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aerofoils, with results for a rectangular wing
of aspect ratio 3,3
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SUMMARY,

Details are given of a strain gauge pressure transducer that has
been developed for meagurements of pressure distribution on oscilleting
aerof'oils in low speed wind tunnels, The transducer characteristics are
shown to be well suited to oseillatory measurements, and in particular
the transducer output can be measured directly on a sensitive galvano-
meter without the need for pre-smplification.

As an .llustration of the use of the transducer, pressure measurc-
ments have been made in the R.AE, 5 £t diameter open jet wind tunnel on
a rectangular wing of aspect ratio 3,3 oscillating in modes of pitch and
roll, Values for the aerodynamic derivatives have been cbtained from the
integrated pressure distributions, and are compared with those derived
from overall force measurements and with theoretical values, The measured
values are in close agreement but there are some discrepancies with theory
that are thought to be due to a wind tumnnel interference effect,
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1 Introduction

In thecoretical investigations of aircraft flutier and cscillatory
stability ths greatest uncertaingy lies in the values of the agrodynamic
coefficients to be used, Coefficients derived theoretically’s? are
generally ugsed but there is some evadence that these may differ consider-
ably from measured valuesdsl, There 1s an obvious need for experimental
data to compare with theory, and with this object considerable effort is
being devoted to aerodynamic force measurements on rigid serofoils
oscillating in simple modesir#sDs,  While these measurements are of value
in providing a comparison with the overall forces predicted thecretically,
they do not provide information on the distribution of force over the wing;
nor can the techniques readily be adapted to ensble force measurements to
be made on Tlexible wings.

Both these difficulties can be overcame by measuring the pressure
distribution over the oscillating aerofoil, However the problem here is
mainly that of developing an instrument with suitable characteristics for
oscillatory pressure measurements, and whick is emall enough “o be buried
within the asrofoil and simple enough to be produced in the comparatively
large quantities required,

In what follows a pressure transducer that meets these requirements
is described. The transducer is of the resistance strain gauge type and
its output can be measured direotly un a sensitive galvancmeter without
the need for pre-amplification, As an 1llustration of the use of the
transducer, pressure measurements have been made in the R,AE, 5 £t
diameter nd tunnel on a rigid rectangular wing of aspset ratio 3.3
oscillating in modes of pitch about two axes and roll about the root, A
total of twenty-seven transducers was used.

By integrating the measured pressure distributions the forces and
moments on the wing have been determined, and the corresponding values
of the oscillatory aerodynamic derivatives have been cbtained, These
derivatives are compared with those obtained by Guyett from overall force
measurenments on the wing, and generally the agreement 1s good. There are
however some discrepancics between measured and theoretical values, but
these are attributed to wind tunnel interference and the effect is being
investigated separatcly.

2 Required characteristicg for a pressure transducer

The following are considered to be the major desirable characteristics
for a transducer t¢ measure aerodynamic pressure on oscillating aerofoils

(a) The transducer output shcild be linear with applied pressure,

(b) The output should be insensitive to the inertia loads imposed
under oscillatory condaitions,

(o) The output should be such that the minimum of subsidiary
equipment 1s required to enable adequate detection of the signal,

(d8) There should be no lag between pressure and transducer response,
(e) The trensducer should be small enough to be buried within the
aercfoil in the region of pressure measurement, thus avoirding a lag

in response due to remotencss from the pressure source,

(£) The resonant frequencies of all components should be well above
the frequency renge for pressure measurements,
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{g) The design should permit large mubers to be produced with con-
sistent characteristics.

The type of instrument that 1s developed to meet these requirements
will depend on the conditions under which it is intended to operate. For
example a more sensitive instrument will generally be necessary for low
speed work than for high speeds, and e lerger transducer mey be permissible
in the former case than in the latter, Purthormore, vhe frequency of
excitation required to achieve a particular frequency porameter will generally
increase in propostion to tunnel speed, and this in turn will influence the
required resonance characteristics of the transducer,

3 Details of the pressure transducer

The transducer that is deseribed here was developed for pressure
measurements in a low speed tunnel (top speed 280 ft/zec) at frequencies
vithin the range from O to 20 cycles per second, Neasurements of pressures
down to about G,5 1b per square foot were required,

Preliminary investigations and experiments demonstrated that a transducer
of the resistence strain gauge type offered the best possibility of satisfying
the major requirements, and the transducer shown in Fig.1 was finally developed,
The essential componernt of the transducer is a cylindrical unstretched rubber
diaphragm to which is cemented a winding of resistance strain gauge wire.

The disphragm is cemented to a plastic core in which there are air passages
to ensb’.e pressure from one source to be applied to the inside of the dia~
phragm, and an air space in the plastic cover ensbles pressure from ancther
source to be applied tu the outside, This arrangement enables the transducer
to be buried within an aerofoil with one side communiecating with one surface
of the aerofoil and the other with the corresponding point on the opposite
surface, thus measuring the pressure difference between the two surfaces,

The wire winding comprises two strain geuges cach of 2% turns and sbout
250 chms resistance, and these gauges are comnected as two arms of a
Wheatstonets bridge circuit, Application of pressure te either the inside
or outside of the draphrsgm produces a chenge in resistance of the gauges,
and with voltage applied to the bridge this change of resistence is pro-
porticnal to the current through a galvenometer placed across the bridge.
To obtain a good detection of the signal a galvenometer of high sensitavity
and low inlernal resistance is required, For the tests deseribed here a
gaivanometer with a sensitivity of 98 mm/s A and an internal resistance of
152 ohms was uszd,

3,1 Determination of transducer characteristies

2,11 Static characteriustics

Static calibrations of the transducer showed that the output was
linear with applied pressure up to the point at which the diaphragm "cockled"
and collapsged inwards., This occurred with an external pressure or intermal
suction applied to the diaphragm of ebout 60 lb per square foot, and determined
the upper limit of operation of the transducer,

The sensitivity of the transducer increased linearly with applied
voltage until the heat generated in the strain gauge windings begar to affect
the diaphragm, This cccurred when the current through the windangs was apout
50 m A, but a current of about half this value, corresponding to 12,5 volts
applied to the transducer bridge, is probably the safe upper limit for long
term use, This determines the maximum sensitivaty that can be obteined.
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3,12 Dynamic characteristics

For dynomic calibrations a sinuscidal oseillating pressurc was
proviied by the motor driven pump shown in Fig,2, The stroke of the
pump was indicated by the deflection of a strain geuged cantilever strip
attached to the plunger, A calibration of the variation of pump pressure
with frequency showed that ihe transition from isothermal to adiabatic
conditions within the pump followed the curve shown in Fig.3, the
transition being virtually complete at frequencies greater than about
5 eycles per second, Py using this curve the dynamic pressure at a
particular frequency could be determined from a static measurement on a
water tube mancmeter of the change of pressure with pump siroke.

The pump was connected by a rubber tube to one side of the transdicer,
end the other side of the transducer was open to atmosphere. Oscillation
of the pump plunger pressurised the diaphragm and produced an oscillating
output from the transducer bridge circuit,

To determine the phase lag beiween pressure application and trans-
ducer response it was necessary to obtain the components of the bridge
output in phese and in quadrature with the motion of the pump plunger,

The mechod used was based upon rectification at the pump frequency of the
outputs iram the transducer bridge and from the bridge on the cantilcver
indicating pump stroke, using the circuits shown an Figs. 4 and 5, 4

two segment cammtator, one half at vositive potential and the other
negative, was fatted to the drive shaf: of the pump motor, and from two
pairs of brushes at 90° to each other two square wave output signals at
90° phase sngle were cbtained, Bach output could be selected and fed to
the energising coil of a relay switch unit whick carried the bridge signal,
thus reversing the signal for each half cycle of the commutator. The effect
is seen in Pig.6, Suppose the bridge output is of amplitude Sy and that
switching occurs at phase angles ¢, ¥ + 180°, §+360° ete, from one pair

of brushes, and at ¥ + 90°, ¥ + 270°, etc, from the other pair, Thea the
mean direct current levels of the rectified sagnals due to switching are:e—

¥+180° 2 s
Mean level first pair = -f S, sin 6 b = - = S cos ¥
¥
§+270° 5 g
Mean level seceond paiv = -f S, sin 8 88 = 2 sin¥ .
i3
¥
2 Sg cos ¥ and S sin ¥ are the components at 90%0r 8, with a factor
= ue to rectification, and these mean levels can be measured directly on

the galvanometer, In this way the components of transducer response in
phase and in quadrature with the pump stroke were obtained,

Using this arrvengement the dynamc respense characteristics of the
transducer were determined, and are shown in Fig,7. It can be seen that
the tronsducer response is linear with applied pressure (Fig,7(%)); there
are no apparent resonances of transducer camponents within the frequency
range from O to 40 cycles/sec (Fig.7{(c)), ond there is no measursble
effect on transducer response of tube lengths between pump and tramsducer
of up to 35 inches (Fig.7(d)).



For all these tests there was no measursble phase lag between pump
stroke and transducer response, though a phase angle of dbout 1° could have
been detected, This is particularly surprising where there is an appreciable
tube length bebweern pump and transducer, but the effect here will depend on
the frequency of pressure fluctuation, and presumebly at higher frequenciss
a. measurable phase lag weuld be obtained., The characteristic is of value
for low frequency pressure meassurements cn thin aerofoil sections where the
transducer cannot be buried within the contour; the tiansducer need not be
in the immediete vicinity, but can be comnected to the pressure source oy
a tube,

In a further test to imvestigate the effects of inertia lecads on
transducer response a sealed transducer was attached to the pump plunger
and oscillated with an smplitude of %1" at frequencies up to 40 cycles/sec.
Ne effect of inertia could be detected,

It is epparent therefore that for pressure measurements in a low
speed wind tunnel the trensducer has all the desirable qualities listed in
section 2, the onuiy factor remaining in doubt being reliability under tess
conditions, This wus put to test in pressure measurements on a rectangular
unswept wing,

L Pressure meagurereants on a rectangulay wing of agpect ratio 3,3

The wing used was not specially designed for pressure measurements
but had previocusly heen used in tests to measure overall aerodynamic forces
under oscillatory conditions. It was thought that these overall force
measurements would provide a useful check on the forces obtained by inte-
grating the measured pressure distribution, Unfortunately tre wing design
did not allow transducers to be inatalled further forward than 0.8 inches
from the leading edge,

The locationg of the transducers were as shown in Fig,8. There were
three major sections for pressure measurements, at about 0.48 span, 0.84
span and 0,96 span ocutboard from the rcot reflector plate, and single transe
ducers were locat:zd betwecen these sections along a spanwise axis at 0.325
spen af't of the leading edge. A total of 27 transducers was used and their
sensitivities were all within #5% of the mean value, The power supply to
the transducer bridges wag 10 volts D.C, and the comnecting circuit cnabled
the output from each bridge to be selected individually,

The wing was supported vertically by cross spring bearings at the
root attached to a heavy raigid frame, The locations of these bearings could
be varied so that wing freedoms of pitch sbout the leading edge, pitch
about the trailing edge or roll could be provided. The wing projected
through a flat topped table with a sufficient gap around the wing to allow
for wing osecillations, This gap was overlapped by *he reflector plate
attached at the root of the wing and osecillating with it, The gap between
nlate and teble top was about 0,2 inches,

Lel Wind tunnel tests

The tests were made in the R,A,E, 5 ft diam~ter open jet wind tumnel,
The wing was mounted in the centre planc of the tumnel with the centre line
of the teblc top some 6 inches above the edge of the jet boundary, snd was
excited through a 10d at about 0.7 span, The rod was driven sinusoidally
by a rider cn a rotating swashplate, and the shaft of the motor driving
the swashplate also carried the commutator required for bradge output
rectification (section 3,22), Displocement of the wing was indicated by
the bending of a cantilever strip between wing and supporting frame, strain
gouges at the root of the cantilever being comnected in a bridge circuit,
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The wing was oscillated at a frequency of 6, cycles/second, this
being the highest frequency at which the motor could be run, Wor the
medes of pitch about the leading and trailing edges pressure measurements
were .ade at a fixed tunncl speed of 200 £t/sec (frequency parameter
0.33) with incidence oscillating through £2,2 degrees, while for the
roll mode the turmei speed was 240 ft/sec (frequency paramster 0,275)
and the roll angle *1,02 degrees, 4 higher speed was used in the latter
case to provide a larger transducer response,

The test procedure adopted was to maintain tunnel speed, wing
amplitude and frequency of oscillation constant, measure the rectiried
compenents of the output from the amplitude bridge, and select each
transducer bridge in turn and measure its output components, These
measurements could be made in less than one hour, and the same procedure
was followed for each of the three modes cf oscillation of the wing.

Le? Resgulis

From the sbove measurements the components of pressure at each
measuring point 1n phase and in quadrature with the displacement of the
wing were determined, The chordwise pressure distributions for pitching
sbout the leading and trailing edges are shown in Fig,9 and those for
wing roll in Fig.13,

Le21 Piich about the leading and +trailing edges

It can be seen that the in phase pressure drstributions for both
modes of oscillation are similar, a significant feature being that the
pressure towards the tip becomes negative over the rear part of the wing.
The in quadrature components differ markedly due to the presstre con-
tribution arising from normal veloclty of the wing., To enable integration
of these pressure distributions the curves have been extended arbitrarily
to the wing leading edge, and to encble the forces on the wing to be
determined the spanwise curves through the points corresponding to the
section integrals have been extended arbitrarily to the wing root, The
spauwise distributions of the lift, pitching moment about the wing leading
edge and rolling moment about the root are shown in Figs, 10-12, and the
acrodynamic axis and centre of pressure positions for the two modes of
cacillation are showm in Fag, 4. The values for the forces and noments
on the wing, expressed in terms of the cscillatory aerodynamic derivatives,
are given in Table I, and the corresponding derivative values in Table IT,

L.,22 Roll gbout the roll axis

For this mode of oscillation pressure components in phase with the
motion were negligibly small and only quadrature components could be
detected, The chordwise pressure distribution and the spanwise distribu-
tion of laft, patching moment and rolling moment sbout the roll axis are
shown in Pig, 13, end the aerodynacic axis and centre of pressure positicns
are shown in Fig, 14, The derived forces ond moments on the wing are given
in Table I and the corresponding derivative values are given in Table II.

he3 Comparisons with theory and w:-th results from overall force moeasurew
ments on the wing

The chordwige pressure distributions for the wing pitch moces are
compared with the distributions predicted oy two dimensional theory in
Fig.9. As expected, the Pfurther inboard the section at which pressuve
measurements were made the more closcly does the daxsiribution approximate
to the theoretical distribution, However, there are significant dif-
ferences between the measured and thecretical in phase pressure
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distribution near the wing trailing edge, In general the curves of measured
mressure distribution are concave over this part of the wing whereas ths
theoretical curve is convex; furthermore, the measurements show a region of
negative pressure towards the tip, Effects of this sort may offer an
explanation for some of the mexked differences that are obtained between
measured and theoretical values of control surface derivativesdd,

The devivative values derived from the pressure measurements are
compared in Teble IT with those obtained by Guyett (unpublished) from
overall force measurements on the wing. Also included jin the table are
some theoretical derivatives obtained from the regults of Lawrence and
Gerber? for wirgs of low aspect ratio, It can be seen that generally the
derivatives obtained by the two methods of measurement are in quite close
agreement, which demonsirates the reliability of the pressure measuring
technique, There are, however, some quite large discrepancies between the
measured derivatives and theoretical values,

Some further measurements by Guyett6 of pitching moment derivatives
on full span wings mounted in the centre of the tummel show close agrecment
with theory, and it 1s therefore concluded that the discrepancy that obtains
here is due to a wird tumnel error arising from mounting so large a wing
close to the jet boundary., A theoretical explanation for the discrepancy
has not yet been found, but further experimental work 1s in progress to
establish its source.

5 Co~clusions

The resistance strain gsuge pressure transducer described here is
ghown to be well suited to oscillatory pressure measurements in low speed
wind tunnels,

Transducers have been ugsed for meagurerents in the R,AE, b £t dismeter
cpen jet wind tunnel on a rectangular unswept wing of aspect ratio 3,3
oscillating in modes of wing pitch and roll, The oscillatory aercdynamic
deravatives obtained from the integrated pressure distributions ere in close
agreement with thuse obtained from overall force measurements on the wing,
but there are some discrepancies with theoretical values, These discre-
pancies are attributed to a wind tunnel error that is being investigated
separately.
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NOTATION
Wing length, reflector plate to tip (32,8 ins)
Wing chord (20 ins)
Wing area (4.56 sq £t)
aspect ratio %—“—g (3428)
length, roll axis to wing tip (37.3 ins)
Wind speed
air density

frequency of oscillation of the wing

frequency parsmeter (-L:TE)

Non dimensional oseillatory derivative for 1ift Egigg%ggssg
at wing leading edge due to wing tramslation.

s . s R . dampang
Non dimensional oseillatory derdvative for 1ift Estiffness

at wing leading edge due to pitch abcuat leading edge.

Non dimensional oscillatory derivative for pitching moment

(dmping ) e L * - -
(stiffness) about wing leading edge due to wing tranclation,

Non dimensionzl oscillatory derivative for pitching moment

damping : .
Estiffness sbout wing leadang edge due to piltch about

leading edge,

Non dimensional oscillatery derdvative for rolling morent

damping . . .
&stiffnessg about wing root due to wing translation,

Non dimensional oscillatory derivative for rolling moment

demping gbout wing root due to wing pitch about
stiffness

leading edge,

Non dimensional oseillatory dsrivative for lift (98mping
(staffness

at wang leading edge due to roll sbout roll axis,

Non dimensional oscillatory derivative for piteching moment

damping sbout wing leading edge due to roll about roll
stiffness

OX18,e
Non dimensional oscillatory derdivative flor rolling moment

gstifiggssg gbout roll axis edge due to reoll about roll azi. .
G



No,

Autllg_g

I.T, Mirhinnick

H.R., Lawrence and
E.H‘ Gerber

K.C, Wight

W.G, Molyneux ang
F. Ruddlesden

P.R. Guyett and
D.E, G, Foulter

REFERENCES

Title ete

Subsonic aerodynamic derivetives for wings
and control surfaces,

R,AE, Report Structures 87, July 1950.
ARC 14,228 0.956

The aerodynamic forces on low aspect ratio
wings oscillating in incompressible flow,
Journsl Aero Sciences Vo,19, No.11, P.769.
Nov,

Measurement of two dimensionsl derivatives
on a wing aileron tab system,
ARC 15,292 0,1017, Oct, 1952,

Derivative measurements and flutter tests
on a rectangular wing with a full span
aileron,

R.A,E. Report Structures 172. Feb, 1955,
ARC 17,751

Measurementa of pitohing moment derivatives
for a series of rectangular wings at low
wind sgpesds,

R.A,E, Report Structures 185,

ARC 18,012, June, 1955.

- Y -



TAELE T

Forces snd Momerts fron Integrated Pressure Distritutions

Pitch sbout leading edge Pitch about trailing edge Roll about voll axis
Lif't Porce In phase | 22,3 1b Lift foree In phase | 25.8 1b Lift force In phase v
ov2se (L +ivLy) | In quads | 11.2 1b PV e § (I =Dy) + iv (Lp-0z)1 | In quad: | 2.9 1k PYasd (L ¢+ivL¢) In quad: | 3.6 Ib
Nese up pitch Nose up pitch moment about Nose up piich moment
moment about In phase |=6,9 1b £t | leading edge. In phase | =8.4 b 't | gbout leading edge., | In phase -
leading edge.
Pron (M +ivMe) | In quad: [=7.9 1b £t PveSoa | (M =g) + 1v (Meli2)}l In quads |=he6 Ib £ PV Sed (M¢+ivma) In quad: [ =147 1b £
Roll moment about | In phage | 27,2 1b £t | Roll moment zbout wing root. | In phase { 30,2 Ib ft | Roll moment about In phase -
wing root, roll axis,
1pV28sa (N +ivly) | In quads |11 1b £t ) 3PV2Sen {(NR-NZ) + 4v(Ne=Ng) }| In quads |3.9 1b £t ovese ¢ (N¢+ivN{;S) In quad: | 6,7 1b £t




TABLE IT

Comparigon of measured and theoretical
derivative values

Messured Derivative Value Theoretical
P Value
TEAUSNCY | perivative] Pressure | Overall force | TLawrence
Parameter Integration | measurement and
Gerber?
0¢33 L, (4 20 ~0, 10 Qe
" L, 1,50 1053 1.57
" L, 1,35 1640 1.58
i Lc't 2.05 1,80 1037
" M, 0.05 0.02 0.C1
" Mz «0. 36 ~04 32 ={ed1
" M, 0, 25 -0, 27 ~0e 37
" M& "0.86 -0080 "'0069
" Ng e 13 =0, 20
" N, Te 3 1250
" N 1420 1420
o
" N, 1.86 1.80
&
" M;ﬂ -0,21 =0, 25
" N&J 10 30 . 1 - 50 ]
=)0
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FIG4 &5
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