywheel
mertias.

The desited model motion is obtained by adjusting the
cecentric amplitudes and the angular relation beiween the
flywheels. The eccentric amplitudes cach are controlled by
means of small hydraulic motors that are mounted on the
flywheels.  Each motor deives a drwn, the periphay of
which goes through the center of the fivwheel, and the axis of
which is parallel to that of the flywheel, A stub shaft on
the drum completes the crank of the erank-connecting rod
design.  The eceentric drum is mounted on tapered roller
bearings which reduce radial play to a minimum, even dur-
ing amplitude adjustment.  An annular hydraulic brake
lecks the drum, except while an cceentric adjustment is being
made.

Control over the phase relationship between the two fy-
wheels is obtained by means of a hvdraalic motor which per-
wits arbitrary angular positioning between ihe drive gear
and shalt on the aft flywheel.  Again, a hydraulically actu-
ated brake locks these I position, except while adjustment
ig being made.

Indications of the forward and aft eccentrie amplitudes and
the phase between them arve used by the operator initially to
set up the desired motion approximately. The relationship
between these measurements and the motion of the model
can be computed beforehand on the assumption that the
linkage system motion can be described by rigid-body kine-
maftics. The final precise adjustments of the motion are
made, however, on the basis of the indicated linear and
angular accelerations of the model itsell. This enables ob-
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Fig. 4 Dynamic-testing model.

tainment of the desired model motion irrespective of the
elastic distortions of the support system.

Although the mechanical details of their operation are
rather ecomplicated, the actual controls provided to the
operator are very simple. On/off switches and a variable
resistance potentiometer provide the control for the oscillator
driving motor. The amplitudes of the forward and aft
eccentrics can be increased or decreased at either a fast or
slow speed. Another variable resistance potentiometer
controls the rate of phase adjustment, and an on/off switch
activates the phase control at this preset rate.

The dynamic loads produced by the oscillator in its own
support structure are attenuated by mounting the oscillator
on a large mass (14 tons, in fact) which, in turn, is isolated
from the wind-tunnel structure by a pneumatic suspension.
The very low resonance frequency of this mount system
practically eliminates the transmission of any dynamic loads
to the tunnel structure and, at the same time, isolates the
model from random vibrations produced by the tunnel itself.
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Fig. 5 The force and motion sensors.
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The mechanical oscillator has the following operating char-
acteristics: 1) it can provide a fundamental oscillating fre-
quency of from 3-12 eps; 2) at this fundamental frequency,
it can provide a translational motion of up to 20 ¢’s of trans-
lational acceleration or a vertical displacement of 1-ft double
amplitude; 3) it can provide a rotational motion of the mode!
at the fundamental frequency with angular accelerations
in excess of 200 rad/sec?, or a rotational displacement of
10° double amplitude; and 4) the system can sustain a peak
vertical load of 1200 1b at the model’s center of gravity.

Model

For purposes of checkout, shakedown, and evaluation of
this dynamic-testing system, a y4-scale model of an F-80 air-
craft was utilized (shown in photo of Fig. 4). Although it is
not a particularly modern design, this F-80 model was used
in these tests because of the relatively large amount of com-
parable data available from other wind-tunnel tests, calcula-
tions, and flight tests. This light, rigid, and strong model was
built specifically to make dynamic wind-tunnel tests for
comparison with full-scale flight-test data. The weight and
moment of inertia of the model were kept small to minimize
the inertial loads on the balance. The model is, however,
very rigid to avoid introducing effects due to aeroelastic
deformations of the model. (For details on the model design
and construction, see Ref. 13.)

Force and Motion Sensors

The measurement system in the model is shown in the
sketch of Figure 5a and in the photograph of Fig. 5b. The
model is supported from the sting by a system of four flexures,
three of which incorporate strain gages for the generation
of needed data signals. The strain gages on two of these
flexures, the forward strain beams, are connccted to sum
their output signals. This signal is, henceforth, referred to
as the normal-force measure although, actually, it includes
& component proportional to the pitching moment. The
model is balanced precisely so that its center of gravity is
located longitudinally at the sensitive axes of the forward
strain beams, which are located as closely as possible to the
aerodynamic center of the model (in this case, the quarter
chord of the wing). A single flexure support is situated aft
of the forward flexures and on the model’s longitudinal center-
line. The strain-gage bridge attached to this flexure provides
output proportional to pitching moment only. A fourth
flexure called the axial strain beam is attached between the
model and sting to provide restraint along the longitudinal
axis without interfering with the operation of the sensing
flexures.

The vertical motion at the model’s center of gravity is
measured by a modified Model 4310 Linear Accclerometer
manufactured by the Donner Scientific Company. The
standard 4310 Accelerometer consisting of seismic element
and associated electronics is housed in a single case that is
too large to fit the space available at the center of gravity of
the model. The modified unit obtained for this purpose
consists of two parts, a sensing element housed in a small case,
and an electronic components package in a separate case.
The sensing element is located at the model’s center of gravity
and the electronic package is in the vertical strut. This
accelerometer has a full-scale range of 30 ¢’s. Under all
operational environments existing during wind-tunnel test-
ing, the instrument exhibits an over-all accuracy of 19 or
better.

The model’s rotary motion about a pitching axis is measured
by means of a Unico Controls Inc. Model MCA-6 Angular
Accelerometer. This instrument was developed especially
for the dynamiec-testing system and it is unique in its small
size, ruggedness, insensitivity to inputs other than angular
acceleration, and its attenuation of high-frequency noise
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er 1s
designed for minimum mass unbalance. If it were not the
case, prohibitively large errors would result from the instru-
ment’s response to linear accelerations when attempting to
measure small angular accclerations during model motions

mputs. The inertial sensing element in this transduc

which included large linear accelerations (plunge and pitch).
This angular accelerometer has a full-scale range in excess
of 200 rad/sect  Its sensitivity to linear acceleration,
measured under 1d-g condifions, is an output signal at 1 ¢
that is less than that equivalent 1o =£0.05 rad/sec? of angular
acceleration input.  The transducer signals from the model
are processed on line to provide digitized readouts of the
amplitudes and phases of the forces, moments, and accelera-
tions al the oscillation frequency.

Signal Processing

A block diagram of the signal-processing system 1s shown
in Fig. 6. The signal-processing system simultaneously ac-
cepts the four transducer outputs originating in the model
at a particular frequency within the range of 3-12 eps, ex-
tracts the fundamental signals in the presence of random noise
and harmonic frequencies, and automatically derives {rom
these signals their phase angles and individual magnitudes.
This information is displayed visually and is printed out and
punched on TBM cards for later use in performing the final
analysis.

The four signals from the force and motion transducers in
the model are fed to a signal-mixing unit. The operations
performed in the signal amplification and mixing unit are
shown in Fig. 7. P’hase-compensation controls (padders) arve
provided in the linear acceleration, force, and moment
channels to accommodate differences in dynamic character-
isties of the transducers and to match these channels dynam-
ically at each frequency to the angular accelerometer channel.
These signals then can be combined as desired.  In particular,
the forces and moments due to inertial reactions are com-
pensated by corresponding signals of opposite polarity from
the linear and angular accelerometers.

The four signals from the mixing unit are then led to four
phase and amplitude analyzers that incorporate unique
fillering capabilities.  These units were also developed cs-
pecially for this system by Unico Controls Ine.  Kach unit
automatically supplies, first, an output in digital form pro-
portional to the phase angle with respect to the oscillator of
the part of the signal which is at the fundamental oscillator
frequency and, sceond, an output voltage proportional to
the amplitude of the fundamental component of the signal
from the model transducer.  This filter system is self-syn-
chronous with respeet to the fundamental input frequency,
so that harmonicg or random noise in the input signal are
strongly attenuated regardless of the frequency of the funda-
mental signal.  Consequently, the two outputs from ecach
channel arc very accurate digitized measures of the amplitude
and the phase of the fundamental, sinusoidal component of &
noisy nput sighal.

System Accuracy Requirements

The acceptable tolerances in the measured derivatives were
arbitrarily sclected to be the following in order to establish
the accuracy objectives lor the system: 1) The error in Fy,
shall be less than 109, of I, 2) The error in M, shall be less
than 109, of 1/, 3) The errorin M4 + 34 shall be less than
109% of M4z + Mg, 4) The error in M shall be less than 1097
of M4+ M. 5) Theerrorin Mg shall be less than 109 of 3 4
-+ M.

Requirements on the system accuracy fall into two cate-
gories: One is the requirement on the aceuracy with which
the desired motion must be set up, and the other is the re-
quirement on the accuracy with which that motion and the
resulting force and moment must then be measured. In the
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first category, the very precise control on the oscillator,
together with the acceurate on-line readouts of the model ae-
celerations, enables the operator to adjust the model motion
within extremely tight tolerances. For example, the control
is sufficiently precise to adjust the model motion at 7 ¢ps
to within =04 rad/sec? of rotational acceleration, to well
within =8 {t/see? of the plunging acceleration, and to about
+3° of phase angle between rotation and plunging. These
represent the order of accuracy of motion required by the
pure pitching case when it is desired to maintain the rate of
change of angle of attack at less than about 0.03 rad/sec.

[u the second category, every consideration has been given
to maximizing the measurement accuracy of each element of
the system.  The transducers are designed 1o separate their
[unctions clearly in order to tailor the sensitivity of each te
the specific quantity to be measured. The model motions
are also tailored to the particular measurement to be made.
Ideally, with an ecrrorless measuring system, the motion of
the model could be arbitrary.  Since this perfection cannoi
be achieved, specific motions, such as pitching, plunging, and
rotation in the case of longitudinal dynamics, are used to
maximize particular components of the loads to be measured.
This use of a particular motion for cach measurcment maxi-
mizes the accuracy possible within the resolution limitations
of the data processing system.  In much the same way, read-
out accuracy is improved by canceling; in the mixing unit,
the components of force and moment due to mertial loads.

System Evaluation Tests

Just prior to the wind-on tests, & program of wind-ofl tests
was performed to set up the desired gains, adjust the phase
paddings on the signal channels, and combine the signals in
the proper proportions in accordance with Ifig. 7. In wind-
off pure rotation tests, a signal from the angular accelerom-
eter was combined n the mixing unit with the signal {rom the

TRANSDUCERS READOUTS

Forward Fp Fg-m'i Fp-m'i-7 My Aerodyna mic
Strain —t - F Normel
Beams Force

S

A M My +T"6-Tki M I'8-1ki-bi  acrodyncmic

strain g | L, & =M Pitching

Beams } S (k Mo ment
P .

L

Angular @+ k% Angular
Accelerometer — 7 - T »A Acceleration
: |
Linear z ! J Lineor
. U . . o
Accelerometer & > L pcceleration

() Gain Settings for Mixing Signoi

] Padders

Fig. 7 Operations performed in the signal-mixing
unit.



422 STATLER, TUFTS, AND BIRTREITER

moment balance, and a gain (I* in Fig. 7) was adjusted until
the moment readout was zero. The moment due to inertial
reaction thus was canceled.

In wind-off pure plunging fests, a signal from the lincar
accelerometer was combined in the mixing unit with the
signal from the moment balance, and the gain (b in Fig. 7)
was adjusted to reduce the component of the moment in
phase with linear acceleration to zero. (For the F-80, there
was a residual moment due to the drag load on the horizontal
tail which led the linear acceleration by 90° and was about
0.5 ft-1b at 7 ¢ps and 15 ¢’s of lincar acccleration in a 3-
atm  environment.) A signal from  the lincar acceler-
ometer was combined with the signal from the normal-
force beams in the mixing unit, and the gain (n* in Fig. 7)
was adjusted to minimize the normalforce readout. A
signal from the moment balance was combined in the mixing
unit with the signal from the forward (normal-foree) beams,
and the gain (1/[z* in Fig. 7) was adjusted to zero the normal-
force readout. This compensated for the component of
moment sensed by the forward beams.

The system was then ready for wind-on tests. A series of
wind-tunnel tests using the F-80 model at three frequencies
and four Mach numbers demonstrated the versatility and
over-all aceuracy of the dynamic-testing system. The tests
were run in the following order, all at densities corresponding
10 3 atm at wind-off.

1) Pure rotation tests were run at 50 rad/sec? with less
than 1 ¢ of lincar acceleration. The frequency was 7 eps.
Data were taken at Mach numbers 0, 0.5, 0.7, 0.75, 0.8, and
repeated at M = 0.

2) Pure plunging tests were run at 15 ¢’s of lincar accelera-
tion and less than 0.4 rad/sec? of angular acceleration.
Again, the frequency was 7 ¢ps and the Mach numbers were
0,0.5,0.7,0.75, 0.8, and repeated at M = 0.

3) Pure pitching tests were performed at 15 ¢’s of linear
acceleration at a frequency of 7 eps. The motion was ad-
justed so that the phase of the angular acceleration lagged
the linear acceleration by 90° & 1°. In all cases, the linear
acccleration was adjusted to 15 ¢’s &= § of a g, and the angu-
lar acceleration required at each Mach number was adjusted
to within #0.4 rad/sec?. At M = 0.5 (U = 550 fps), the
required angular acceleration to cancel the angle of attack
due to 15 ¢’s of translational motion at 7 eps is 38.6 rad/sec?.
At M = 0.7 (U = 767 fps), the angular acceleration is 27.7
rad/sec?.. At M = 0.75 (U = 824 fps), the angular ac-
celeration is 25.8 rad/sec?, and at M = 0.8 (U = 882 fps), the
angular acceleration is 24.1 rads/see?. The entire test pro-
gram was then repeated at a frequency of 5 eps, and the pure
rotation tests were also conducted at 10 cps.

A major consideration during the development of the
dynamic-testing system was the nceessity for a sufficiently
strong fundamental signal that would not be lost in the
noise environment caused by random vibration and acro-
dynamic turbulence. These tests demonstrated that a very
high signal-to-noise ratio was indeed maintained. This is
due, in large part, to the high g levels that can be obtained,
the firmness of the model-motion system, the isolation
mounting of the mechanical oscillator, and the over-all de-
sign of the instrumentation and signal-processing system.

Data Reduction and Analyses

The data which were automatically printed out during
these tests were analyzed in accordance with the equations
developed in the following discussion: Fg is the reactive
force of the model on the normal-force strain beams defined
as positive up, Mg is the reactive moment of the model on
the aft strain beam defined as positive for model-nose-up,
Z is the linear acceleration of the model defined as positive
down, and 0 is the angular acceleration of the model defined
as positive for model-nose-up. In the most general case,
the loads carried by the forward and aft strain beams are,
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respectively,
Fp = mz + (1/ls)Ms + I8 + Fgh + P36 +
Fo(z/U) + Folz/U)
Mg = —I0 4+ ma.,Z + Mo0 + M0 + M6 +
Mu(2/U) + Ma(2/U) |

ey

where m is the mass of the model plus metric part of the bal-
ance (including the licear and angular accelerometers), [z
is the distance between the forward and aft strain beams,
[ is the moment of inertia of the mass m about its c.g., and
Te. 18 the longitudinal displacement of the sensitive axis of
the forward strain beams from the center of gravity of the
mass m (positive aft). All the remaining terms on the right-
hand side of Hqgs. (1) are due to aerodynamic loads. In
accordance with the operations performed in the mixing unit,
as shown in Fig. 7, the aerodynamic normal-force and pitch-
ing moment are related to the balance measurements as fol-
lows:

F =Fpg — m*2Z — 1/lz* Mg
) ®

M = Mg + I'*0 4 I*kZ — bZ
where m* is used to cancel the normal foree due to inertial
reaction, 1/05* is used to cancel the component of moment
sensed by the forward strain beams, I* is used to cancel the
moment due to inertial reaction, & is the crosstalk sensitivity
of the angular accelerometer, and b is used to correct for the
effects of the crosstalk £ and the c.g. location error z.,. In
terms of the actual readout indications, the model motion is
expressed as (see Fig. 7)

i=1L 6 =A— kL (3)

and for sinusoidal motion

0 = —(‘r/27r)2§ 0= (T(/Q’rrj).é

A ‘ #)
z = (7/2m))z
Equations (1-4) are combined to give
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For wind-off tests, Egs. (5) reduce to

I
[— JA + (mae,, + I0OL]] @
M = (I* — DA + (mae,. + Ik — b)L + Mzp

F=(m—m"HL+ < ] l> X

where Myp is the moment due to the drag load on the hori-
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zontal tail during motion with no wind. The corresponding
normal forces were neglected.

During the wind-off plunge tests, the gain m* was adjusted
to minimize the normal-force readout, and then the gain 1/05*
was adjusted to reduce this readout to 701'0. Hence, for
wind-off conditions, the first of Kgs. (6) s F = 0. The gain
b was adjusted to mak(\ the quantity ma... + [*k — bequal to
zero.  Further, in wind-off pure rotation tests, the gain [* was
adjusted until the moment readout was zero.  Ilence, for
wind-off conditions, the second of Bgs. (6) is M = Mrp.

Accordingly, the apumprialo i“orm\ of Egs. (8) for reducing
the wind-on test data are the following:

Pure rotation

F = | F(r/20)) + (Fa + F3)}rA/2n)
M = {M(r/2n)) + (My + Mg)}7A/2m)

Pure plunge

2 ‘ iL
}1 P, l KU 4 [y — (Fg + kU =) 42
| 27 omi J L

M - {M; 1M, (2;) kU +

_ T
| Mo — (My + MOkU I( )(r

The crosstalk sensitivity of the angular accelerometer & was
sufficiently small so that negligible error was introduced when
Fo(r/2m) % U was neglected with respect to Fg; (Fg + FokU
was neglected with respect to Fo; Mo (r/21)% U was neglected
with respect to My4; and (M4 4+ We)kU was neglected with
respect to M,.  Then

F = {INg 4 Fulr/20j) | L/ U
M = (M + Mo/ 2a) L/ U

Fure piteh

£ 'V‘(‘)%)A N \’(/Va (mj {\((%z e / N
J _ Moo &
1) = e v beo

Table 1 Lift derivatives

B oeps 7 oeps 10 ¢ eps

M O + Cre CLa Cre + C /g (V[a CL(Q -+ Cl,g‘ Crg

homlum
.35 34.2 5.31 6.1 5.17 7.8 4.97
0.7 34.8 5.84 -39 5.67 4.1 4.2
0.75 35.4 5.85 —4.0  5.84 7.3 5.1
0.8 349 4.77 2.6 4.70
Plunge
Crg Cry Crg Cra Crg Clg
0.5 5.30 39.1  5.08
0.7 5.66 44.3  6.10
0.75 5.59 52.1  6.49
0.8 4.64 47.6  4.97
Pitch
0.5 1.6 0.3
0.7 —17.6 0.9
0.75 —16.4 1().6}
0.8 11.9 0.4
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Tablc 2 Moment derivatives

5 oeps 7 ¢ps 10 eps

M Cous+Cog Cua Coi+ Cog Cora Cm + Cog Crne

Rotation

0.5 =132 —0.38 —13.0 —0.36 —12.8 —0.39
0.7 —12.8 —0.2% —13.1 —0.30 —13.0 —0.35
G675 —13.7 —0.31 —1i3.6 —0.31 —13.7 —0.37
0.5 — 4.7 0.2 —14.3 —¢.24
Plunge
Cog Coge Cus Corge Crce oy
0.5 —=5.0 —0.38 —3.4 —0.38
0.7 +0.2 045 —0.2 —0.42
0.75 —-1.2 —0.42 —1.9 —0.42
0.8 -39 —0.34 =23 —0.31
Piteh
¢ mg BN Cong B o
0.5 —10.3 0. 01‘ —10.9 [9.00|
0.7 —-13.4 o000 —11.4  (0.00]
0.75  —13.4 1001 —11.5 6.00
0.8 —14.2 lo.oll —12.7 0.0t

T o, (7 AfmA L
M = i (%rj)A i (27Tj.) + ua}<2 T+ U) +

{:11; <ir) — (Mg + We)( )N“

If the pitehing motion has been set up accurately, then 6 =
—z/U or, in terms of the rcadouts (7A/2xj) + L/ is ap-
proximately (except for the crosstalk effect) equal to zere
in this case. The second term in each of the preceding equa-
tions can then he neglected.  In all of the tests of piteh
motion, thix term was found 1o be well within the allowable
arror.  Further, the value of b ix sufficiently small to make
the third term n(\uhg]bl(& =0 that for pure piteh

F = /(rA/27)) M = V(A /27

The preceding resolution of the foree and moment veetors
into their components in phase and in quadrature with the
relevant motion in each of the three eaxes permits the evalu-
ation of the hift and moment derivatives.

The results for the lilt derivatives and moment derivatives
for the F-80 model obtained during these dynamic wind-tunnel
tests are presented in Tables [ and 2. The measurements of
Cro at 5 and 7 eps from rotation and [rom plunge are in good
agreement.  They arve, furthermore, in good agreement with
the generval band ol data covered by caleulated, flight-test
and static wind-tunnel data' " as shown in g, &.

In the case of the moments, the dynamic measurements of
(e 8t 5, 7. and 10 eps from rotation are in excellent agree-

Dynamic Wind Tunnel Tests

O 5 cps Rotation
<> 7 cps Rotation
7.01

O 5 ¢ps Plunge
A7 cps Plunge

///A

S
5.0 T

Per Radian
A ¢

Flight Tests, Static Wind
Tunnel Tests and Theory

- (Ref. 14 & 16)

0 0.3 0.4 0.5 0.6 0.7 0.8
Mach Number

4.0

Fig. 8 Lift curve slope vs Mach number.
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Dynamic Wind Tunnel Tests

O 5 ¢cps Rotation
<7 cps Rotation

O 5 cps Plunge
A&7 cps Plunge
o]

N
-0.4r
O
-03}f oS R
cm‘z : Q
Per Radian iS4
-0.21
-0l F Flight Tests, Static Wind

Tunnel Tests and Theory
i (Ref. 14 & 16}
%vV~63 064 05 085 07 08
Mach Number

Fig. 9 Moment curve slope vs Mach number.

ment. This agreement demonstrates the repeatability of the
test data, since these tests were completely independent; in
fact, they were performed on different days. The C,,, values
from these dynamic measurements are in good agreement
with the band covered by flight-test data and caleulations
as shown in Fig. 9. The dynamic measurements of C..,
from plunge fests at 5 and 7 eps are also in good agreement
with each other, but there are significant differences between
the rotation and the plunge results in the region of Mach
0.7 to 0.8. The amplitudes of the oscillatory angle of attack
during the rotation tests were about double those achieved in
plunge at the highest speeds.  The differences are attributed
to the nonlinearity of the moment curve with angle of attack
for the F-80 at high Mach numbers.

Finally, the total rotary damping derivative vs Mach
pumber showing the band of reference data and the measuve-
ments from rotation tests arc presented in Fig. 10. Again,
note the agreement of measurements at 5 and 7 ¢ps.  These
data points also compare favorably with the total derivative
as determined from the sum of plunge and pitch measure-
ments, and all data points lie well within the band of vefer-
ence data. The measured values of the rotary lift deriva-
tives, Cr, + Cug, presented in Table 1 are obviously too in-
accurate to be meaningful. Table 2 shows that the values
for €., from plunge at 5 and 7 ¢ps compare well at each Mach
number, as do the values for (4 from pitch at 5 and 7 eps.

Recall that the objective of established accuracy with this
system was the ability to measure C,.; and C .4 each to within
£109, of their sum as measured in pure rotation. This, then,
means that the sum of C,., from plunge and C.4 from pitch
should be within =209 of (C,, + C.; as measured in
rotation. In all cases but one, this objective has been ac-
hicved very adequately. In the one exceptional case (5 eps
at M = 0.8), the error in the sum is 23%,.

There appears to be a sufliciently large sample of experi-
mental evidence to verily that the objectives of over-all
acceuracy for the dynamic-testing system have been achieved.
The capabilities of the dynamic-lesting system have been
demonstrated by these measurements of the longitudinal
aerodynamic derivatives of the F-80 model. Tor further
details of this program, see Ref. 17.

Future Applications of the Dynamic-Testing
System

Since the F-80 model was limited to subsonic speeds be-
cause of buffeting, additional investigations were performed
with a more advanced model through transonic speeds. The
similar test program conducted with an F-104 model at
speeds up to M = 1.2 achieved a comparable degree of
success. The results are reported in Ref. 18.

The additional capabilities built into the present cquipment
are noteworthy, although there are no plans for their im-
mediate use. All tests to date have been performed with the
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model at a mean angle of attack close to that for trim. The
static angle of attack of the model can be adjusted, how-
ever, so that the model can be oscillated about various values
of mean angle of attack. Also, lateral dynamic tests, similar
1o the longitudinal cxperiments, could be carried out by ro-
tating the model 90° on the balance support.

The system now can be used in routine dynamic wind-
tunne] tests comparable to current static wind-tunnel testing
programs. These will provide a body of reference data to
aid in estimating the dynamic-stability characteristics and
handling qualities of other new designs. Apart from such
design studies, dynamic wind-tunnel tests will be used for
the purpose of checking the validity of theoretical calculations
in those cases where appropriate theorics are available,
Most significantly, however, the dynamie-testing system
will be used for basic research studies to advance the under-
standing of unsteady transonic flow in general. The ob-
jeetive of this research will be to ald the development of a
proven adequate analytical technique for predicting the un-
steady acrodynamic loads at transonic speeds, and at the
low reduced frequencies typical of aircraft rigid-hody
dynamics.

The dynamic-testing system is being prepared currently
for use in a program, the objective of which is to determine
the validity of available methods for predicting unsteady
pressures in transonic flow by comparison with experimental
results.  Measurements will be made of the unsteady pres-
surcs at the suwrface of an inexorably oscillated rigid-wing
model; as well as of the integrated aercdynamic forces and
moments on the model produced by this motion. These
results, along with flow visualization, will then provide the
bases for verification of available theoretical methods.
The model to be tested is a 70°-delta, single-wedge configura-
tion. Twenty-six pressure transducers are to be installed in
the model.  Wind-tunnel tests will be performed at several
combinations of Mach number and Revoolds number, while
the model is oscillated at various discrete frequencies in rota-
tion, plunge, and pitch. This program is a joint effort by
CAL and North American Aviation Inc. and is cosponsored
by the Aerospace Dynamics Branch and the Control Criteria,
Branch of the Air Foree Flight Dynamics Laboratory.

In attempting to formulate a theory for transonic unsteady
aerodynamic predictions, experimental data will be used not
only to evaluate available theories but to inspire new de-
velopments as well. A definitive program of research is
required to provide experimental data accurate enough to
be useful in further development of techniques for pre-
dicting transonic unsteady aerodynamic loads. The ob-
jectives of such a program are served most effectively by
utilizing the CAL/Air Force Dynamic-Testing System. This
facility, with its specialized signal-processing and readout
equipment, provides a unique capability for dynamic meas-
urements in a wind tunnel which is idecally suited to the re-
quirements of such a rescarch program. It offers, for the
first time, an opportunity for prescribed variations of motion
content, that is, rotation and translation, and {or a systematic
investigation of effects of frequency, Mach number, Reynolds

Dynamic Wind Tunnel Tests

O 5 cps Sum Of Plunge & Pitch
A7 cps Sum Of Plunge & Pitch

O 5 ¢ps Rotation
<> 7 cps Rotation

-20
Flight Tests, Other Dynamic //O
Wind Tunnel Tests & Theory ot ;
A6} (Ret 14 & 16) o oo
empecmg | Nt 1 ge
Per Radian 8 &
-12 A
s N

, . . A N
o 0.3 04 05 06 07 08
Mach Number

Fig. 10 Rotary damping derivative vs Mach number.
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number, and configuration parameters on the fundamental
constituents of longitudinal and lateral dynamic stability
characteristics at transonic speeds.
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