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Abstract

NASA Langley Research (enter began an ex-
tens{ve program in the early ninetesn seventias
to measure unsteady pressures on 1{fting sur-
faces 1n transonic flew.  Four semispan wing
model configurations were studied in the Tran~
sonic Dynamics Tumnel (TDT). The first model
had a clipped delta planform with a circulsr arc
airfoll, the second model had a high-aspect-
ratio planform with a supercritical airfoil, the
third model had a rectangular planform with 2
supercritical alrfoll and the fourth model had a
high-aspect-ratio planform with a supercritical
atrfoil. To gencrate unsteady flow, the first
and third models were equipped with pitch oscil-
lation mechar{sms and the first, second and
fourth models were equipped with control surface
osctllation mechanisms. The fourth model was
simflar in planform and airfoifl shape to the
second model, but 1t is the only one of the four
models that has an elastic wing structure.

This paper describes the unsteady pressure
studfes of the four models and presents some
typtcal results for each model, Comparison of
selected experimental data with analyticel re-
sults also are {ncluded.

Nomenclature

wing span, m

wing chord, m

total wing 19ft coefficient
pressure coefticient, (p-pul/q

wing pitch frequency, Hz

reduced frequency, cw/2V

freestream Mach number

local static pressure, kPa
freestream static pressure, kPa
freestream dynamic pressure, kPa
Reynolds number based on wing average
chord

thickness-to-chord ratio

freestream velocity, m/sec
fractional chord

pitch oscillation amplitude (peak}, deg
mean angle of attack, deg

11fting pressure coefficient
(difference between lower and upper
surface pressure coefficients)
|Acp| magnitude of 11fting pressure
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coeffictent

4 control surface oscillation amplitude
(peak), deg

8o mean control surface static angle,
positive trailing edge down, deg

n fraction of semi span

t circular frequency rad/sec

Introduction

The study of unsteady transonic flow 15 a
vital and exciting field of research in aerody-

namics, A fundamental understanding of the in-
tricate physics of the problem 1s essentfal be-
fore we can fully cope with the highly nonlinear
nature exhibfted by transonic flow, The under-
standing of unsteady transonic acrodynamics fs
needed to incorporate the emerging structural,
servoelastic, and aerodynamic technologies into
the design of energy efficiant transports, high
perfarmance and highly maneuverable fighter air-
craft, There have been many accomplishments in
unsteady transonic aerodynamics by researchers
in the past decade as attested to in the excel-
lent 1ist of references of Edwards, Bland, and
Seide) (ref, 1).

In the early nineteen seventies, NASA
Langley Research Center began an extensive pro-
yram to study experimentally unsteady transonic
pressures on 1ifting surfaces. The purposes of
these experimental studies were to obtain a
large data base of prrssure measurements that
would assist in the design of advanced configu-
rations and would help validate unsteady tran.
sonic aercdynamic analysis methods that are un-~
der developmant. Four large wing models have
been tested under .he current program and a
photograph of each model s shown in Figure 1,
The proyram began with two highly sophisticated
semispan wing models, The first model was a
highly swept, sharp-ieading-edge, ¢lipped delta
planform configuretion capable of being oscil-
lated in pitch. Two control surfaces, one
leading-edge and one trailling-edge, could be os-
cillated independently. The second model wWas a
moderately swept, rounded-leading-edge, high-
aspect-ratio planform configuration equipped
with multiple leading-edge and trailing-edge
control su;faces that could be oscillated inde-
pendently.” During the course of these studies,
the reed for a more basi¢ wing mudel with a sim-
ple planform configuration became apparent,
Therefore, the program was expanded to include
an additional semispan wing model., This third
model was an unswept, rounded-leading-edge,
moderate-aspect-ratio, rectangular planform con-
figuration capable of being oscillated in
pitech,* A1l three of these models were made
rigid as possible to minimize elastic deforma-
tions of the models. The program was expanded
further with the selection of an elastic semi-
span wing model., This fourth model was very
similar in airfoil shape and planform to the
second model but had only 3 single trailing-edge
control surface which could be oscillated.s
Each of these four wing model configurations
have been successfully tested in the Langley
Transonic Dynamics Tunnel {TDT). HBoth steady
and unsteady pressure measurements have been
made along with some loads data, such as bending
moments and control surface hinge moments, and
tip deflections and twist for the elastic wing.

This paper describes the four unsteady
pressure studies accomplished to date. The
physical properties of the four models are de-
scribed and some experimental techniques applied




to both model fabrication and unsteady pressure
measurements are discussed, Typical results
from each of the four tests are presented along
with correlation of selected experimental data
with analytical reselts, In addftion, a faw
gbservations are made about future wind-tunnel
pressure stidies at HASA Langley.

FIRST MODFL - CLIPPED DELTA PLANFORM
Wind-Tunnel Hodel

Hing

The pertinent configuration parameters of
the wing are given in the sketch in Flgure 2,
The c¢lipped delta, semi-span, wing had & sweep
anrgle of 50.45 degrees, an aspect ratio of 2,48,
and a circular arc airfoil with a &-percent
thickness ratio. The semispan was 1,143 meters
and the root chord was 1,614 meters. The pitch
axts was located at 65.22 percent of the root
chord. At the first wing resonant frequency, 28
Hz, there were sigaificant dynamic bending de-
flections outboard of the contrel surface which
restricted the maximum excitation frequency to
22 Hz.

The wing was constructed of stainless steel
ribs and spars with a Kevlar-epoxy skin and
weighed §3.933 kgm. The trailing edge control
surface was a graphite epoxy structure buflt
around a step-tapered stee] shaft. For the test
reparted herein, a dummy leading edge control
was substituted for the movable control.

Wing Monnting and Oscillation System

The wing was mounted on a hydraulically
driven oscillating drive system on the sidewall
of the Langley TDT as shawn in Figure 3. The
wing was supported on a tapered shaft which was
oscillated in plteh by a hydraulic system as
shown in Figure 4. A splitter plate was used to
aveid the undesirable tunnel wall boundary layer
flow. A wing fence at the root of the wing was
designed to seal the wing at the Jjuncture with
the sptitter plate. The wing static position
and the dynamic amplitude were controlled by an
electro~-mechanical system and a hydraulic sys-
tem, respectively. The dynamic system was de-
sfgned to be operated as a spring-mass system at
a resonance condition in pitchiny wusing heavy
tuned springs (see Figurr 4). Previous experi-
ence with driven airfoirs had indicated that a
spring-mass system would be desirabie in that it
would result in a lighter loading on the drive
mechanism, In practice the springs were tuned
to only one stiffness and the mechanism was op-
erated at off-resonant frequencies, since it
would have been necessary to enter the tunne) to
change the effective stiffness. It was also
necessary to preload the springs to one degree
deflection to eliminate load reversal in the
system through the range of oscillation ampli-
tude, A separate hydraulic system drove the
control surface position, both static and dy-
namic, Each hydraulic system was controlled by
servo foedback systems.

Instrumentation

The wing was instrumented with 76 dynamic

‘pressure transducers and Bl stecady pressure ori-

ficns. The location of the upper surface trans-
ducers and static orifices are shown in Figure
2. There were nine accelerometers mounted in
the wing to measure the dynamic amplitude in-
¢luding the effects of deflection due to chord-
vwise bending. The control surface deflection
and the model mean angle of attack were measured
with potentiometers. The wing oscillation amp-
Vtude was measured with a linear variable dif-
ferential transformer, Stcafin gage bridges on
the wing structure and in the control surface
shaft measured strain and moments for loads mon-
itoring purposes.,

Data Acquisition und Analysis

Test Conditions

The wing was tested in the Langley Tran-
sonic Dynamics Tunnel (TDT) in  Freon* at
M= 0,90, q = 9.34 kPa and at a Reynold's number
of approximately 10 million based on the mean
chord length of 0,921 m, Boundary layer transi-
tion strips were fixed on the upper and lower
wing surface at 8 percent of local chord from
the leading edge. The grit size varied from
number 70 at the root to number 90 at the tip.

Data Reduction

The static and dynamic data were recorded
digitally at the rate of approximately 950 sam-
ples per second per channel, Data acquisition
and display were under control of the facility
computer.6 The upper surface steady pressure
measurenents were converted to engineering units
and analyzed during the test. However, the dy-
namic data were analyzed post-test to determine
the Fourier coefficients from which the magni-
tude and phase were determined.

Since this was a symmetric airfoil, all the
transducers were located on the upper surface.
The upper surface pressures were measured at a
positive angle of attack and the lower surface
pressures were obtained from the upper surface
pressures measured at a negative angle of
attack, The 1ifting pressure distribution
aCy, Steady and unsteady, was computed from
the difference of the upper and lower correspon-
ding sets of data,

Steady Calcuiations

Steady pressure distributions for pitch and
control surface deflections were computed using
the modified three-dimensional, transonic small
disturbance, Bailey-Ballhaus code.’ This code
has options for modeling a viscous boundary
layer. However, the inviscid option, used fin
the present paper, gave the best camparison with
measured data in that the experimental shock lo-
cation is further aft.

*Freon 15 a registered trademark of E.I. DuPont
de Nemours & Co., Inc, Use of trade names does
not constitute an official endorsement, elithar
expressed or implied, by NASA.
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Resuits and Discussion

Steady Pressure Results

The experimental and calculated chordwise
pressure distributions of AC, are shown 1n
Figures 5 and 6 for pitch and control surface
deflection, respectively.

The variation of steady Vifting pressure
with angle of attack is shown In Figure 5 for
the three spanwise locations, The symbols rep-
resent the experimental results and the lines
reprosent the analytical results, Agreement be-
tween the experimental and analytical resuits
{5 good for the lower values of oy but deteri-
orfates above ap = 2 degrees at the outhoard
statlons. The theory is not equipped to handle
what is belfeved to be vortex flow generated by
the sharp leading edge. This vortex expands to-
ward the outboard statfons as ap is increased.

The variation of static 1lifting surface
pressura with control surface angle ts shown 1n
Figure 6 for three spanwise locations. The sym-
bols represent the experimental resuits and the
11nes represent the analytical results,

The agreement between experiment and analy-
s5is 15 reasonable for small values of &y = 2
degrees. However, at large deflection,
éy = 6 deg, the analysis predicts more nega-
t?ve and larger aC, opressures, near the hinge
1ine at xz/c = 0.80, than were measured. The
agreement between the experimente) and amaiyti-
cal results for variation 1In ay and &, i3
best at the {inboard stations.

Unsteady Pressure Results

Wing Pitch Oscillations.- The pressure mag-
nitude and phase angle results for wing pitch
oscillation of 0.5 degrees for angles of attack
of 2 and 4 degrees at n = .70 are given in Fig-
ure 7. A peak in the magnitude is evident near
the hinge line of 80 percent of chora and in-
creases as frequency increases. Due to the lo-
cation of this peak, it apparently s caused by
the motion of the mean shock. An abrupt change
in phase angle occurs at this peak in |aCg.|.
Another morz dominant peak appear q the
ag = 4 degree data near the leading edge which
{5 less affected by frequency. Due to the loca-
tion of this dominant peak, it probably 1s caus-
ed by the motion of the leading edge vortex
flow. No significant change in phase angle oc-
curs at this dominant magnitude peak. The phase
distribution for the 4 degree data differs from
the ag = 2 degrees data in that the phase 1s
negative at the leading edge in the reglon of
the flow separation.

Control surface oscillations.- Figure 8
shows unsteady pressure magnitude and phase an-
gle results due to control surface oscillation
for several vaiues of amplitude, &, and fre-
quency, f, for static wing anglies of attack,
ag, of 2 and 4 degrees. A large peak 1n the
magnitude is evident near the control surface
hinge 11ne. This large peak probably is caused
by both the contrel surface motion and the mean
shock motton. There are no pronounced effects
on the magnitude of the 1ifting pressure,

lAC 1. due to control surface oscillation fre-
uehty. There 15 a distinct difference fn the
ghasc angle for the two frequencies of Figure B,

he phase angle 1s the same aft of the contro}
surface hinge 1ine.

Concluding Remarks For The First Model

Some static and oascillatory pressure re-
sults are given for a small range of parameters
at 0.9 Mach number far a clipped delta wing with
a circular are airfoil.

Calculated steady pressure results from the
Bailey-Ballhaus code compared well with the
static experimental data for wing anglas of at-
tack or control surface defliecttons less than 2
deyrees. At higher angles of attack, vortex
flow from the sharp leading edge s belleved to
preciude satisfactory comparison, since nonlip-
ear conditions for such flow are not accounted
for in transonic small disturbance theory.

The dominant features of the oscillatory
wing pitch results are the changes in the pres-
sure magnitude 1nduced by the motion of the mean
shock, and the motion of the leading-edge vortex
flow at ap = 4 degrees, The phase shift due
to leading edge vortex flow was 1nsignificant.

The effects of osciliatory control surface
frec.ency nn the magnitude of the Vifting pres-
sure were small. A distinct phase shift occurs
forward of the hinga line due to change in fre-
quency of the contral surface motion,

SECOND MODEL - HIGH ASPECT RAT10 PLANFORM

Wind Tuanel Mcdel

General

The mode} consisted of a half-brdy fuselage
similar to that of a "wide-body" transport and a
rigid semispan wing representative of current
energy efficient transport designs, The model
was mounted on the tunnel sidewall te a turp-
table mechanism which allowed the mean anglg of
attack to be varied (see Fig. 9).

Geometry

A sketch of the wing {is presented in Fig.
10. The wiig had a leading-edge sweepback angie
of 28.8 deg, an aspect-ratio of 10.76, and a
semispan of 2.286 m, The side of the half-body
fuselage was located at a wing station 0,219 m.

The wing was equipped with 10 oscillating
control surfaces. Figqure 10 shows five leading-
edge control surfaces hinged about the 15% chord
and five trailing-edge control surfaces hinged
about the 80% chord. For the wind-tunnel tests
presented herein only two trailing-edge control
surfaces, shown in Fig. 10 by the cross- hatched
areas, were oscillated to generate unsteady air-
loads. These two control surfaces are designat-
ed hereafter as the inboard control surface and
the outboard control surface.

The wing contour was formed from three dif-
ferent supsreritical airfolls. These three air-




fotis were located at wing statfons 0.219,
0.876, and 2.286 m and had thickness-to-chord
ratipos of 0,16, 0.14, and 0,12, respectively.
The three supercritical airfoi) shapes are shown
in Fig. 11. Straight line interpolation along
constant percent chords was used between adja-
cent airfoll sections. The section twist angles
at each station, refera2nced to a horizontal ref-
erence plane, also are shown in Fig. 11,

Construction

The wing wat constructed from alumfnum al-
loy and censisted of upper and lower sections.
Each section was stiffened in bending by a boron
filament {insert bonded to the {intarnal cutout
area shown in Fig. 12, The sections were perma-
nently bonded together to form a box cross sec-
tion. This type of construction produced a
stiff, lightweight wing structure whose funda-
mental frequency (23 Hz) was well above the max-
imtm control surface excftation frequency of 16
Hz used during the tests, These requirements
for a stiff, high-frequency wing structure were
dictated by the need to minimize the dynamic and
static defq{mat1ons of the model due to aerody-
namic loads®,

Lightwelght control surfaces were construc-
ted using stiff Kevlar-balsawood sandwich mate-
rial thereby minimfzing the control surface in-
ertia lvads and deformations. A typical control
surface and actuator is shown in F19. 13, Min-
fature hydraulic actuators? of the rotating vane
type were used both to position the control sur-
faces statically and to oscillate them at de-
floction angles of £6 deg over & frequency range
from 5 to 15 Hz,

Instrumentation

The model was instrumented with 252 3tatic
pressure orifices and 164 in situ dynamfc pres-
sure transducers. Small precision potentiome-
ters were used to measure directly the control
surface angular displacement, The model root
angle of attack was measured by a digital encod-
er that was attached to the turntable {in the
wind-tunnel wall. The wing was mounted to a
five~-component balance which measured the wing
static forces and moments. Six accelerometers
were installed in the mode) to detect wing vi-
brations.

Data Acquisition and Analysis

General

Acquisition of data from the large number
of varled sensors located on this model and
anaiysis of these data in a "near real-time"
manner required the use of a computer. The TOT
facility has a computer uniquely designed and
programmed for this purpose,® ~ The following
paragraphs describe the data acquisition and
analysis procedures used during the tests.

Steady Pressure Data

Steady pressures were measured using six
48-port scanning valves that were stepped simul-
taneously from pert to port. For each measure-
ment, the pressure was allowed to seitle for 0.3

second and then was averaged for approximately 1
second to acquire a mean value of pressure coef-
ficlent for each orifice,

Unstnady Pressure: Data

Pressure time<history signals frem tha
transducers were digitized and recorded on mag-
netfc tapes for 75-100 cycles of control surface
osciltation, During playback of the digita)
tapes, the Fourier components of the data were
determined at the frequency of oscillation of
the control surface. Values of pressure coeffi-
clent magnitude and phase angle relative to the
oscillating control surface position were calcu-
lated for each transducer.

Results and Discussion

General

Data from those tests included b°iﬂ fteady
and unsteady pressure measurementsi®.li,12)
Although force-balance results are not presented
herefn, the drag rise characteristics, along
with the steady pressure distributions do exhib-
it characteristiig expacted of supercritical
wing acrodynamics'®. The follewing discussfons
focus on the steady and unsteady pressure re-
sults for the design conditfon: M = 0.78, an

a = 2,05 deg, The Reynolds number was 2.2 x 10

based on the average wing chord. Comparisons
batween measured and calculated results are pre-
sented for chordwise distributions of unsteady
1ifting pressures.

Measured Steady Results

Chordwise pressure distributions of the up-
per and Tower surfaces are shown in Figure 14
for several mean angles of attack. These re-
sults are for n = 0,19 and n = 0,71 at M = 0,78.
The upper surface data show that for n = 0.71 a
shock occurs at approximately 40 percent of
chord for 2¢ angle of attack,

Lifting pressure distributions are shown 1n
Figure 15 for several statfic control surface de-
flections for M = 0,78 and oy = 2,06%, These
chordwise pressure distributions are shown for
two span locations (n = 0,19 and 0.71} which are
near the midspan of the {nboard and outboard
control surfaces. The inboard results are rea-
sonably smooth and lincar for & values between
6° and -6°, whereas the outboard results are not
as smooth and show nonlinear characteristics.

Measured Unsteady Results

Inboard Control Surface Deflection and Fre-
udency Results.- Chordwise distributions of
ii?t1ng pressures due to oscillatfons of the {n-
board control surface at 10 Hz are shawn in Fig.
16 for span stations n = 0.19 and n = 0,71. Re-
sults are given for oscilliatory deflection an-
gles § of 2, 4, and 6 deg. First, observe the
results for n = 0,19 which ts near the midspan
of the inboard control surface, The ¥{fting
pressure magnitude 1increases rapidly from a
small value at the leading-edge x/c = 0 to a
peak near the 80% chord {control surface hfnge
11ne) and then decreases very rapidly to a small
value near the trailing-edge x/c = 1,0. The
corresponding phase angle results show a large




phase lzg near the leading edge that decreases
to zere near tha 65% chord and shows a phase
Jead over the rear portion of the chord. The
magnitude of aACy increases with control sur-
face deflection édmplitude in an approximate lin-
gar manner over the entire chord. That 1s, the
magnitude of AC, for & = +6 deg is about three
times the value for & = +2 deg. The phase angle
results essentially ere independent of the amp-
1tude of control surface deflection,

Second, observe the results of n = 0.71
which is near the midspan of Lhe outboard con-
trg) surface, Although the oscillating control
surface is well removed from the pressure mea-
surement Station, its effect on the unsteady
pressures 15 significant, The magnitude rises
sharply to a peak near the 25% chord, drops ab-
ruptly to near zero at the 40% chord and remains
near zero to the trailing edge, Except for the
wide excursions in phase angle near the 40%
chord, the phase angle trends for the outboard
station are simllar to those at the inboard sta-
tion in that a large phase lag exists at the
leading edge and decrcases toward zero goiny
rearward along the chord,

The chordwise distributions of 1ifting
pressuras for three frequencies of the 1nboard
control surface oscillating at amplitude of 6
doeg are presented in Fig, 17 for n = 0,19 and
n a 0,71, Results are shown for Yrequencies of
5, 10, and 15 lz which correspond to reduced
frequencies k of about 0,1, 0.2, and 8,3, For
n = G.18, control surface frequency has a much
greater effect on phase angles than on magni-
tudes of unsteady pressures, The largest ef-
fects occur at the leading edge where the 5 Hz
datz show a phase lag of about 120 deg. For
n = 0,71, the results indicate the effects of
frequency to be much more pronounced {n the
phase angle data than in the magnitude data.
These results show again the significant influ-
ence the inboard oscillating control surface has
on unsteady 1ifting pressures far outboard on
the wing.

Qutboard Control Surface Deflection and

Frequency Results.- Unsteady 1ifting pressure
distributfons for the oscillating outboard con-
trol surface are presented in Figs. 18 and 19.
The deflection amplitudes and freguency effacts
show general trends siuflar to those discussed
for the osciliating inboard control surface.
A significant difference, however, is the sharp
hump in the 1ifting pressure magnitude data near
the 50% chord. Although data for n = 0,19 are
not presented in the figures, neither the magni-
tude nor phase angle data at this station was
affected by the oscillating outboard control
surface.

Comparison of Measured and Calculated Results

General.- The calculated results presented
herein were obtained from an analysis based on
linear theory for the acceleratiop potential on
zera thickness 1ifting surfaces,!  This sub-
sonic kernel-function mathod accounts for edge
and hinge 1ine singularities of the control sur-
face, Effects of airfoil thickness are par-
tially accounted for by modifying the local
streamwise velocity, Though not presented here-
tn, more extensive comparisons with the expert-

mental results using doublet lattice calcula-
tinns are presented in ref, 15.

Chordwise Lifting Pressure,- A comparison
between measured and calculated chorowise dis-
tribution of 11fting pressures at n = 0.19 gen-
erated by oscillating the inboard control sur-
face {s presented in Fig, 20. These results are
for H = 0.78 and control surface frequency of 10
Hz. The variation of ifting pressure magnitude
per degree and of phase angle, referenced to the
control surface positicn, is plotted as a func-
tion of fraction of chord. Measured and calcu-
lated magnitude results show reasonable ayree-
ment up to the 20% chord, From 20 to 70% cherd,
the calculations underestimate the measured data
which are characterized by a broad hump that
peaks near the 50% chord. Calculations overes-
timate measured data behind the hinge line at
80% chord, The calculated results show a
smaller ghase lag than the measured data ahead
of the 40% chord, Aft of the 40% chord, the
calculated and measured phase results are in
yood agreecment,

Concluding Remarks For the Second Model

An experimental fnvestigation has heen coi-
ducted on an aspect ratio 10,8 supercritical
wing model with oscillating control surfaces.
Selected measured steady and unsteady results
from the wind-tunnel tests have been presented
and discussed. Briefly, the measured results
show that unsteady lifting pressures generated
by oscillating control surfaces are substantial.
In particular, the inboard oscillating control
surface was shown to have a significant infiu-
ence on the unsteady 11ftiny pressures far out-
board on the wing. Also, measured data were
compared with calculated results obtained using
a subsonic lifting surface thecry. Results {in-
dicate a need for prediction methods in the
transonic speed range that are better than the
RHOIV analysis in this study,

THIRD MODEL - RECTANGULAR PLANFORM

HWing Configuration

A photograph of the wing installed in the
TOT {s shown in Fig, 21. The wing is attached
to a shaft that extends through a splitter plate
mounted off the wind-tunnel wall so that the
wing root is outside the wall boundary layer.
The shaft is connected directly to a hydraulic
r?ta;y actuator that oscillates the wing in
pitch,

The planform and atrfoll shape are shown in
Fig. 22. The unswept wing has a rectangular
planform with a 0.6lm chord and a 1,22m span
(panel aspect ratic of 2.0}, The airfoil is a
12% thick {t/c = 0.12) supercritical shape with
a two-dimensional desiyn Mach nunber of 0.8 and
design V{ft coefficient of 0.6. This afrfoil
was chosen as being typical of those being em-
ployed on new transport aircraft. The wing tip
was formed by connecting the upper and lower
surfaces with semicircular arcs. The wing pitch
axis is located at the 0.46 fractional chord.
Details of the geometric properties, including
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the airfoil coordinates, and the strictural pro-
pertias of the wing are presented in Ref, 16,

Instrumentation

Wing instrumentation conzisted of 126 dif-
ferontial pressure transducers, eight accel-
erometers, &nd one potentiometer, The trans-
ducers were mounted at four spanwise statfons to
measure both steady and unsteady dynamic pres-
sures along chordwise rows (see Fig. 22) on the
upper and lower surfaces, Both in situ trans-
ducers and transducers utilizing the matched-
tubing technique developed by Tijdeman!” were
mounted in the wing., Each transducer was refgr-
enced to the freestream static pressure. The
potentiometer and acceleromecters were used to
measure static and dynamic motions of the win?.
petalls of the fnstrumentation are presented in
flef. 16.

bata Acquisition and Reduction

patz from the model fnstrumentation were
acquired usieg the TOT reai-time data acquisi-
tion system. Steady prassures were measured
using the differentiat pressure transducers in-
stalled 1n the wing. One thousand samples of
data at a rate of 300 samples per second were
averaged for each transducer to determine mean
values of pressure coefficient, Unsteady pres-
sures were calculated from transducer time-
history data measured at a rate of 300 samples
per second and recorded on digital tape. A dis-
crete Fourler transform of 75-100 cycles of the
data (a minimum of 15 sampies/cycle) was used to
determine the first harmonic pressure coeffi-
clent magnitude and phase in relation to the
pitch position of the wing root. The magnitude
and phase measurements from transducers using
the matched-tubing method were determined using
transfer functions derived from calibration data
of corresponding {in situ and matched-tubing
transducers,

Test Results and Discussion

As illustrated in Fig. 23, steady and un-
steady pressures were measured*? for a large
numbar of test conditions in the TDT. The fig-
ure shows the wing total 1ift coefficient plot-
ted against Mach number for angles of attack
ranging from -1 to 7 deg. For the unstezdy-data
points (soltd symbals) tn Fig. 23, the wing os-
cillatfon freguencies were 5, 10, 15, and 20 Hz.
Some representative results obtained during
these tests are presented. The Reynolds number
based on the chord length is four million for
all data presented, '

Steady Results

Upper- and lower-surface S5teady pressure
distributions at the four spanwise stations are
shown in Fig, 24 for & Mach number of 0,825 and
an angle of attack of 4 deg, {This 1s close to
the two-dimensional design condition for the
airfoll.) At the inboard sections (n = 0.31 and
0,59}, typical supercritical flow is present on
the upper surface, that is, there is a rather
flat pressure region followed by & weak shock

far aft (0.50 to 0.60 fractional chord) on the
wing, Howaver, for suctions farther out on the
wing, this shock 1{s farther forward toward the
leading edge as a result of the wing tip
effects. Hesr the wing tip the shock {s located
at about the 0,10 fractional chord. The pres-
sure distributlons on the lower surface are not
significantly affected by the presence of the
wing tip.

Unsteady Results

Some of the unsteady pressure distributions
measured durfng the tests are summarized {n this
section. The results are presented in terms of
the magnitude and phase angle of the lifting
pressure coefficient. In the Figures (25, 26,
27) presented in this section, curves are faired
through the data points in the region of the
shock to show trends and estimated peak-pressure
{shock) locations,

Span Effects

Pressure distributions at the four spanwise
stations are shown in Flg. 25 for a mean angle
of attack of 4 deg and a Hach number of 0.825.
The osciilation amplitude and frequency are &l
deg and 10 Hz {k = 0,15}, respectively, The
pressure peaks vary significantly across the
wing span, B8y comparison with the steady data
(Fig., 24), it 1s abserved that tha pressure
peaks are located ncar the same chordwise posi-
tions as the upper surface mean shocks. The un-
steady shock strength decreases nearer the tip
regien, The phase resuits ip Fig., 25 show that
the pressure is generally lagging the wing pitch
motien (negative phase) forward of the pitch
axis (0,46 fractional chord) and leading the
pitch motion aft of the pitch axis. For the two
inboard stations where the shocks are located
aft of the pitch axis, the lag-to-lead phase
shift occurs aft of the upper surface mean shock
position.

Mach Number Effects.- Pressure distribu-
tions at the Inboard station {n = 0.31) are
shown 1n Fig, 26 for seven Mach numbers ranging
from 0.4 to 0.85. The wing mean angie of attack
is 2 deg. The oscillation amplitude and fre-
quency are 1 deg and 10 Hz, respectively (k
ranges from 0,31 at 0.4 Hach number to 0,15 at
0,85 Mach number), The pressure peak is located
at the leading edge for the low subsonic Mach
numbers but rapidly moves aft as the Mach number
increases, At a Mach number of 0.85 the esti-
mated shock location 1s near the three-quarter
chord, For the most part, the phase data show
that the pressures lag the motion ahead of the
shock and Tead behind the shack.

Oscillation Frequency Effects.- Pressure
distributions at the Inboard chord (0.31 frac-
tional span) are shown in Fig, 27 for seven os-
ctllation frequencies ranging from 2 to 20 Hz
(k = 0,03 to 0,31) and an oscillation amplitude
of 1 deg. The Mach number and mean angle of at-
tack are 0.8 and 2 deg, respectively. The re-
sults show that the frequency effect is large
for both the magnitude and phase, As the fre-
quency of oscillation increases, the magnitude
of the pressure generally decreases forward of
the pitch axis and increases behind the axis.
The shock at approximately the 0.35 fractional
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chord cofincides with the steady-state shock lo-
cation and appears te decrease in strangth as
the frequancy increases. The phase results show
that the pressures lag the motion ahead of the
shock and lead the motion behind the shock, The
phase angle generally decreases (pressure lags
the motion} as the frequency fncreases. This
effect 15 more pronounced aft of the pitch axis.

Comparison of Mecasured and Calculated Results

Unsteady pressure calculattons were made
with two theoretical programs, and the results
are compared with measured data. One program is
XTRAN3S, (Refs, 19 and 20), a three-dimensfonal
nonl {near transonic code using finite difference
methods to approximate a time-accurate solution
from the small disturbance potential equation.
The version of the code used does not include
the effects of viscosfty. In order to improve
accuracy and agreement with measured data, the
XTRANIS results made use of 1) a revised grid
arrangement,22+22  and 2} small-disturbance
equation coefficients derived by the Hational
Aerospace Laboratory of the Netherlands,2? The
other program used for the unsteady pressure
comparisons is RHOIVZ*, a linear subsonfc 11ft-
ing surface kernel function theory based on the
acceleration potential, In addition to the un-
steady comparisons, steady pressure comparisons
are made using the XTRAN3S program,

Comparisens are made for calculated and
measured results at a Mach number of 0.7. The
mean angle of attack 1s 2 deg., The oscillating
amplitude and frequency range for the unsteady
data are 1 deg and 5 to 20 Hz (k = 0,09 to
0,36), respectfvely, Rigid pitch metions were
used in the unsteady calculations, For XTRAN3S
results, the measured wing coordinates were
used.

Steady Results

Comparisons of steady upper- and lower-
surface pressure distributions at the four span
stations are shown in Fig, 28. The comparisons
are good over most of the wing, At all spanwise
stations the XTRAN3S program accurately predict-
ed both Lhe upper-surface pressures aft of the
shock and the lower-surface pressures in the
midchord region. The calculated results deviate
somewhat from the measurements in the leading~
edge region and on the lower surface near the
trailing edge. The comparisons in these regions
may possibly be fimproved by {ncluding viscous
effects in the code and by decreasing the grid
spacing for the calculations in this region to
account for the bluntness of this airfoil {see
Fig, 22). A finer grid may fmprove the upper-
surface pressure-peak definition near the lead-
ing edge.

Unsteady Results

Spanwise Pressure Comparison,- Unsteady
1ifting pressure distributions at two spanwise
stations are shown in Figure 29. The comparison
includes both measured data and results from
XTRAN3S and RHOIV, The XTRAN3S program predict-
ed fairly well the pressure magnitudes at all
spanwise stations in the region aft of the shock

(1ocated near the leading edge), 1In the region
of the shock the calculations overestimated the
leading-edge pressures st the 1inboard station
and under-estimated those pressures at the out-
board station. The phase agreemcnt s good over
the forward half of the chord at the outboard
station, The phase calculations at the inboard
statton are affected by the overestimated lead-
ing-edge shock and are not {n good agreement
with measured values, The phase agreement alse
1s not good near the tralling edge at both sta-
tions, The RHOIV results of the pressure-magni-
tude show fairly good agrecment over the aft
two-thirds of the chord. Howaver, at both span
stations the magnitude is underastimated in the
forward half of the wing and overestimated in
the aft portion of the wing, The leading-edge
shock, of course, is not predicted by the Tinecar
theory. The phase agreement {s good over the
forward two-thirds of the wing and, in most
cases, 1s better than the XTRAN3S agreement, As
with the XTRAN3S results, the phase agreement
near the trailing edye 1s not good.

*

Concluding Remarks For the Third Model

Doth steady and unsteady aerodynamic data
were measured on a rectangular wing with a 12%
thick supercritical airfoll. The wing was os-
cillated in pitch to acquire the unsteady data.
The purpose of the test was to provide experi-
mental data to assist in the development and as-
sessment of transonic analytical codes. The ef-
fect of the wing tip (that is, three-dimensional
effects) on the pressure distributions is large.
Specifically, the shock location at the outboard
sections 1{s considerably farther forward than
for 1inboard sections, Mach number also has a
large effect an the shock strength and incetion,
Oscillation frequency has a significant effect
on the unsteady pressure magnitudes and phases,

Results from the XTRAN3S nonlirear transon-
i¢ programs and from the linear RHOIY kernel
function program were compared to the measured
data, The XTRAN3S steady and unsteady results
agreed fafrly well with measured data at a Mach
number of 0.7. It {s believed that the inclu-
ston of viscosity in the analysis and use of a
finer grid will give better results, particular-
ly at the wing leading edge, The RHOIV unsteady
results were in fair agreement, but, of course,
the location or strength of the shock was not
predicted.

FOURTH MODEL - HIGH ASPECT RATIO
‘PLARFORR ELASTICY —

Wind Tunnel Hodel

General

A delay in the NASA program, Orones for
Aerodynamic ~ and Structural Testing {DAST)2®,
made the second Aeroslastic Research Wing,
ARW-2, available for this wind-tunnel test. The
elastic semispan wing used in the present study
1s the DAST ARW-2 right wing panel. A half-body
fuselage was wused to simulate the drone
fuselage, The center section of the fuselage
was sim{lar to the actual drone fuselage in both
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diameter and wing location to generate the prop-
er airflow over the {nboard area of the wing.
Both the fuselage and the wing were mounted on 2
remotely controlled turntable mechanism located
ot the tunnel sidewall, Figure 30 shows the
wing and fuselage configuratfon mounted in the
wind tunnal,

Geometry

The wing planform and instrumentation loca-
tions are shown in Figure 31, The wing has an
sspect ratio of 10,3 with a leading-edge sweeﬁ
angie of 28.8°, The wing was equipped wit
three hydrauiically driven trailing edge control
surfaces, two inboard and one outboard, The in-
board surfaces were held fixed at 0° deflection
ard only the outboard surface was deflected
statically and dynamically, The outboard sur-
face hinge Yine was located at 77 percent of lo-
cal chord,

The wing contour wes formed from three dif-
ferent supercritical airfoils, These three air-
folls were located at the following spanwise
wing stations: the wing-fuselage Jjunction
(n = 0.071), the wing planform break (n = 0,426)
and the wing tip (n = 1,000) and had thickness-
to-chord ratios of 0,15, 0.12 and 0,11, respec-
tively., The three supercritical airfoll shapes
and wing twist were defined by the design cruise
condition and are described in ref. 26.
Stratght 1ine interpolation along constant perw
cent chords was used to define the wing contour
between these three airfoil sections, The wing
construction jig shape was derived from the de-
fined cruise shape, the corresponding loading
conditions and the flexibility of the wing
structure,

Instrumentation

The locations of the wing 1Instrumentation
are shown In Figure 31, The instrumentation
consisted of 191 pressure transducers and 10 ac-
celerometers. In addition, strain gauges were
located near the wing root to measure bending
moments. Differential pressure gauges were
mounted in each supply line to the hydraulic ac-
tuators of each control surface te measure hinge
moments. Small potentiometers were used to mea-
sure the control surface angular displacement.
The mode)l angle of attack was measured by a ser-
vo accelerometer that was mounted near the wing
root, Both steady and unsteady pressures were
measured using differential pressure transducers
referenced to the freestream static pressure.
Streamwise rows of upper and lower surface pres-
sure orifices were Jocated at six span stations.
The orifice rows were located at n = 0.274,
0.476, 0.599, 0,707, 0,871 and 0.972, The fifth
row at n = 0,871 ties along the mid-span of the
outboard control surface. All of these surface
orifices were connected to pressure transducers
by matched tubes having an inner diameter of
0.508mm and a length of 0,457m. To determine
the tube transfer functions needed to correct
the unsteady pressure data from these matched-
tube transducers, simultaneous measurements were
also obtained from a row of In situ transducers
mounted on the wing upper surface parallel to
the fifth row of surface orifices. Dynamic wing
deflections were determined using the 10 accel-
erometers,

Data Acyuisition and Analysis

Uata from the model instrumentation were
aL ired using the TOT real-time data acquisi-
ti stem.®” The pressure data were acquired
ust Wy p; electronically scanned pressure (ESP)
syste <’ The ESP system Is a sequential, digi-
tal pressure sampling system saquivalent to a
mechanica) scani-valve. A1l data were digitized
in real-time at 250 samples per second and writ-
ten on magnetic tape for later analysis. Statdce
pressures were moasured by all 191 pressure
transducers. Each pressure signal was averaged
for 1.2 seconds to acquire its mean value,

Dynamic pressure time histories for the
three outboard ruws of survace orifices and ac-
celerometer time histories were recorded for a
minfmum of 50 cycies of control surface osciilae
tion, Discrete Fourfer transforms of these time
histories then provided the magnitude and phase
angle at the frequency of the oscillating con-
trol surface for each transducer and accelero-
meter. A1 phase angles are relative to the po-
sition of the oscillating control surface.

Test Results and Discussion

Steady and unsteady pressures were measured
for a large number of test conditinns in the TDT
using Freon as a test medium, The test condi-
tions at which pressure data were taken are
shown 1in Figure 32. Data were taken at Mach
numbers of 0.6, 0,7, 0.8, 0.8% and 0.88 and at
dynamic pressures of 4.79, 9,58 and 14.37 kPa.
At each tunnel condition static pressure data
vere taken for wing angles of attack of -2 to 4
degrees for the <control surface undeflected
{65 = 0°), Some of the high angle of attack
va?ues were eliminated at the higher dynamic
pressures due to maximum bending moment restric-
tions imposed on the wing. For wing angles of
attack of 0 and 2 degrees the control surface
static deflection, &gy, was varied from -8 to 8
degrees. Unsteady pressure data was taken at
wing angles of attack of 0 and 2 degrees for
control surface oscillation amplitudes of &
equal to 1, 2 and 3 degrees and frequencies of
5, 15 and 20 Hz.

Steady Pressure Results

Sgan Effects,- Figure 33 shows the steady
chordwise pressure distribution at the six span
stations for test conditions of (M = 0.8,
« = 2% q = 4.79 kPa and &5 = 0°) which are
near the design cruise condition. The data show
that a shock is present on the upper surface of
the wing and the shock chordwise location varies
along the span. The steady shock location, in
terms of local chord, moves aft between 27 and
87 percent span then moves forward between 87
and 97 percent span.

Mach Number Effects.- Figure 34 shows the
steady presture distributions at the 87 percent
span station for five Mach numbers for 2° angle
of attack; a dynamic pressure of 4,79 kPa and an
outhoard mean control surface deflection, &g,
of 0°. As Mach number increases, a shock can ge
seen to have formed near 30 percent chord at a
Mach number equal of 0,80 and to move aft to
about 70 percent chard at a Mach number equal to
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0.88, Attached flow 1s indicated at all Mach
numbers except at a Mach number of 0,88 where
the pressure distribution Indicates that there
is flow separation on the upper surface near the
trailing edge.

Angle of Attack Effects,- The variation of
the steady 11fting pressure with angle of attack
at Mach number of 0,80 and dynamic pressure of
4,79 xPa {s shown in Figure 35 for the B7 pe:-
cent span station. The shock develops and mrvcu
aft as the angle of attack increases from - Lo
4 degrees,

Unsteady Pressure Results

Mach Number Effects.- Figure 36 shows the
variation of the unsteady 1ifting pressure dis-
tribution with Mach number at the 87 percent
span statfon, The outboard control surface was
ocscillated with an amylitude 6 = 1° about a mean
deflection of &g = 0° at 15 Hz. The magnitude
and phase components of the unsteady 1ifting
pressure are p?otteu versus percent chord, For
all Mach numbers a peak in the pressure magni-
tude occurs just forward of the control surface
hinge 1ine location. An additional peak fn the
maynitude can be seen to occur at the mean shock
lacation for Mach numbers 0.70 to 0.85 (see Fig-
ure 33). This peak probably 15 caused by the
shock motion generated by the oscillatory con-
trol surface motion, The mean Sshock locatien
can be seen to move aft with increasing Mach
number, The mean shock peak and control hinge
Hne peak appear o merge at a Mach number of
0,85. The peak in the pressure magnitude near
the control surface hinge line i{ncreases with
increastng Mach number through a Mach number of
0.85, but them drops to the lowest value at &
Mach number of 0,88. In addition, no mean shock
peak can be seen Tn the pressure magnitude at a
Mach number of 0.88. These phenomena may be
attributable either to the fiow separation which
occurs in the tratling edge region of the wing
at a Mach numper of 0,88, or to the transducers
being too far apart near the hinge Tine to show
the existance of a peak.

Frequency Effects,- Figure 37 shows the
variation of the unsteady 11fting pressure with
oscillation frequency at the 87 percent span
station. At the upper surface mean shock loca-
tion the magnitude of the unsteady pressure in-
creases with increasing frequency from 5 to 20
Hz except at 10 Hz. The magnitude peak for the
10 Hz oscillation 1s much greater than that for
the other frequencies, probably because this 10
Hz frequency was very close to the wing first
bending frequency of 8.3 Hz (wind-off).

Wing Deflections

For rigid wing pressure studles, the as-
sumption is made that the wing does not deform,
and therefore only the measured pressure distri-
butions are needed. In contrast, for elastic
wing pressure studies, the above assumption is
not true, Therefore both the measursd pressure
distributions and the corresponding measured de-
formed wing shape are needed to define the aero-
dynamic loading characteristics for a given wing
configuration,

In the present study a technique known as

stereophotogramnetry was gsed to measure the
static wing deflections.? The ttereophoto-
ygrammetry deflection results are not available
at this time. However, during these tests some
deflection measuresents of the wing tip were
made using a cathotometer instrument focused on
a strafght line drawn on the tip of the wing.
Both vertical deflections and angular deflac-
tions of the wing tip were measured at selected
test points., Results of these wing tip deflec-
tion measurements at a Mach number of 0.80 and
an angle of attack of 0° are shown in Figure 38,
The variation of the wing tip vertical defleg-
tion with dynamic pressure {s presented ot the
top of Figure 38 and the associated wing tip
twist angle is presented at the bottom of Figure
8. Clearly, the elastic wing exhibits signifi-
cant nonlinear tip deflections, with vertical
daflections of over 100 mm and a negative tip
twist of over 3 degrees occurring at the higher
dynamic pressures,

The present study used selectively spaced
accelerometers mounted ¢n the wing to obtain dy-
namic wing deflections for all wing tests of
forced oscillatory motion. A discrete Fourier
analysis was performed on each accelerometer
signal at the known frequency of oscillation to
obtain the amplitude of acceleration which was
then integrated twice to obtain magnitude of the
motion at the corresponding winy location.

Figure 39 shows the wing deflection mode
shape derived from the accelerometer data for
the cases shown In Figure 36, The vertical de-
flection at the elastic axis 1s plotted for four
oscillation frequencies. The elastic axis is
located micway between the accelerometers shown
in Flgure 31. As mentioned, at excitation fre-
quencies near 10 Hz the coupling of the forcing
function frequency with the wing's first bending
mode caused large dynamic wing deflections,
Testing at 10 Hz was therafore discontinued af-
t?r tests at only a few wing and tunnel condi-
tions,

Concluding Remarks For the Fourth Model

Steady and unsteady pressures were measured
on an elastic high-aspact-ratio supercritical
wing, Static and dynamic wing deflections were
also measured, An outboard trailing-edge con-
trol surface was oscillated at various ampli-
tudes and frequencies to obtain unsteady data.
Test conditions covered a wide range of Mach
number from 0.60 to 0.90, dynamic pressure from
less than 2.39 to over 14.37 kPa. Model para-
meters variations included wing angle of attack
from -2 to 4 deyrees, control surface mean de-
flection angle from -B to B degrers and control
suprface oscillation amplitudes of 1, 2, and 3
degrees at frequencies of 5, 10, 15, and 20 Hz.
Briefly, the steady pressure distributions show
that span location, Mach number and angle of at.
tack have a large effect on the mean shock
strength and chordwise location, The unsteady
pressure distributions show that large peaks in
the pressure magnitude occur due to both the os-
cillatory control surface and to the motion of
the mean shock location, Frequency effects were
shown to be non-linear and exceedingly large if
the oscillatory frequency occurs near a natural
mode of the wing structure, Static tip deflec-
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tions were shown to be large {100 mm of vertical
definction and 3 degrees of twist) and nonlincar
with increasing dynamic pressure,

Stinmar

Transonic unsteady pressure measurements at
the NASA Langley Rescarch Center over the past
decade have been dascribed. Four models which
were tested in the TDT have been described along
with their construction and data gathering
procedures. For ecach model, some selected re-
sults have been prescnted, which are representa-
tive of the data base being built.

Though not included in this paper an un-
stoady pressure study was completed recently in
vhe Langley 0.3m Transonic Cryogenic Tunnsl.
Trase tests of a 14 percent thick supercritical
airfoil were conducted to develop and test ax-
perimental techniques for measuring unsteady
pressures in a cryogenic environment at Reynolds
number up to 35 millfon.

As NASA Langley Research Center enters the
second decade of unsteady pressure measurenents,
active studies presently include the following:
1} tests of a novel 2-D airfoil flutter mode)
mount system which will allow unsteady oressurz
measurement on afrfoils at subcri¢icyl  and
critical flutter condftfons, 2) turtr of a
canard-wing configuration, and 3} follow-on test
of the DAST ARW-2 elastic wing,
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Fig. 2.- Sketch of the first model,
Fig. 3.- Photograph of the first model, clipped
delta wing and splitter plate, mounted
in TDT,



Fig. 4.- Wing hydraulic drive system and tapered
support shaft,
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Fig., 5.- Steady lifting pressure distribution
variation with angle of attack at
M = 0,90 for three span stations,
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Filg. 6.~ Steady 1ifting pressure distribution
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tion at M = 0,90 for three span
stations,
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Fig. 7.- Unsteady 1ifting pressure magnitude and
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pitch oscillations of a = 0.5°,

M= 0,9 and n = 0,70,

Fig. B.- Unsteady |ifting pressure magnitude and
phase angle distribution variation with
control surface oscillations at
M = 0,90 and n = 0,70,
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Fig. 9.- Photograph of second model, high-aspect
ratio planform mounted in TDT,
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Fig. 14,.- Steady pressure distribution variation
with angle of attack at M = 0,78 for
two span stations,
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Fig. 15.- Steady 1ifting pressure distribution
variation with inboard and outboard
control surface deflection at
M=0.78 and ay = 2.05°,
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Fig. 18.- Outboard control surface oscillating
deflection results,
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Fig. 24.- Steady pressure distributions at four

Fig. 21.- Photograph of the third model, rectan- span stations; M = 0,825, ag = 4°,

gular planform mounted in TDT,
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Fig. 23.- Variation of total 1ift coefficient
with Mach number for various angles of
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Fig. 29.- Comparison of measured and calculated
unsteady pressure magnitude and phase
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Fig. 27.- Effects of frequency on unsteady - . ‘
11fting pressure magnitude and phase Fig. 30.- Photograph of the fourth model high-
distribution; M = 0,80, n = 0.31, aspect-ratio planform (elastic) mount-
o = 2°, f =10 Hz, a = 1°, ed in TDT,
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£1g. 31,- Sketch of planforim and instrumentation
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Fig. 32.- TOT test condition for the fourth
model, high-aspect-ratio (elastic).
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Fig. 33.~ Steady pressure distributions for six
span stations; M = 0,80, a5 = 2°,

q = 4.79 kPa, &g = 0°,
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Fig, 34,- Steady pressure distributions for six
Mach numbers; n = 0.87, agy = 2°
q = 4,79 kPa, &, = 0°,
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Fig., 35.- Steady 1ifting pressure distributions Phase 36
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Fig., 36,- Effect of Mach number on unsteady
1ifting pressure magnitude and phase
distribution; n = 0.87, ag = 2°,
q = 4.79 kPa, & = 0°, § = 1°,
f = 15 Hz,
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Fig., 37.- Effect of frequency on unsteady 11ft- n

1n?bpg?ss?r§ Tagnégude :nguphase dis- Fig, 39.- Effect of frequency on wing first
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Fig., 3.~ Measured wing tip vertical deflection
and twist variation wi:h dynamic pres-
sure at M = 0.80 and ag = 0°.
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