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SUMMARY

The results of an experimental investigation in a wind tunnel to
obtain the acrodynamic pressure distribution on an unswent rectangular
wing oscillating in its first symmetrical bending mode are presented.

The wing was of aspect ratio 3 with S-percent-thick biconvex airfoil sec-
tions. Data were obtained at 0° and 5° angle of attack in the Mach

nuber range Crom 0.24 to 1.30 at Reynolds numbers, depending on the Mach
number, ranging from 2.2 to 4.0 million per foot. The reduced freguencics,
eglso a function of Mach number, ranged from O.4C at M= 0.24 to 0.10

at M= 1.30.

The most important reosults presented arc the chordwise distributions
ol the surfacoc pressures generated by the bending oscillations. Similar
data obtained under static conditions are also presented. The results
show that thc phenomensa causing irregularities in the static pressure such
as three-dimensional tip effects, local shock waves, and separation cifcete,
will alsc produce significant changes in the oscillatory pressures. The
experimental data are also compared with the oscillatory pressure distri-
butions computed by means of the most complete linearized theories avail-
abla. The comparison shows that subsonic linearized theory is adoguate
Tor predicting the pressures and associated phase angles at low subsonic
speeds and low angles of attack for this wing. However, the appearance of
local shock waves and flow separation as the Mach number and angle of
attack are increased causes significant changes in the experimental data
from that predicted by the theory. At the low supersonic specds covered
in the experimental investigation, linearized theory is completely
inadequate, principally because of the detached bow wave caused by thoe
wing thickness.

Some indication of wind-tunnel resonance was noted; however, the
lrd

effects on the experimental data appear to be confined to the M= 0.70
results.
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INTRODUCTION

Flutter is conventionally delined (e.g., ref., 1) as a sclf-cxcited
oscillation resulting from a combination of inertial, elastic, oscillatory
acrodynamic damping, and temperature forces. In combination, these Torces
can result in unstable motion (i.0., flutter) which leads to mild or
extremely severce structural failures. It is cvident, then, that the sub-
Ject of flutter is an extremely complex one and a reliable analysis can
be made of a specific design only through the use of the most complete
information about the structure, dynamics, and acrodynamics.

The present paper is concerncd with only one of thesc ficlds - the
oscillatory acrodynamics. The basic tool of the flutter analyst as regards
acrodynamics is theory. Very 1little has been done with the application of
cxporimental data to flutter caleulations; instead, experimental results
have been used chicfly to cvaluato the accuracy of the theoretical methods.
These ovaluabions have shown that the use of two-~dimensional theory applicd
ix & strip analysis, whilce yiclding good results for wings of high aspect
ratio, lead to inaccurate resulhs in the case of low aspcet ratio surfaces.
This fact has led to the development of throe-dimensional theories, two
of the most complete being the subsonic kernel-funetion method of Watkins,
Runyan, and Woolston (ret. 2), and the supersonic linearized theory of
Milos (ref. 3}, an analytically ovact treatment applicable only to certain
nlan Torms.

The experimental results used to svaluate theories in the past have
heoen lorived chiefly from rigid wings execubing flapping, pitching, or
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pluwiring oscillations at subsonic speeds (c.g., refs. 4,9, and o). Mollgp-
Christensen (ref. 7) has obtained the osclllatory pressure amplitudes at
certain points on such wings atb transonic spoeds. To date, only one
experimental investigation has boen renorted with 2 wing performing elastic
deformations (ref. 8); this investigation was conducted only at low sub-
sonic speads, however, and as yet no similar results are available Tor
trangonic and supersonic speeds.

The purpose of the present investigation was to develop a research
Lechnigue by means of which the oscillatory pressurcs existing on a
throe-dimensional wing performing elastic deformations could be obtained
throughout the subsonic, transonic, and supersonic speed ranges, and to
compare the experimental results with those of the most complete theories
available.

NOTATION

The following definitions are for significant notations which will
be found in the main body of the report. Notations found only in the
appendices are defined therein.

A aspect ratio

b semichord

=N e 1
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static-pressure coelficient on upper and lower surlaccs,
Py 7 Py p], - Dy
2
q q

respectively,

static lifting-pressure coefficient, sz - Cpu
complex amplitude of oscillatory pressure cociTicient per

TR P
uni ‘Lh) aa-;l

phase angle between oscillatory lifting-pressurc coefficlent
magnitude and wing-tip bending magnitude, positive for
pressure leading bending displacement, deg

oscillatory section 1ift and moment coefficients about
mid-chord per unit ap

phase angle between wing-tip bending displacement magnitud:
and magnitude of oscillatory 1lift or moment coefficicnt,
positive for 1ift or moment coeflicient leading bending
displacement, deg

oscillatory freguency, cycles per unit time

tunnel height, Tt

displacement of mid-chord line at any spanwise statlon,
positive down

imaginary part of a quantity - that component which is In
phase with the wing-tip velocity

real part of a quantity - that component which is in phase
with the wing-tip displacement

reduced frequency, wb/V
Mach number
static pressurc at wing surface

complex amplitude of oscillatory pressure at any orifice on
wing surface

complex amplitude of oscillatory pressure at pressurc cell
connected to orifice at which P exists

. 27,
free-stream dynamic pressure, oV /2



S

Sh

=

chordwise distance from wing mid-chord to accelerometer root
Reynolds number per £t

time

maximum wing thickness

strain-gage supply voltage or free-stream velocity

chordwise distance, positive downstream, measured from wing
leading edge

spanwisc distance measured from wing root

| P |
| P|

amplitude ratio,

static or mean value of angle of attack, deg
magnitude of oscillatory angle of attack at wing tip due to
| hl

bending, —772, radians

free-stream density
phase angle between P and P', positive for P leading P', deg
circular frequency of oscillation, 2xf

L

2b

magnitude of quantity, |( Y1% = [Re( Y1 + [In( )]

wing thickness-chord ratio,

2

al)

dt

Additional subscripts which may be attached to preceding quantities

association with forward accelerometer
agsociation with rear accelerometer

component of a gquantity in phase with bending displacement
or resolver rotor

component of a quantity out of phase with bending displacement
or resolver rotor
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T value of a quantity at wing tin

u valuc orf a guantity on upper wing surfaco
1 value of a quantity on lower wing suriace

oo Trec-stream condition

IXPERTMENTAL INVESTIGATION

Test Facility

The cxperimental investigations were conducted in the Amcs (- by
O-foot supersonic wind tunnel, which is of the closed-roturn. variablo-
pressure type capablce of furnishing a continuous Mach number rang: Crom
0.70 to 2.20 by means of an asymmetric sliding~block throat. Thic tunnel
can also be onerated at M= 0.24 by halving the available compressor-
drive power. In order to operate at sonic speed and to obtain more nearly
uniform flow, the test-section [loor and ceiling were verforated.

Test Conditions

The pressure distributions were measured over a Mach number range
from 0.24 to 1.30. The wing was oscillated at its first benling Troguency.
f =~ 20.9 cycles per second, at a tip amplitude of approximately 0.2 inch.
and the resulting reduced frequency range was from 0.10 to O.%.. The
maximum available total pressure was maintained at each Mach number and
provided Reynolds numbers from 2.2 to 4.2 million per foot. The wing
angles of attack were C° and 5°.

Description of Apparatus

Model.- The model consisted of a semispan unswept, rectangular wi:g
with an effective aspect ratio of 3. (The wing was provided with a round .l
tip which was not included in computing this aspect ratio.) The airfoil
consisted of a biconvex circular-arc section, O percent thick. with sharn
leading and trailing cdges. A photograph of the model mountod i the toot
section is shown in figure l(a) and a drawing ol the model giving pertinne
dimensions is shown in figure 1(b).

The wing was machined from forgings of SAR 4130 steel which was
heat treated to avproximately Rockwell C-30 hardness. The upper ani lowow
surfaces were machincd scparately and mated at the chord line to prosucs
a morocogue structure with intepral spanwise stiffening. Figure 1(e) 1o




a photograph of a representative cross section showing the location of

the stiffrners and the resulting interior partitioning. Figurcs 1(@)

and 1{c) show the interior sides of the upper and lower surfaces. The

two halves were held together by screws through the root section, stiff-
eners, and leading and trailing edges. The shear loads duc to wing defor-
mation were carried by dowel pins at the root and tip, together with the
shear blocks set in the spanwise stiffeners, which are visible in

figure 1(e).

Wing-drive mechanism,- The drive mechanism to force the wing to
oscillate in the desired structural deformation mode should be contailned
completely within the wing structure in order not to create Tlow distur-
pances with unknown aerodynamic effects. A unique system satisfying this
requirement wag developed for the present investigation and consisted of
two spars extending the full spanwise length of the wing inside the
channels shown in figures 1(d) and 1(e). Each spar consisted of an upper
and lower half, riveted together at the wing tip as shown in sketch (a)
and constrained to remain in contact over their length., Contact with the

“

Tunnel wall o7

Sketeh (a)

wing occurred only at the tip and HO-percent semispan station. The lower
half of each spar was restricted from spanwise movement by being pinned
at the wing root support in the tunnel wall., The upper hall of each spar
extended through the tunnel wall and was attached to an electromagnetic
shaker which applied a harmonically varying force, F. The resulting
alternating tension and compression in the upper spar half, coupled with
the alternating compression and tension in the lower spar half, caused the
spar to deflect in a manncr analogous to that of a bimetallic strip. The
resulting forces on the two bearing points then forced the wing to
oscillate in its first bending mode, when the frequency was properly
adjusted.

The bearing points were chosen from the results of an analysis which
indicated that not only first bending but second bending and first and
second torsion modes could also be forced by the one drive system. In
practice, however, it was found that these additional modes could not be
driven with sufficient amplitude to obtain data.

The wing and associated drive mechanism were mounted on the circular
plate shown in figure l(a), which allowed the angle of attack to be varied.
An inflatable seal prevented leakage of atmospheric air around the plate
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into the test scetion., It should be noted hore that great care
to seal the interior of the wing from the froc stream in the ©
through the use of rubber cement on all mating surfaccs and around
pressure~coll mountings., The interior was scaled Jrom atm spheric prou-
sure at the root by soldercd lead-throughs Uor the orifies linecs, pressuro-
tight plugs for the clectrical conneetions, gaskets or mubbor coment on

all mating surfacec, and flexible rubbo» dlavhragme to permit movem.nt or
the winag-drive mochanicm.

Instrumcntation.- The wing instrumentation was doesigned to furnish
two types of information: the prossurc distribution over the wing: (uith;r
static or dynamic), and the detflection chape of the osecillating wing.

The: wing pressurc distribution was measured on both upper and lower
surfaces approximatoly at the 90-percent. (O-percont, and 0-
span stations and at the root., Ten 0.030-inch-diam.tor oricic s wr
distribut.d atong the chord at cach of thooe St&th?C on «cach curinc.,

The oritric:: posjtions are shown and tabulated in g 1(b). (Th wrings
orilficrs wers stageered and the root orilficos wore olUset as chown in thio
figure in OTdCf to accommodats the inctrumcentation (or an altornate
pressura-measuring systom at these stations. This instrumoniation, con-
sisting of flat. electrical resistance prossure colls 172 inch i diameto
was installed, and 1s visiblc in the shotographe of “ipw o l(a). l(i).
and 1(<). The particular prossure coells designed Uor this caporimont
proved to be uwarcliable in carly tosts and wor subreuuently abazdonod,)

The pressure at cach orifice was piped out ol the wing through thoe
roct lead-throushs ineids nlactic or stainliniest o1 Cubing
(I.D. = 0.0k in.) which was connected to the manifold of a mod: | LoD
Scanlvelve, Thic is a commercially available electromechanical prossure
rlveh, capable of scouentially cxposing b8 precsure lines to a sin
pressurc=sencing dovice,  Two cuch units were used i1 on
s dn from corresponding orllices on the upper and 1o
be rend simultancously.,  The prossureo-sensing dor

L

2 that the nres-
curidacos might
lecs usced wore commoer-
ally avaliable dif?vrential pressure ceolls of the wibonded strain-game
Tyne.  The compleote gnLcLLLoatLon of an oscillatory pressure requires the
determination of ite two components, and in the mothod to be described
precently for that detormination, 1t was usoful to rovise the Scanivalve
wilt as suppliced by the manutfacturcr in order Lo accommodat. two indempen-
dent pressure eclls.  As can be scen in Tlgurc l(i the modilrication
resulted in an arranpemont which onermitted the oressure to boe Joed simul-
taneously to the facc ol cach of the two prossure cells houscd in the

block., The interior diamﬂtﬂr” in the modillad Scanivalve arrangoment wor

held constant in ordor to prevent locs in slynal cbrength.

The limited range ol the high-sensitivity onressure cells used when
obtaining the dynamic dats made it ncocessary Lo cqualize the statbi
surc on both sides of cach cell diaphragm. For this puimoa:
consisting of a s-inch longth of stainleos-atocl hypodrmic tuning
(I.D. = 0.0083 in.) was mounted in the top of the e and was compectod to
the reference-pressurce outlet of each cell mount=d in its block as shown




in figure l(f). This length of bleed tubing was found to furnish an
acceptable response time to a representative step change in static pres-
sure while satisfactorily Ciltering out the oscillatory part of the
pressure signal. When the static-pressure data were obtained, one less
sensitive pressure cell was used in each block, and it was referenced to
the static pressure at the tumnel wall. This provision is also indicated
diagramatically in figure ().

Because of the chordwise rigidity of the wing it was assumed that
any oscillatory motion was completely determincd by the plunging and pitch-
ing oscillations of cach of its cross sections. It was further assumed
that the first symmetrical bending and torsion modes of oscillation could
be adequately determined from a description of the motion at four spanwise
stations. Accordingly, eight cantilever~beam-type accelerometers were
located in cutouts along the extreme fore and aft stiffening spars at the
95-, T5-, 55-, and 35-percent semispan stations, and the oscillating wing
motion was determined from their independent outputs.

A1l accelerometers were bolted to the stiffeners of the lower wing
panel and are visible in figure 1(e). Two complete strain-gage bridges
were bonded to each tip accelerometer beam, permitting both acceleration
components to be measured simultaneously at that station while only one
such bridge was bonded to each of the inboard accelerometer beams. Thus,
f£or the inboard accelerometers, the method for component determination
described below simply required sequential determination of one component
and then the other. The electrical leads from the acceleromrtcrs were
run along the wing cavities to cannon plugs in the root section.

A1l stainless-steel tubing and wiring was bonded to the wing interior
with PRC 1221 cement which when dry had a rubber-1like consistency and thus
could flex with the wing without cracking. No fatipuing of either the
ponding or the elastic properties of the cement was cencountercd during the
test.

Electronic circuitry; method for component determination.- The
electronic circuitry was designed to perform a harmonic analysis of the
information provided by each element of instrumentation (whether pressure
cells or accelerometer) and to respond only to the components of the com-
plex amplitude of the fundamental. (The term fundamental as used here
refers to that harmonic term which 1s of the samc frequency as that of the
gage power. In the ogcillatory tests this [requency was the natural
I'requency for the first bending mode of the wing while in the static tests
it was zero.

FuUw o
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The essential features of the electronic circuitry used are shown
in Sketch,(b) for the oscillatory test casc. The principle of operation

Static defiection
A /\ VA :
oWy

5 KC
Square Demod- - Strain Golva- Cord
wave Resolver ulator Amplitier goge nometer punch
generator
Demod- - Strgin Gova- Cord
ulator Ampiifier goge nometer | punch
Stgtic deflection
N/ LA/ 1
\/ \/ i *

Sketch (b)

of the circuit is as follows: the output of a 5-kilocycle square-wave
generator is passed through a resolver driven by the alternator supplying
power to the electromagnetic shakers which force the wing motion. After
subsequent demodulation this produces two alternating voltages at the
wing-drive frequency such that one voltage is in phase and the other is
out of phasc with the angular position of the resolver rotor. After
amplification, these voltages are used to power the strain-gage bridges
in the various accelerometers and pressure cells in use. (The voltages
were applied sequentially to the single bridge of each accelerometer at
the 35-, 55-, and 7H-percent semispan stations and simultaneously to the
remaining gages.)

When the wing is oscillating the resulting pressures (or accelerations)
impose a time-varying deformation on the various strain gages. If cach
gage is powercd by an alternating voltage at this same frequency, then its
output is essentially proportional to the product of the voltage signal
and the resistance changes in the bridge associated with the deformations.

Thus, if the gage 1s undergoing sinusoidal deformations of the form

B sin (wt + €)
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(where € is the phase angle between the gage deformation and the angular
position of the resolver rotor) and is powered by the two voltages
delivered by the resolver in the form

V sin wt

1l

Vi

./ 7
3 + —
V sin (et 2/

Vo

then the gage output voltages are, resvectively,

vi = KB sin (wt + €) V sin wt
=X %? [cos € - cos (2wt + €)]
and
Vo = K B sin (wt + €) V sin /wt +-g>

K %; [sin € + sin (2wt + €)]

Here K 1is a general bridge constant depending on the type of bridge in
use, its resistance, and the choice of units of B. Thus, the output of
the strain gage is proportional to one-half the amplitude of the quantity
to be measured, the [requencies are twice the frequency of operation, and
each of the resultant voltages has a time-invariant component.

As shown in sketch,(b), each output voltage is used to drive a
galvanometer element which has an undamped natural freguency much less
than 2w so that it is essentially unable to respond to the oscillatory
part of the signal. However, the galvanometer is capable of responding
with a d=flection G +to the component of the strain-gage signal which is
time-invariant. The result is a static indication of the in-phase and
out-of-phasc components of the harmonically varying quantity.

This method is more fully described in reference 9, where it is shown
that such a system i1s capable of filtering unwanted harmonics from the
data. However, tunnel turbulence and the occurrence of leading-edge sepa-
ration when the wing was set to an angle of attack caused fluctuations in
the strain-gage outputs which reduced the accuracy of the pressure data.

>
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Instrument Calibration

Accelorometors.- The calibration consbants which had to b determined
“or cach accoleromcher wers, from apoundix A, Ky and K, the galvanomelor
dofloetions per unit lincar acceleration and per wnit angular accoloration
about the accelerometor root, These conctants were dotermined alter the
accclerometers had boen installed In the i in order that all vertinent
lactors, such as root Tixity, were accounted for.

The mode shape of the oscillating wing was determined for nurposes
oi* caleulating the accelerometer constants by means of a stand which held
derth micrometnrrs with soring-supported conical tips factrned to the
:ndles.  The Sips provided accurate positioning of the contact noint an

micrometer. Con-
by a vattery-powsraed circult
LOrn mod

minimized the danger of damage te both the wing and th

tact bebwoen wing and micrometer was indlcatod
which vroducid an audible signal in a pair of carphones.  The tor

L

vas excelited by means of opposed cccentric welghts attachd to th shalt ol
setric motor mounted on the wing tip. A pure Lorsional mom

d in this manncr with no accompanying Coveo Leonolng To =

ire benlinager, and oinceo the olastic 5 ay or the line of macs
cro, o bendivg wac by incrtia coupling. In order that all

direcctly to the 3iv amplitude, the outputs

comctore wors calibrated in forme o the

rcent soemispon

R R

a small o

quantitics might be ro
oo the 99-vrrcent semispan sccels
tip Aofloetion rather than the

batlion.

ol the 2

T aceclorometor calibretion showed that Ky owras negligh
rosnoet o rKn o in detormindng a torsional comronent ol motlion at the
Clrot bending Crequency, and was consequently sct equal to zero in the

Jata-roduction cguations used in the investiratlion. The calibration

chowed that no torsicnal motlon was prosuent when the wity

the Cizet bendine modo.  Thin important result was lalor
during the wind-on teot alpe.  This was to bo oxpectod, consldering
mass cymmetry of the wing about the mid-chord 1ine mentioned previously,

and the fact that the torsional rosonant freguency was approximately 110
cyelos ner o ocond as comparzd to the first bending {reguency ol

S

apeoroximately 20 cycles per secorul.

Prossure cells.- The static sensitivitics of tho preassurc cells wore

obtained by means of a precision manomoter. The calivbration constants so
obtained wore uoed directly in the static-prossure-distribution test. Ho
Lasic difference in the static or dynamic coll sensitivities existed since
the reconant irequency of the pressure cells was coveral orders of magni-
tude groator than the test frequency. The dynamic calibration constants
donote s Ky and Ko in appendix A differed from the static constants
because the dynamic data woere obtained by powering the cells with an altor-
nating voltage rather than a constant voltage. The root mean sguarc of

the alternating voltage was maintaincd at a valuo cqual to the constant
voltage usced during calibration; the cffect of this change, coupled with
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the factor 1/2 noted in the section on Instrumentation, resulted in a
dynamic calibration constant cqual to J2 times the static constant when
cxpressed in the units of XKi and Ko given in appendix A.

Test Procedure

The data presented for each test condition were obtained in three
distinct stages; the static test, the oscillatory test, and the orifice-
tube calibration. Data from cach of these phases were automatically
entered on punched cards and the results appropriate to each phase were
computed =lectronically.

Static test.~ The static-pressure distribution was obtained by
powsring ones of the cells in each Scanivalve unit with a constant voltage.
Lach cell was referenced to the static pressure at the wall of the test
scetion, so that its output for each orifice was directly proportional to
the static-pressure difference between the wing orifice and the tunnel
wall. Adjustments to free-stream conditions yielded the static-pressure
cowiflicients.

Orcillatory test.- The wing was driven in resonance at its first
bending frequency in order to obbain the maximum available tip amplitude
of motion (approximately 0.2 inch for all test conditions). The pressure
celis In the Scanivalves were connected to the bleeds as described in the
cection on instrumentation so that no static-pressure differcnce existed
acrocy the cell diaphragm. The cell outputs, corresponding to the
osciliatory-pressure amplitude, were reccrded for each orifice. Simul-
tancous readings of the accelerometer cutputs were also recorded, and
these data, together with the data obtalned as described in the next
seetion, yielded the mode shape and oscillatory-pressurs distribution when
combined in the equations of appendix A.

Orifice-tube calibration.- The calibration was performed by means of
the fixture shown in figure 1(g) which clamped to the wing and simulta-
neously covered all orifices at a given span station. A similar fixture
was uscd in the calibration of the root orifices. At most test conditions
the oscillating pressures experienced by the pressure cells in the Scani-
valves were not representative of either the magnitude or phase angle of
the pressures existing on the wing surface because of the attenuation and
phase characteristics of the tubing which transmitted the pressures to the
cells. It was experimentally determined that the tube characteristics
were functions primarily of the frequency and static pressure existing in
the tube, and essentially independent of the amplitude of oscillating
pressure for the values experienced during the investigation.

The tube characteristics could also be affected by the introduction
of foreign particles into the wing orifice and by necessary maintenance
work on the Scanivalve. To minimize the possibility of such occurrences
affecting the data, a calibration was made immediately after each

Uw e



e N .

ovcillatory test.  In the calibration the absolute static pPressure . as
determined Crom the static test, and the frequency. as determined from
the osclllatory test, were matchoed for each orifice location and an aver-
age value of oscillating-proscure amplitude was appliod at the orilic...

The calibration fixture consisted of a chanber which applicd the sam:
conditions to all orifices on the upper or lower surfaces of the wing.
Sealing around ~ach oritfice was accomplished by clamping on the rubber
grommets visible in the nhotograph. The static pressurc was sct to the
value corresponding to the particular orifice being calibrateod. The
oselllating-pressure amplitude, supplied by a piston-cylinder arrangoment
mounted on an clectromagnetic shaker, was indicatecd by the two pressur
cells mounted in each half of the fixture as shown. Tt was cperimentally
determined that there was no attenuation or phase shilft introduced by the
calibration fixture, so that the pressure cells in the fixture gave a true
indication ol the oscillating pressure exlsting at each orifice.

The data obtained trom the calibration were reduced to the “orm of
amplitude ratio, 7, and phase angle, &, and were used in the data-rcduction
equatlons of appundix A. A plot showing the variation of those quantitics
with static vressure, typical of the orificrs at the 90-perecent somicpan
station, is presented in Tigurce 2. Although the investigation was con-
ducted at the maximum tunnel pressure available, the decreasc in static
pressure with increasing Mach number caused an increasing loss of system
accuracy becaus: of the resulting attenuation. Because of this ortcet
the maximum Mach number at which reasonably accurate data could be obtainod
was 1.30.

RESULTS AND DISCUSSION

Static Data

The pressurce distributions obtained under static conditions are
presented in figure 3 for angles of attack of 09 and 50. (These anglc of
attack values arc nominal in that the tunnel stream angle varied across
the span, generally becoming more negative toward the root as can be scon
from the zero angle of attack data.) The data are given in the form of
the chordwise distributions of the suriace pressure cocfficicnts (upper
and lower) and the lilfting pressure cocfficient at the four instrumented
stations. In general, the static data agrec with those of other biconvex
alrZoil and rectangular wing studics (e.g., refs. 10 and 11) and reguire
Llittle comment.

For the transonic svecd range (M = 0.9 - 1.10), the local surfacc
Mazh numbors were computed from cquation 11.4 of refercnce 12 and the
r=sults are presented In Cigure 4. These data show that for Mach numb r:
1.0 and 1.1, the Mach number froozo condition (sce, Coge, Tel. 9) existin
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over the entire surfaces at both angles of attack, while at 0.9 Mach
nurber a significant freeze occurred only at 50 angle of attack and then
was confined to the leading edge of the upper surface.

Unsteady static pressures occurred at the root station over both
surfaces and were most significant near the leading ecdge. These were
attributed to the effects of a turbulent wall boundary layer. In addi-
tion, certain unsteady pressure phenomena which were encountered during
the oscillatory tests are believed to have their origin in the static
environment of the wing, and the relevant features will be pointed out
here.

First, at Mach number 0.9, the presence and location of the shock
wave terminating the region of local supersonic flow should be noted as
scen in figures 3(g) and 3(h). Although it is not shown in figures 4(e)
through 4(n) , there were also shock waves terminating a small region of
supersonic flow near the leading edge of thc upper surface at M= 0.7
for o = 50. Small changes in the location of these shock waves were
constantly occurring as a result of slight changes in the flow conditions.

Second, although the effective semiwedge angle of the airfoil at the
leading edge was approximately 79, and thus the upper surface of the wing
leading cdge was at approximately a 20 negative angle of attack with
respect to the free stream, the o = 5° data of figure 3 indicate that
the induced upwash raised the effective flow angle sufficiently to require
the flow to expand over the upper leading-edge surface. Because of the
sharpness of the leading edge, & small region of separated flow probably
existed for most test conditions. However, the deta of figure 3 Indicate
the possible scparated reglon to be confined to the region ahead of the
S-percent chord under static conditions.

Finally, at 5°, for Mach numbers 0.9, 1.0, and 1.1, the local Mach
number plots (fig. 4(e) through L(n)) show that the flow over the upper
surface of the wing was almost cntirely supersonic; therefore, the wing
+tip may be expected to have a domain of influence on the upper surface
similar to that of a purely supersonic wing, and the associlated abrupt
changes in the pressure at the boundary of this region. The approximate
location of this curved boundary line for M = 1.1 was computed from the
1ocal Mach number data of figure 4, and is shown in figure 5; as a result
of the transonic Mach number freeze over the tip portion of the upper
surface, this boundary-line position is also applicable for M= 0.9
and 1.0. The correspondence of its location with the position of the
slight peaks nearest the leading edge in the static-pressure distributions
of tigures 3(h), 3(k), and 3(n) at the threc outboard stations shows that
the peaks mark the boundary of the tip domain of influence. The boundary-
line location for M= 1.3 was computed in a similar manner and is also
shown in figure 5. However, for this Mach number, the tip effect, in
terms of peaks in the pressurc distribution, was so small that it was
negligible statically and unnoticeable dynamically.
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Dynamic Data

Mode shape.- The mode shape, normalized with respeet to the tip
amplitude, is shown in figure 4 for both wind-off and wind-on conditions.
The wind-off curve was obtained by msans of depth micrometers as described
previously. The wind-on data werc obtained through use of the acceler-
ometer equation (Ah) of appendix A. Data are missing from the 35-porcont-
station accelerometers because of an clectrical failure at this station
in the carly stages of tho investigation.

Chordwise pressure distributions, a = 0°.- Figure 7 presents the
result of applying equations (All) to the data for M = 0.24 +to give the
components of the chordwise surface pressure distributions per unit tip
angle of attack, in phase and out of phase with the wing bending deflec-
tion. Application of equations (Al2) to these data yields the in-phase
and out-of-phase components of the chordwise distribution of lifting-
pressure coefficient as shown in figure 8. Finally, equations (Al3) yield
the chordwise distribution of the lifting-pressure coefficient amplitude
and phase angle shown in figure 9, the form in which most of the dynamic
regults of this investigation are presented.

The pressure distribution for M = C.24% (fig. 9(a)) appears smooth,
but as the Mach number increases, various irregularities in the data occur,
as 1s evident in the succeeding parts of figure 9. The general dctoeriora-
tion in smoothness can be attributed to the inhercnt loss in system
accuracy with inereasing Mach number discussed previously. However, cer-
tain of these irregularities are isolated enough to demand an explanation
based on the physical characteristics of the flow.

The first of the isolated irregularities is the sharp break in the
phase~angle distribution at M = 0.70 (fig. 9(b)), particularly at the
two outboard stations. Because of the associated small pressurc amplitudcs,
these Jumps of nearly 180° are probably partially accounted for by the
inherent inaccuracies in the phase-angle computations for small pressure
amplitudes, but their consistent nature may be due to possible tunnel
resonance effects which will be considered later.

In the M= 0.9 data (fig. 9(c)), this Jump 1s still present and is
accompanied by sharp peaks in the pressure amplitude distribution over
the aft portion of the chord. The static-pressure data show that the term-
inating shock wave is also in this vicinity, and the pressure peaks arc
attributed to the movement of the shock with the wing motion. The ampli-
tude of the peak is roughly a measure of the harmonic content of the
oscillations in static pressure associated with this shock motion, which
is superposed on that arising from the oscillatory angle of attack. Two
scts of data are also shown for this Mach number, and the poor repeata-
bility in the neighborhood of the shock is further evidence of the
sensitivity of the shock location to slight changes in the flow conditions.
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Chordwise pressure distribution, « = 50,- The components of the
chordwisc pressure distribution on the upper and lower surfaces are shown
in [igure 10 for M= 0.24; also shown [or comparison are the correspond-
ing data for o = 0° from figure 7. The radical change in the pressure
distribution at the leading edge of the upper surface 1is apparently the
result of the unsteady pressures associated with the changing chordwise
extent of the leading-ecdge separation mentioned previously, caused by
the additional increment in angle of attack furnished by the wing ogcilla~
tions. As shown in figure ll(a), the phase angles were relatively
waffected by the scparation.

At a Mach number of 0.70 (fig. 11{b)), both the amplitude and phase
angle of the pressure coefficient exhibit leading-edge irregularities,
but these may not result entirely from flow separation. As mentioned pre-
viously, local supersonic [low occurred over the leading edge at M = 0.70
when at angle of attack, and movement of the shock terminating this region
could have caused increased pressure amplitudes in the same manner as that
desceribed for M= 0.90 at 0°. Because of the reduced angle of attack
ascociatoed with bending oscillations (as compared with that for M= 0.24)
and also the increased Reynolds number, it is doubtful if significant
lrading-cdge scparation occurred except perhaps near the tip. This appears
“o b the case for the data of Mach numbers 0.90, 1.0, and 1.1 (figs. 11(c),
(1), and (e)) which show a large pressure-amplitude peak at the 90-percent
semispan station. The data also show pressure amplitude peaks at the
three-tenths and mid-chord points of the 70- and 50-percent semispan sta=
tions, respectively. The similarity of the data for thege three Mach num-
bore is evidence ol the Mach number freeze shown in figure 4, As discussed
creviously, the frecze held only over the forward portion of the chord at
M = 0.00. Although not prcsented herein, the separate surface data show
that the peaks occurrcd on the upper surface only; the coincidence of their
iocations with those of the gbrupt changes in static pressure which were
nreviously shown to define the boundaries of the tip domain of influence
suggests that the peaks are the result of the movement of this boundary
line with the wing motion. As can be seen, rclatively small (but well
defined) changes in static pressure at the boundary may produce a surpris-
ingly large pressure-amplitude peak in the immediate neighborhood of the
boundary. However, the diminishing of the peak at the 50-percent station
when the flow is accelerated from M= 1.0 to M= 1.1, attests that this
ncigliborhood is extremely small, and the peak might not be detected unless
there woere an orifice located there.

Scetion 1ift and moment distributions, a = 0°.- The oscillatory
acrodynamic section 1ift and moment coefficients were obtained by numeri-
cally integrating the lifting pressure coefficient distributions for each
Mach number corresponding to those of figures 8(&) through 8(a) for
M= 0.24. Tt was assumed that these pressure distributions varied linearly
between adjacent chord points, and the necessary leading- and trailing-
care values were selected by inspection for each spanwise station. A
trapezoidal scheme of integration, consistent with these assumptions, was
+hen ubilized to obtain the in-phase and out-of-phase components of both

=\



3Y

Ui =

17

the section 1lift and the section moment coefficients per unit effective
tip angle of attack. From this information, the magnitude and phase angle
of the oscillatory section coefficients were computed and the results are
shown in figure 12. Of particular interest are the rerun results of
figures 12(c) and 12(f) which show remarkable agreement considering the
approximate nature of the integrations and the general erratic character
cf the original pressure distributions.

Although there is some question as to the quantitative accuracy of
the results, definite trends with increasing Mach number are in evidence.
Among these are the decrease in the section 1ift phase angle from approxi-
mately 1200 at M = 0.24 to 55 at M = 1.3, although at each Mach number
this phase angle is relatively constant across the span. One of the most
remarkable features of these data is the gradual flattening ol the distri-
bution of the scction lift coefficient amplitude, until at M= 1.3
(rig. 12(f)) it is almost elliptical. It might be expected that ot least
the out-of-phase component would retain some evidence of the mods shape
and have its maximum somewhere in the vicinity of the wing tip as 1t woull
theoretically for a parabolically twisted wing in steady lincarizod super-
sonic flow at M= 1.3; but figure 12(f) shows that the maximum oscillatory
1ift is produced at the root section where the wing deflection 1s zero.
Similarly, for the section moment distribution, the most striking effect
of compressibility is the decreasing of the root phase angle from 79° at
M= 0.24 to =750 at M = 1.3, while the phase angles for the three outboar:d
stations are relatively unaffected.

Because of the general irregularity of the pressurc distributions for
o = 50, no attempt was made to integrate them and obtain the assoclated
gection 1ift and moment coef{icients.

Comparison With Theory

Of the many oscillating wing theories developed during the last ten
years (see ret. 13 for a fairly complete survey) only two furnish the
lifting-pressure distribution on a deforming wing of moderate aspect ratio,
and both of these assume the conditions for linearized flow. For subsonic
flow, there is the approximate kernel function approach of references 2,
1Lk, and 15 which has recently culminated in a usable program for the IBM 7ok
electronic computer, and for pure supersonic flow there is the analytically
exact potential obtained by Miles (ref. 3). The latter has also been
developed into a usable program for this report (appendix B) . Mollﬁ-
Christensen (ref. 7) and Miles (ref. 16) have investigated the necessary
conditions under which unsteady linearized flow theory is valid, and
reduced them to the following:
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1. A, M, XA, KA << 1
2, A™! > pt/8

3.0 M -1 >> ARS8 any one or more
s of these
b k> n/

where A is the thickness ratio of the wing.

From the values of the appropriate test parameters, it is seen that
although condition 1 was always met, conditions 2 and 4 were never met,
while condition 3 would require either M >> 1.065, or M << 0.930. There-
fore, in general, it would not be expected that the results of these linear-
1zed theories should agree well with those obtained experimentally, except
possibly at M= 0.24, 0.70, and 1.30. With the reservations dictated by
these considerations, the comparison between experimental results and those
of the above linearized theories will be examined in more detail.

For the subsonic speeds, the computing program requires the selection
of control points on the plan form at which the downwash (as determined by
the mode shape) is to be specified. Twelve control points were chosen;
the 1/b-, 1/2-, and 3/N4-chord points at the 20-, LO-, $0-, and 80-percent
semispan stations.

At M= 0.24, @ = 0, the agreement betwesn the theoretical and
cxperimental pressure distributions is good (figs. 7, 8, and 9(a)). The
data were obtained at the greatest static pressure of any data of the
investigation, so that the phase lag and attenuation of the orifice tubes
were at thelr minimum values. There was also no evidence of shream T©luc-
tuation, so that these data are the most reliabis of all that were obbtainod
in the oscillatory testing. The good agreement between theory and experi-
ment chows that lincarized theory is adequate to describe the flow at this
Mach number. The comparison botween theory and experiment in the Corm of
section 11ft and moment coefficients (fig. 12(a)) shows considerably more
discrepancy than would be expected on the basis of the pressure distribu-
tion comparison. The primary cause of the discrecpancy has been traced to
the pressures assumed to exist at the leading edge: whereas tho exporimen-
tal data were extrapolated to pressurcs considered reasonable on a physical
basis, the theory, of course, assumes the usual subsonic singularity.
Therefore, if a more realistic handling of the leading-edge pressures could
be incorporated into the theory, better agreement with the experimental
values of 1lift and moment would undoubtedly result.

At M= 0.70, a = 0 (figs. 9(b) and 12(b)), although the pressure
amplitudes are in fair agreement, the phase angles are not, particularly
near the three-quarter chord line, while the 1ift amplitudes show a
noticeable decrease from their values at M= 0.24. The latter circum-
stance suggests the possibility of wind-tunnel resonance rather than
violation of the limits for application of linearized theory. If the
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resonance induced by a bending wing in a rectangular test section is
considered to be primarily a two-dimensional problem, the theory of ref-
erence 10 is applicable for predicting the combination of Mach number and
reduced frequency at which resonance could occur. The slotted  floor and
ceiling construction of the test facility necessitate considering an
cffective tunnel height somewhere between ¢ and 18 feet. A plot of the
appropriate test parameters is given in figure 13, with critical resonance
curves from reference 17, based on tunnel heights of 6, 12, and 18 feet.
As can be scen from the Tigure, resonance at M = 0.7 could indeed oceur,
for an elfective tunnel height of approximately 13 Teet, and this is
believed to furnish a partial explanation for the above-mentioned
discrepancies.

At M= 0.9 (rig. 9(c)),the agreement is poor, particularly in the
vicinity of the shock waves over the afterportion of the chord. This is
to be expected, since linearized theory is unable to account for the
presence or the effects of these shock waves. The poor agreement is also
evident in the 110t and moment plots of figure 12(c).

For M = 1.0, the theoretical subsonic coefficients evaluated at
M = 0.99 have been used for comparison. Although the amplitudes of the
pressure cocfficients are in better agreement than they were at M = 0.90,
the corresponding phase angles are not (fig. 9(d)), nor are the section-
1ift and section-moment coefficients (fig. lE(d)). The requirement for
the application of linearized theory is clearly invalidated at this Mach
number and good agreement could not be expected.

For M= 1.10 and 1.30 (figs. 9(e), 9(f), 12(e), and 12(f)), there is
little or no resemblance between the results of the experiment and those
predicted by Miles linearized theory for parabolic bending, even in the
plan-form regimes in which the latter is formally applicable (see appen=-
dix B). The discrepancies here are primarily accounted for by the non-
linear effects (detached bow wave) associated with the thickness of the
wing, and partially by the over-all loss in system accuracy discussed
carlicr in the text. For M= 1.30, it is evident that the condition for
lincarized flow theory (M >> 1.065) remains unsatisfied, while the general
repeatability evidenced in the rerun data provides a measure of the
reliability of these data.

CONCLUSIONS

An experimental investigation was made in which the pressure
distributions on an unswept rectangular wing of aspect ratio 3 oscillating
in its first symmetrical bending mode were obtained over the Mach number
range O0.24 to 1.30. From the results of the investigation, the following
conclusions can be made:



1. large effects on the oscillatory pressure distribution can be
caused by the presence of static phenomena, such as local shock waves,
flow separation, and finite span effects.

2. The results of linearized theory compared favorably with those
obtained experimentally for M= 0.2k at a = 0° where the flow was essen-
tially incompressible and inviscid. However, the agreement deteriorated
at transonic speeds and at angle of attack where the important effects of
thickness, local shock waves, and separation could not be adequately
described by linearized theory.

3. The comparison of the experimental and theoretical results tends
to confirm the Miles and Molld-Christensen criteria for the application of
linearized flow theory.

L. Some evidence of wind-tunnel resonance was noted; however, the
effects on the experimental data appeared to be confined to the M= 0.70
results.

5. The experimental method for obtaining the oscillatory pressure
distributions developed in this investigation in general gave satisfac-
tory results. The upper range of Mach numbers was limited by the
increasingly poor freguency response characteristics of the pressure-
measuring equipment.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., July 26, 1960
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APPEIIDIX A

OSCILIATORY TEST DATA REDUCTION EQUATIONS

Accelerometer Equations

In the following equations, the outputs of the acceleromcter strain-
gage bridges, which in reality are alternating voltages, are given the
symbol G which, from the section on Instrumentation, indicates a static
galvanometer deflection. No confusion should be caused, however, since
it was shown that the static deflection is directly proportional to the
amplitude of the alternating quantity, after scaling by the appronriate
constants. All constants are taken to be included in the factors Kp
and Ky .

S S —F { -
— E
N #
r-——-‘-*——r
h
Sketeh (c)
Consider the accelerometer geometry shown in sketch (c). Assume

harmonic wing motion of bending and torsion. As a result of the chord-
wise rigidity, the motion of each cross section is completely specified

by

h = | hl sin wt

191 sin (wt + Q)

vl
]

For each of these motions, by virtue of the high natural freguency of the
accelerometers, the total output of the strain-gage bridges is dircctly
proportional to the amplitude of the motion in question and may be taken
tc e in phase with it.
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These outputs are as follows:

a. due to bending b. due to torsion
forward accelerometer Khel hlw?2 (rth + Kef)lelwz
2 2
rear accelerometer Knh,lhiw (TKhr + K@r)lelw
where
Khe forward accelerometer galvanometer deflection per unit linear
acceleration
Kn,. rear accelerometer galvanometer deflection per unit linear
acceleration
Kef forward accelerometer galvanometer deflection per unit angular
acceleration about forward accelerometer root
Kgr rear accelerometer galvanometer deflection per unit angular

acceleration about rear accelerometer root

For the combined motion, the rotating vector diagrams for the
forward and rear accelerometers are shown in sketches (d) and (e):

~

Forward -
In|

accelerometer ‘ o ¥ -

2//, —
~ -~
= Q4
;____ Resolver

rotor

* Sketch (d)

U W
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16l
//‘/\\\
~
Rear - - )‘\ Q
accelerometer _ ~ ‘Q'Q
—w=|h|

Resolver
rotor
Sketeh (e)
For the forward accelerometer,
Gif = thlhlwgcos {p - (rth + Kaf)lGIwgcos Sg
(A1)
Gof = Ky lhlw?sin Oy - (rth + K@f)!@lwzsin Qg
For the rear accelerometer,
Gi, = Knylhle®cos an + (xKn,. + Ko,)|6lw3cos g
(A2)
Go,. = Kplhlw®sin Qp + (:Kp, + XKz )l lw®sin Qg
where G; and G, are the galvanometer deflections proportional to the

strain-gage signals in phase and out of phase with the resolver rotor.
In actual vractice in-phase and out-of-phase components were indicated
by a separate strain-gage bridge or else the two components were read
conscceutively; with either procedure there was the possibility of diff-
crent sensitivities Ky and Kg  for the two components. To indicate the
possipility of different sensitivities for the in-phase and out-of=-phase

components, equations (Al) and (A2) are rewritten as
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Ky | hlw®cos Oy
fi

Ky, | hlwsin Qp
Lo

Khrilh\wzcos Oy

= Khrolhiw2sin On

Equations (A3) can be solved for
four accelerometer stations:

(a) Bending amplitude

(rthi

(rtho
+ (I‘Khri

+ (rKhrO

+ Ky )le|wScos
U:i

+ Kafo)|9|w251n

+ Ky )|8lw?cos
ry

+ K@ro)lelwzsin

the following quantities

Qe

Qg

{lg

Qg

)

(A3)

at each of the

ro

. : . 7
(rKhri + KQri)Glf + (rthi + Kefi)Glr

1
| hl| = —
w ErthiKhri + thiKgri + KhriKin
2 Y1/2
(rthO + Kng)GOr + (rKhrO + KGrO)GOf
2rK K + K K + K K
%oh% ITOQm 1%08% J

(b) Phase angle between resolver rotor and bending amnlitude

i ) ( 7]
- I‘tho + Kefo GOI‘ + rKhI’O + KGI‘O)GOf

ErthOKhrO + thoKero + KhroKefo

Qn = tan™ "t { =

[ . ; )
(thri + Kgri)Glf + (lthi + Kefi)Gl

r

L Erthj_KhTi + thiKsri + KhriKGfi

(c) Torsion amplitude

2
ol 1 thiGlr - KhriGlf
gl = —
2 2 + +
W I‘Kh fiKhri Kh £ ]‘_Ke ry KhriKe fj_
2
Kne Gop = Kny, Gop /2

+
ErthoKhrO + thoKero + KhrOKQfo

-

(ak)

(85)

(46)

=W =
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(d) Phase angle between resolver rotor and torsion amplitude

(' )
__ErthoKhro + thOKQ ro + KhroKQfo

2rK K
L hfi hri i i i i )

Qg = tan™t 4

(e) Phase angle between bending and torsion

Qo= Qg - Oy (AB)
Pressure-Measurement Egquations

Consider the harmonic pressure variation of amplitude |P| and vhasc
angle AR occurring on the surface of the wing at a particular orifice,
where Ap 1s measured with respect to the wing-tip position. Because of
the attenuation and phase characteristics of the pressure line connceting
the orifice at the wing surface with the pressure cells outside the tunnel,
the pressure cells experience a pressure of amplitude |P'| which lags
the pressure at the orifice by the phase angle &. As mentioned previ-
ously in the text, all aerodynamic gquantities are made dimensionless with
respect to the wing-tip angle of attack amplitude. The necessary geometry
is indicated in the rotating-vector diagram of sketch (f).

— _—
Resolver
rotor

Sketeh (f)

The amplitude and phase angle of the tip motion are indicated by the
subscript T.
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Denote by the symbol Z the ratio of the pressure amplitude |P'|
experienced by the pressure cells to the pressure amplitude | Pl existing
on the wing surface. Then -

lPl:lPZ'l

and

7\h=A+6—QhT

Now
A
Py = |Plcos Ay 3
P
3
= |Plcos(A + & - QhT)
IP'l[ Py’ Po' . ]
= cos(Qp. - B) + sin{Qp,, - ©
z | T (g o (Ong - ®)
or

Py = (:Pi' cos(QhT - 3) + Py’ sin(QhT - 5)]

DN H-

and similarly,

1 .
P, = Z {PO' cos(QhT - %) - Py’ 51n(QhT - 6)}

Now
Pi' = KiGg Po' = KoGo
where
X; in-phase component of pressure amplitude per unit galvanometer
deflection
Ko out-of-phase component of pressure amplitude per unit galvanometer

deflection
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Then

1] . | _ 1

Py = = KiGiCOS(QhT - 8) + KOGOS]_n(QhT - S)J

(29)

P, == LKOGOCOS(JhT - %) - KiGisin(th - 8)?

-
The amplitude of the wing-tip angle of attack 1is given by

|hly  whl
T T

Dividing equations (A9) by’(AlO) and by the dynamic pressure gq
gives the component of the surface pressure coefficient in phase and out
of phase (hereafter denoted by Re( ) and Im( )) with the bending
amplitude.

)

v 5) |
Rel(C = ———— | K5Gicos( &l - 5) + K5Gasin(& - 9) |
e p&h) qulth [ iVl ( hp ) oife} ( hip )‘

(A11)
) = v

Im(C _—
Yo’ zug) big

{KOGocos(ﬁhT -8) - KiGisin(&hT - 6)}

where 7 and ® are found as indicated in the text.

Equations (All) were developed for a general orifice on either the
upper or lower wing surface. The data for M = 0.24 obtained by means of

A /

these equations are shown in figure 7 as Re <?p ) ; Re { Cp ¢ and
, . “h/y “h/y

Im (Cp \ >
NV

lower wing surface.

/ |
Im | Cp. | , the subscripts u and 1 denoting upper and
N

The real and imaginary components of the lifting-pressure amplitude
are given by

. o |
Re <Fp&h) = Re (pp@h>l - Re <§pqh>
u

\ \
Im <Cp(1‘h/ = Im de, . - Im Cp@h,/Ju

and are shown for M= 0.2L in figure 8.

(A12)
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The magnitude and phase angle with respect to bending amplitude of
the lifting-pressure coefficient are given by

.
| Cpg, | = {[Re(Cpy )17 + [In(Cpy )17}
? (A13)
{yp = tan™t ———
Re(Cpah) J

The data are presented in this form for all Mach numbers in figure 9.

Integration of equations (Al2) with respect to dimensionless chordwise
coordinates gives

Re(Cyq, ) =fl Re(Cpy, )t )

m(c,) = [ " (e, Jat

> (A1L)

Be(Cny,) = [ Relon,, ) (E - B)as

- ]
Im(Cryyy ) =jo Im(Cpe,, ) (E - €)at )

where £ = X/Eb and E is the center of moments (E = 0.9) from which

Pl

C1g, | = {IRe(C1,)1% + [Im(Crg )I7F%

Im(Czah)
7p = tan™l ——
el > (215)
>
| Crigy | = {[Re(Cmgy )1” + [Tm(Cmy, )12} 2

Im(cmlh) J

Re(Cmah)

Thy = tan

LW
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Figure 12 gives the results for all Mach numbers at zero angle of
attack in this form computed from numerical integrations corresponding
to equations (ALW).
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APPENDIX B

APPLICATION OF MILES' THEORY FOR SUPERSONIC

RECTANGULAR OSCILLATING WINGS

v In reference 3 Miles considers
M> | the linearized problem of an infini-
tesimally thin quarter-infinite

lifting surface having one straight
edge parallel and another normal to

= ¥, ¥ the stream, undergoing harmonic
oscillations of fregquency w. For
ease of reference, the surface and
an appropriate coordinate system is
shown in sketch (g) .

By use of the Laplace trans-
formation, he obtained the exact
linearized expression for the com-
plex amplitude of the perturbation
velocity potential on this surface.
With suitable identifications, and
with the signs of exponentials
reversed for more conventional
v phase interpretation, this expres-
sion is as follows:

Mach Line

Sketch (g)

v

L -

- X1 o Y w(xy - -

F(x1,y1,k) = %f e~iMkyva d.v:.v[m1 o = vay 1 ny, KL
"o L.y Ja/m)? - (7 - m)?

N
/ 2 _ ,.2) i,z o
i 1/d'ul [my Y W(xy - w1, 1 - n1, Kdng

J k
X1 X1 1 ( 1
- ﬂ/ vldvlf om 1My
1Jg /

o Vi Mlz - V12 ”‘h - S” J(Vl/ml)a - (}_’ - T11)2
my
(B1)
where
2kM X -
ki = —Eg X1 = = yi = % y=1-y1

5 first-order - ot BA
B M -1 J1 Bessel o = o™tV my = (B2)
function

1l
il
1

Uw
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and where 1 and Z2b are reference lengths in the spanwisc and streamwise
directions, respectively; ﬁ(xl,yl,k) is the downwash amplitude resulting
from a wing deformation prescribed by

H(x,y,t) = 1H(xq ,y1) eiWF (postive dowm) (B3)

and related to it through the equation

- A | of -
W(x1,y1,k) = - %? [g%% (x1,y1) + EikH(X1;Y1)J (BL)

The superposition and 1lift cancellation techniques of supersonic steady
flow can be used to obtain from (Bl) the potential at all points on a
finite rectangular plan-form lifting surface performing either symmetrical
or antisymmetric oscillations, such as that indicated by the dashed lines
in sketch (g), providing the Mach line from one wing tip does not intersect
the side edge of the opposite wing panel (i.e., BA 2 1).

From this potential, with

— aq) B(D\\
Ap =Apelwt = 2p v +V-g:{-/

defining the lifting pressure, the expressions for that pressure, the
section 1ift, and the section moment distributions are obtained (after
some integration by parts) as follows:

o
3 = =
Ap V1 .. @ -
—_— _ —_ B
a (x1,y1,k) = 2A s + 2ik 7 (B9)

i’(YI Jk-) = DA

EZ(Ylyk) = 2qb

[
l:-\-ﬁ’- (l;:‘/l}k)

- ]
. o
+ 21k&/b VT (X1;Y1:k)XmJ (Bé)
o}
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o

Mal(yl;k) o
- ~ . o}
Cmal(Y1>k) == = (a; = 1)8;(y1.k) + 24(1 + 21k) /7 5 (x1,¥1,k)dxa
Yab Jo VI
~1 5
- hikA | oxa I (x1,y1,k)dxy (B7)
o)

where the vanishing of the potential at the wing leading edge has been
used, and x3 = a3 1s the moment axis.

Even for elementary deformation modes, the analytical integration
of ecquations (B1l) and (BS) *through (B7) has not been accomplished as yet,
and in order to facilitate numerical evaluation, it is convenient to
consider the following classes of mode shapes.

For symmetric modes:

= (3
A(xy1,y1) = Hn( )(Xl:Y1) = + | y11™(Anxy + Bn)

for all y;, n=0,1, 2 . .

For antisymmstric (rolling) modes:

T (A)(

H(x1,y1) = Hp x1,y1) = + lyil "7 (Anxy + Bn)ya

n=12... (BS)

It is seen that this choice of mode shapes limits subsequent
application to wings undergoing chordwise rigid deformations for which

the spanwise variation is expressible in a power series in yi = %.

Upon substitution of equations (B8) and (B1l) into equations (BS)
through (BT) it is possible (after some interchanging of the orders of
integration) to carry out all except the final two integrations exactly,
but numcrical methods are necessary in order to complete these. BSeries
methods are applicable to the inner integrals since their integrands con-
sist of certain products of Bessel, trigonometric, and algebraic functions,
and as the resulting integrated functions are well behaved, Gauss' method
is employed to effect the outer integration.

This work and the subsequent combinations necessary to obtain the
final answers was programmed for the IBM 704, and this program was used

T e
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in obtaining the supersonic theoretical results presented in this revort.
The input information required is the specification of the Mach number M,
%; , the aspect ratio A = % , the moment
axis a3, and the mode shape as reflected in its general classification
(symmetric or antisymmetric), the choice of n, and the coefficicnts Ap
and Bn. In its present form, the program is only applicable to the
aerodynamic situations for which BA > 2, i.e., those for which each tip
Mach line is entirely contained on its wing panel.

the true reduced frequency Xk =

The program furnishes the pressure distribution at any specified
points on the plan form, and the section 1lift and pitching moment for any
designated spanwise stations. Since the various integrands are esscntially
nonsingular, the required series expressions and integrations are straight-
forward and it is believed that the final answers arc in error by no more
than 1 percent.
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Figure 1.- Continued.
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