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A technique for experimentally evaluating the frequency-response functions of a flexible

airplane to vertical sinusoidal gusts is described.

It consists of measuring the response of an

aevoelastically scaled model in simulated free flight to a gust ficld generated in a wind tunnei

by oscillating airfoils located upstream of the test section. Freedom of the model in an ap-
proximation of free flight is provided by a two-cable support system developed previously
for flutter research. The airstream oscillator system is deseribed, and the model mount sys-
tem is described and analyzed. Some results of an application to a fighter-type model arve

presented. From the initial results it appears that a means of generating an oscillating

airsiream of suflicient strength and uniformi

s for useful gust research has been developed.

The analysis of the two-cable mount system shows that with proper design the free-flight fre-
quency-response funetion for the rigid body modes can be simulated satisfactorily. Applica-
tion to a fighter-type model illustrates that useful results can be obtained.

Nomenclature
¢ = mean aerodynamic chord, (i
Cu = drag coellicient, drag/¢S
Cr = lIift coelficient, lift/¢8
Crg = 0(./d«
O = pitching-moment coelficient, pitching moment;
qS¢
= 3(,./o{0e/2V)
= 0C,./0«a
= 00, /0(ac/2V)
= normal-force coefficient, mz/(¢S)
Ciar = wing bending-moment coeflicient, bending mo-
ment/(¢Sc)
N = distance from the vane quarter chord 1o point of
reference in test section
! = frequency, ¢ps
g = acceleration due to gravity
I, = moment of inertia about piteh axis, slug/{t*
& = reduced frequency, éo/(2V)

= mount system slilfness mfuence coeflicient giving
Increment in cable restraining forees or moments
in coordinate ¢ due to unit defiection in coordi-
natej: 4,5 =z, and @

i = mass, slugs

i = Mach number

4 = dynamic pressure, 1b/sq ft

iy = radius of gyration about pitch axis, (/,/m)12, {t

h = wing area, {12

T = rear-cable tension, ib

v = velocity, {ps

W = weight, Ib

i = lateral displacement coordinate. f1

z = vertical displacement coordinate, ft

o = angle of attack

& = angle of gust with respect 10 tunnel centerline

£ Gy = effective viscous damping ratio of mount system
for no-wind condition it mode z and 6, respec-
tively

] = pitchangle

U8 = pitech-amplitude angle of oscillator vanes

o = oVS/(2m)

@ = phase angle

@y = phase angle of gust at point of reference with

respect to vane position
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= circular frequency, rad/sec
w, = circular {requency of plunging mode, rad/s
= dot over variable indieates d /i

Introduction

Aﬂ\[()SPHE AIC gust loads are an important aircraft
design consideration sinee they affeet structural design
loads, structural fatigue life, and pilot fatigue. They may
be particularly pronounced for a low-altitude, high-speed
mission, or for very large flexible aireraft with low natural
frequencies.  Methods of determining the response ol aie-
craft to random atmospheric gusts or turbulence have been
developed based on power spectral analysis techniques (for
example, sce Ref. 1), An essential element of these analvses
is the response of the flexible airplane to excitation by si-
nusoidal gusts, or the frequeney-response function. In the
past, these frequency-response functions have been obtained
from flight-test data by inference from measured gust inputs
and airevaft regponse, or from analyvtical methods (Refs. 2
to 5). However, the aeroelastician may be faced with odd
or unusual designs out of the realm ol past experience, or with
arcas for which analytical procedures may be undeveloped
or unreliable, such as the transonic range. Thus, a method
for experimentally evaluating the frequency-response func-
tion under controlled conditions during the design stages is
desired.  This paper describes some progress in development
of a wind-tunnel technique for this purpose.

The technique consists of measuring the vesponse of an
aeroelastically scaled model to an oscillating vertical gust
field generated in the Langley transonic dynamics tunnel by
oscillating vanes focated upstream of the test section. The
model is flown on a cable support system which permits
simulation of the free-flight modes of motion. This paper
gives a description of the oscillator system and the model
mounting system, a discussion of some agpects of their de-
sign, and illustrates their application to a fighter-type air-
plane model.

Description of the Airstream Oscillator

In the development of the alrstream oscillator, primary
emphasis has been placed on the generation of a ncarly one-
dimensional gust field in the test section. Thus the require-
ments are that the oscillating airstream must be of nearly
constant amplitude and in phase over a sufficiently large
portion of the test section to immerse a model of reasonable
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Fig. 1 Photograph of vanes and model in the Langley
transonic dynamic tunnel showing cutaway of mech-
anism.

size, such as a 6-ft-span model. The amplitude also must
be of sufficient strength to be discerned from wind-tunnel
turbulence and to provide sufficiently large exeitation to the
model for accurate response measurements.

Interest in oscillating an airstream in this fashion has
existed for several years. Some early tests® were attempted
using a two-dimensional plunging airfoil upstream of the
test section. However, the magnitude of the airstream
oscillation was small, and difficulty was encountered in dis-
tinguishing it from tunnel turbulence. The present design
is based on the use of the vertical component of the trail-
ing tip vortex system behind moderate aspect ratio bi-plane
vanes. A pilot model of this concept was tested in the
Langley low-turbulence tunnel. The results’ indicated that
airstream angles of the order of 159, of vane angle and a
region of nearly constant amplitude and phase could be ob-
tained over about 209, of the tunnel width. On the basis
of these results, the present oscillator was constructed for the
Langley transonic dynamics tunnel. With the airstream
oscillator in this tunnel, the particularly difficult transonic
gust loads problem can be investigated in a {acility specifically
designed for aeroelastic testing. The tunnel has a square,
16-ft, slotted test section and is capable of testing at Mach
numbers up to 1.2 in air or freon-12 over a wide range of densi-
ties.

The installation of the vanes in the tunnel is shown sche-
matically in Fig. 1. A set of biplanc vancs are located on
each wall in the converging subsonic portion of the entrance
nozzle of the tunnel. The vanes are 3.5 {t in =pan, and have
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a taper ratio of 0.5 and a pancl aspect ratio of 1.2.  The two
vanes of a biplane set are linked mechanically, and the bi-
planes are oscillated about the quarter chord by means of
hydraulic motors driving a large flywheel with an offset
linkage. Each set of biplanes is driven independently, and
control and synchronization are maintained by electronic
controls.

The oscillator system was dexigned for long duration opera-
tion at preset vane amplitudes from 3° to 12° and at fre-
quencies up to 20 cps. The higher frequencies and amphi-
tudes result in a severe loads problem on the vanes which was
minimized by lightweight construction. The design uses a
built-up steel spar, an aluminum honeycomb core, and a
laminated fiberglas skin. Currently, operation is power
limited as a result of the power absorbed by aerodynamic
damping of the vanes. This power limitation gives a fre-
quency limit as a combination of vane angle and dynamic
pressure. For a 20-cps operation, the limit varies {rom a
dynamic pressure of about 60 1b/ft? at 12° vane amplitude
to about 350 Ib/ft? at 3° vane amplitude. This latter value
Is near the maximum dynamic pressure capability of the
tunnel in the transonic Mach number range.

Some results of an initial airstream ecalibration are pre-
sented in Figs. 2 to 4 as measured by differential pressure
flow-angle probes. The results for the tunnel centerline
are summarized in Fig. 2 for several Mach numbers. The
amplitude gradually decreases with frequency, and the phase
angle varies essentially with the fraction of the wavelength
from the vanes to the point of measurement (49 ft from the
vance quarter chord to point of measurement in this case).
These data are based on 1-min averages of the output of an
electronic sine-cosine resolver system that gives the in-phagse
and out-of-phase components of the first harmonic of stream
angle with respect to vane position. This procedure tends
to average out the effect of tunnel turbulence.

An example of the horizontal distributions across the center
of the tunnel of gust amplitude and phase angle is given in
Fig. 3 for a Mach number of 1.0. Although the resolution
of amplitude is only about 0.1°, the trend of amplitude and
phase angles appears in many cases to indicate a sufficiently
constant region for the testing of a 6-ft-span model; however,
in other cases there would be considerable amplitude vari-
ation across the span. Iurther work is needed to define the
conditions where these nonuniform regions oceur.

The horizontal centerline lateral distributions of Fig. 3
are compared with data for 2 ft above and below the center-
line in Fig. 4. The data indicate that there is some vari-
ation in amplitude off the centerline, but these differences
are not large except outboard of 3 ft from the centerline where
rapid variations take place. Thus, from these itial calibra-

Fig. 2 Variation of gust amplitude and

l—————— phase angle at the tunnel centerline

with wavelength parameter; 6, = 9°;

a) M = 0.27 in air, b) M = 0.80 in freou,

¢)M = 1.00in freon, d) M = 1.10in freon;
(Teft to right).
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tlon results it appears that a usable gust field of nearly 6 £t
in width and 4 £t in depth is being generated.

Model Mount System

in order to obtain valid frequency-response measurements,
the model must be flown in the wind tunnel with sufficient
freedom that [ree-flight rigid-body motions are simulated.
Yor the longitudinal case under consideration, this implies
that the short-period mode of the airplane must be reproduced
as accwately as possible. The mount system used for this
purpose ix one that has been developed for flutter research.®
For a flutter model, the criteria that have been used gen-
erally are that the model must be stable on the mount sys-
fem, and all rigid-body modes must be well separated from
the structural modes of interest.  However, for a gust loads
model, not only must stability be aclieved, but the distortion
of the short-period frequency-response funetion by the mount
must he mintmized.

The mount =ystem is shown schematically in Fig. 5. It
consist= of two eable Joops, one loop extending upstrearm
with it= ends fixed to the floor and to the ceiling, and the
other loop extending downstream with its ends fixed to the
side wallz.  The cable loops pass through pulleys located in
the fuselage. and are kept under tension by stretehing a soft
spring in the rear cable.  In addition, a snubber cable system
i= provided for emergency restraint. It consists of three or
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four cables fastened to the model which are normally slack
and extend out through the tunnel walls to a shock absorber
system and a remotely operable actuator.

The cable mount system in effect adds external piteh and
verteal translation springs to the model along with coupling
between piteh and translation if the center of gravity of the
model is not coincident with the effective elastic axis.  These
springs alter the short-period mode somewhat and introduce
an additional low-frequency plunging mode. The effects
depend on the pulley locations, cable arrangement, cable
tension, and the basic stability of the model. These vari-
ables provide for considerable latitude in designing the mount
to obiain desired results.

One criterion for small distortion of the short-period mode
18 that the frequency of the plunging mode should be sepa-
rated as far as practical from the short-period [requency.
An approximation to the frequency of the plunging mode is
derived in Appendix BB and shown as follows:

wp? = (k)1 —

i

MaSCra/ Use — ¢SeC 011 (1)

A practical approach for keeping this [requency low is to
make the pitch-plunge coupling (., which is normally nega-~
tive) zero by locating the elastic axis at the center of gravity
of the model.  1f the frequeney is sufficiently low, then this
mode can be ignoved for test purposes and attention devoted
o higher modes of interest.
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Fig. 5 Fighter-type model on the two-cable mount.

To illustrate the effect of the mount system on the fre-
quency response, calculations using the analysis developed in
Appendix A have been made for the model tested in the
present program. This model has a short-period mode that is
well separated from the wing modes as is subsequently
described. Stability derivatives have been estimated from
wind-tunnel force tests of a similar model. The calculated
frequency-response function for the free-flight short-period
mode (assuming constant forward velocity) is compared in
Fig. 6 with those for the model for two arrangements of the
mount system. For configuration A (the present test con-
figuration), the rear pulleys are located at the center of grav-
ity, and the ratio of cable tension to weight, T,/W, is 1.7.
For configuration B, the pulleys are shifted such that the
effective elastic axis is coincident with the model center of
gravity, and Tp/W has been reduced to 0.5. It is apparent
that distortion of the frequency response is less for configura-
tion B, and approaches the free-flight case. For both con-
figurations the phase at low frequencies differs from free
flight, and at zero frequency differs by 90°. However,
this difference occeurs over a small range of frequencies that
are of little interest from the loads standpoint, and the phase
could be estimated in this range if necessary. The ex-
amples presented are for Mach number 1.0 where the model
has a large static margin. At lower Mach numbers, with
a low static margin, the results for configuration B are
similar, but for configuration A the vertical translation mode
considerably distorts the short-period response.

From this analysis, it is apparent that the mount system
can be designed to reproduce the short-period stability mode
within reasonable tolerances, and thus can be used for valid

i
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per deg

Fig. 6 Theoretical effect of the mount system on the

frequency response functions for fighter-type model at
M = 1.0.
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frequency-response measurements. Furthermore, it is be-
lieved that analytical corrections could be made for the small
effects of the mount system on the data near the short-period
mode.

Example of Application

Some initial tests were made with a flexible model to de-
velop instrumentation techniques, testing procedures, and
data reduction procedures; to investigate model flying quali-
ties in such a gust field; and to determine if adequate excita-
tion was available. The model (sketched in Fig. 5) was an
available model initially designed for generalized flutter re-
search. Lead weights were added to the wings to reduce
the first bending frequency of about 32 ¢ps to about 16 ¢ps,
well within the 20-eps frequency range of the oscillator.
For the test conditions, the short-period frequency of 2.4 cps
was well separated from the wing bending frequency (about
16 c¢ps). The model was instrumented with accelerometers
al the center of gravity and a forward position in the fuse-
lage, with strain gages near the wing root, and with a fast
response differential pressure nose probe (geometrically
similar to that of Ref. 9). Oscillator vane positions and fre-
gquency were measured also. All data were recorded on
magnetic tape for later data handling.

Some initial difficulty in model flying was experienced dur-
ing the starting of the vanes at an amplitude angle of 9°
at low Mach numbers, as the stream angles produced at
very low frequencies resulted in very large displacements.
A satisfactory procedure for testing in the higher frequency
range was to start the vanes oscillating at a frequency be-
tween wing bending and the short period, and then bring the
tunnel up to speed. Using this procedure the model flew
very well. At higher Mach numbers, where the plunging
mode was damped more heavily, and with vane amplitude
reduced to 6°, the vanes could be started or stopped without
excessively large displacements. Use of the snubber cable
system, however, provides additional assistance in starting
at the higher vane amplitudes. Thus, it appears that al-
though there can be detail problems, in general, little diffi-
culty is experienced in flying a model on the mount system
in the gust field.

The proper definition of the frequency-response function
requires many points with very small increments in frequency.
Taking all the necessary data at constant frequency would
require considerable testing time. A procedure that has
evolved and appears to give satisfactory results In a reason-
able length of time is to take data points at constant fre-
quency and also to take data continuously while proceeding
from point to point using a low sweep rvate. The proper
sweep rate for quasi-steady data handling can be estimated
from Ref. 10.

Some sample results at a Mach number of 1.0 are presented
in nondimensional form in Figs. 7 and 8. The vane ampli-
tude was 6° for these tests.  The data were reduced by means
of the resolver system as deseribed previously in the airstream
calibration tests. The stream angle ¢, for normalization of
the data was taken from a smooth fairing of the points of
Tig. 2¢ multiplied by the ratio of the vanc angles. The
stream-angle measurements made on the model were not
usable, as the effects of model motion could not be resolved.
This resulted from an inadequate measurcment of piteh angle
which was based on the difference in two accelerometers. In
this case the accelerometers were located too close together.
Good definition of the response function was obtained near
the short-period mode (k of 0.021), and the presence of the
plunging mode (& of 0.007) was indicated. These results
indicate that the excitation and technique are adequate at low
frequencies. Good exeitation of the wing first bending mode
is apparent also in the bending moment measurements (£ of
0.151). However, the acceleration response increases un-
expectedly at high & values (Fig. 8). This increase is con-
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sidered to be a lack of definition in the stream-angle ampli-
tude, as the fairing of the flow-angle data (Fig. 2¢) in this
region depended on a few widely separated points. There
are also several dips that are noticeable in the wing hending
response in the higher range of k values. It is of interest
to mention that using the analysis of wind-tunnel wall effects!?
in conjunction with the dimensions of the solid-wall cn-
trance nozzle at the vane location predicts a resonance phe-
nomena on the vanes at L near 0.12. This value coire-
sponds closely to that for the first noteh in the data of Figs.
7 and 8. At any rate the dips are believed to be in stream
angle, and the need for detailed measurcments in this area
is apparent. These dips in the response function would
probably level out if detailed measurements, such as might
be made simultaneously on the model, were available.  Fur-
ther work 1n this area using hot wire anemometry is con-
tinuing.

A comparison of the measured conter-of-gravity accelera-
tion response with the ecaleulations for configuration A is
shown in Fig. 9. The phase angles are based on the measured
phases with the caleulated phase of the gust with respect to
vane position subtracted (straight lines of Fig. 2¢).  Although
the agreement 1s only f{air, the caleulations give the correct
trend.,  Such a result might be expected as a result of the
stability derivatives used.  Although they were estimated
from static foree fests of a similar model, there were differ-
enices in fexibility levels and fuselage shapes.  The model
of the foree tests also had large engine inlets and internal
durting, whereas the one deseribed herein did not.

Conclusions

From these initial developmental tests of the airstream
oscillator, it appears that a means of gencrating an oscillat-
ing airstream of sufficient strength and uniformity for useful
gust research has been developed.  Also a satislactory means
of mounting the model to simulate the free-flight stability
modes 1s available.  The application of this technique should
provide a uselul means of gust loads research.  Several arcas
that need improvement have become apparent also.  Some
of these areas ave the need for further detailed stream-angle
measurements, a more sensitive and simpler technique for
measuring stream angle and phase (pavticularly for use on a
model), and streamlining of data aequisition and handling
technigues.

Appendix A: Calculation of Frequency-Response
Fuanctions for the Rigid-Body Modes, Including
the Mount System

The frequency-response functions are calculated based on
a stability derivative-type analysis using the cquations of
motion [or pitching and plunging freedoms. The analysis
neglects the frequency dependence of the acrodynamices and
structural dynamies, but should be satisfactory providing &
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Fig. 8 Measured accelevation responsce for center of
cravity of fighter-Lype model (configuration A) at M =

1.0.

is not too large, the frequencies of the structural modes are
well above the frequencies of the stability modes, and the
statlc margin 18 not too small.® Such analyses have bheen
utilized previously in the gust loads problem [or the {ree-flight
casc (for example, Refs. 2 and 5). This development cssen-~
tially extends the previous work to inelude the mount svs-
tem springs.

The equations of motion are developed in the same fashion
as in Ref. & but the angle of attack from tiim is substituted
as a = 0 + 2/V + ¢, where g, is the angle of the oncoming
gust referred to the tunnel centerline.  The terms involving
g, are considered as foreng functions giving the {ollowing
equations of motion:

4+ Bt + cnl = due,

bd 5 bz b bz + 6 - el + 00 = dye, - dye. Y
where
by = 2¢.(k./m)Y2 4+ o(Cp, + Cp) \
by = k../m ‘
by = —5(0/V)(E/ry) g
by = —(0/8)(&/1,)%C g
by = ka/I,
e = ka/m + VoCr, s (A2

= 2lkon/1)V = (0/2)(E/r,)Coy + Cy)|
eso = oo/, — V(o/2)(E/7,)%C 0

dy = —oVCi,

di = (6V/E)(@/1,)°C

dy = (0/2)(E/r,)Cag

0-

240° -
200°

160° —
0

Fig. 9 Comparison of measured and calculated accelera-
tion response for the center of gravity of fighter-type air-
plane model (configuration A) at M = 1.0.
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Assuming sinusoidal motion and substituting z = ze™t, § =
Oociet, and e, = e, where 2z, fo, and ¢, are complex, gives
the following algebraic equations:

(oo — w?) 4 iwbales -+ cnbo = oy
[ — breee?) + dwba oo + [(m — @) 4 o]l = (A3)
(\dgu + 1w d31)€y0

Solving these equations for the ratios z/e,, and 0y/¢, and
expressing in nondimensional form gives

Cofe = mE/(gSeq)
= mw/ (gS) {[(C\ — Crw?) + iwCs)/

(D — Dew?® 4 oY) + iw(Ds — Diw®]}  (A4)
Oo/egy = [(C5 — Con?) + 10(Cr — Cw?)]/

[(Dr — Dw® + w') + iw(D; ~ Dew?)] (A5)
where

Ci = dyte — datso

Cy = —dy

(s = cootlsr — daga

Cs = dybun — duby

Co = dg + dybo — dbs

Cr = daobn A bodat — dubs - (A6)

Cs = dyn |

Dy = bsgse — caoby

Dy = by + ¢ + baucn — cabp

Dy = batsr + bacso — by

Dy = ¢y + by |

The expressions for k.., ke, and k.p are given in Ref 8.

Frequency Approximation for
Plunging Mode

Appendix B:

The characteristic determinant for the longitudinal stability
of a model on the cable mount system can be writfen as®

‘)\2"}_1)7]/\—‘—1))0 Ca0 \
b5>>\ 4+ bsN - bao A2 +(’ﬂ>\+(m\

where X is the exponent in a solution of the form eV and the
coefficients are defined by Eq. (A2). The frequency of the
plunging mode is gencrally much less than the basie pitch
frequency such that the static approximation to pitching mo-
tion can be made by neglecting A? 4 ¢\ in the lower right-
hand element. Furthermore, bg is generally small and can
be neglected. Hxpanding the determinant then gives the
characteristic equation

A - (b~z1 - hsx(bo/(x‘so))\ + (bzo - b:m(,'zo//(?:m) =0 (];2)

=0 (B

The undamped natural frequency is
W% = by — b/ Ca0 (B3)
Substitution from Eq. (A2) gives the following expression:
= (keo/m){1 — (Kio/ke) [9SCra/ (keo — ¢SEC.0) 1} (B4)

This equation gives a good approximation to the plunging
mode frequency over a wide range of cable tension.

The corresponding expression for the damping does not
give a satisfactory approximation to the stability boundary.
It indicates that the plunging mode could be unstable only for
Cra > 0; however, instability can be encountered for (., <
0. Turthermore, the next approximation. which would in-
clude by X\ and result in a cubic characteristic equation, yields
a similar conclusion (from Routh’s discriminant). This
implies that the complete quartic should be used in investi-
gating the stability boundary for this mode.
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