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SUMMARY

A technique lms-been,developed for examining. at model scale and in
a low-speed wind-tunnel, the serodynamic excitaiion resnonsible for eir-
cratt vibration at flight speeds where Mach numher does not have an
important effect. The basic measurements are of the total Intensity
and spectrum fenction of the pressure fluctuations, and a description
is given of the capacity-type transducers and the assoclated electronic
equipment used. Problems of ruasurapeny, nresentation and interpreta-
tion of the data ara discussed; and, to illustrate the usefulness and
limitations of the technique, examples are given of its application to
the specific problems of aircraft vibration induce? by flying with
nebhar open bomb-doors or extended air-brakes, cr at an incidence where
appreciable flow separation occurs over the wings, Consideration is
given to the use of correlation measurements, and to the extension of
the tecnnique to testing at transonle speeds. -

SOMMAIRE

Une technique a été mise ad point permettant d’examiner a 1’ échelle -
maquette en soufflerie 4 faible vitesse 1’ excitution aérodynsnique pou-
vant donner lieu h des vibrations aux vitesses peu influencées par le
nombre de Mach. Ies mesures fondamentales effectuees ont porte sur
1" intensité totale et la fonction spectrale des variations de pressions;
on dacrit les manométres h caparité et 1'électronique associd utilisér.
Les questions intéressant la mesure, la présentation et 1"interprdtac:or
des résultats obtenus sont ensuite discutées. Pour démontrer 1'utilitd
ainsi que 1>s limitations de cctte technique, des exemples sont cités
de 1'application de Ja méthode aux problemes particuliers des vibraiions
induites par le vol pendant lequel les trappes-bombes sont restées
ouvertes ou les aéro-freins ont ¢té sortis, ou bien par le vol & une
incidence caractérisee par un décollement sensible sur les ailes. L’emplot
de mesures corrélatives est considaré ainsi que 1’extension de le tech-
nique Y des essais aux vitesses transsoniques.
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NOTATION
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F(n)

I

xx " Txr

instantaneous values of two fluctuating guantities

mean values of A and B

mean value of product AB

root-mean-square value of A

rcot-mean-square value of B

local wing chord

standard mean chord

aerodynamic mean chord

lift coefficient

drag coefficient

instantaneous load

input Irequency; buffeting frequency

acceptance frequency bandwidth

wing fundamental frequency

spectrum function

a representative length (Air brake chord in Figures 20-24)
length of bomb bay

a non-dimensional frequency parameter ( = fl/v)
root-mean-sauare of pressure fluctuation

root-mean-square values of pressure fluctuations at x and x’
instantanecus pressures at two points x and x' along wing chord
dynamic head (= %ov?)

Ix’ - x|

correlation coefficients

numher of points on chord line at which pressure is measured
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free-stream velocity

approach speed

distances measured along a chord line from the leading edge

wing incidence
bandwidth ratio (= Atf/f)

distarce of pressure transducer from centre line (see Figure 22)
angular deflection of air brake

air density
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TECHNIQUES OF PRESSURE-FLUCTUATION MEASUREMENTS
EMPLOYED IN THE RAE LOW-SPEED WIND-TUNNELS

T.B. Owen*

1. INTRODUCTION

There are many instances where aircraft vibration can be excited aerod»namically:
for example, in flight with open bomb-doors, with extended airbrakes, or at speeds
or attitudes at which extensive flow separations occur. The measurement, at model
scale, of the pressure fluctuations which excite the vibration, and the subsequent
extrapolation to full-scale conditions are theretore of considerable importance:
and some of the techniques and methods of approach which may be used are considerad
ir. detail in this paper. The problems discussed are all ones in which Mach number
does not have an appreciable effect, and the techniques described have been developed
specifically for use in low-speed wind-tunnels; some mention is made, however, of
the further problems expected in extending the model techniques to transonic speeds,

The first application of the technique was to a problem of uircraft vibration which
occurred when the bomb-doors were open; a brief historical summary of this investi-
gaticn, given below, brings out a number of points which have been found relevant to
all subsequent investigations. A flight investigation had disclosed three character-
istic properties of the vibration: its in*ensity was, at all points measured, approxi-
mately proportional to the dynamic head (%o V ?) and independent of Mach number, with-
in the speed range of the aircraft in question; the greater part of the vibration
corresponded to excitation of the vertical and lateral flexural modes of the fuselage,
within the frequency range 6 to 10 cycles/sec,and the vibration at points on the rear
fuselage was very irregular, with no preferred frequency, suggesting its cause to br
a randon aerodynamic disturbance, Since these characteristics were consistent with

Toomed im0l am af the aircraft structure, it scemed worthshil- *n examine the
Milaers 7 i waendynamic for ing €inid in the absence of response effects and at
model scale, VYee meagsurement and analysis of the fluctuating-pressure ficld on an

effectively .1zid model of the aircraft in a low-speed wind-tunnel was theretore under-
taken to throw light upon the basic causes of the aircraft vibration, and to indicate
the effectiveness of modifications designed to reduce them.

Preliminary tests were made in late 1952 using some existing transducers of the
variable-capacitance type together with their associated pre-amplifier, and in con-
junction with a wave-analyser which operated on the scanning principle. The results
obtained showed that significant pressure fluctuations were confined to the neighhour-
hood of the rear bulkhead of the bomb-bay, but that they were of too random a natura
for a spectrum anaiysis to be possible with the equipment used, The original analyser
was accordingly discarded and replaced by the final stage of an existing amplifier
(originally designed for use with hot-wire anemometers) together with a tunable wave-
analyser, and further experiments immediately esta. iished the important result that
both the roct-mean-snuare intensity and the spectrum function of the pressure-fluctiii-
tions were proportional to the dynamic head, and could consequently be usefully expr-ssed
non-dimensionally in the same way as steady pressures.

* United Kingdom




These results agreed qualitatively with those obtained in flight in that they
indiceted random aerodynamic excitation with no detectable scale effect. They there-
fore sugeested that “he non-dimensional results were appllcatle to the full-scale
atrcraft, and in particular it became pessihle to define, and to concentrate attention
upon, a frequency range for the model scale which corresponded to the band enntaining
the dominant full-scale vibrations. In view of the narrowness of the frequency bhand
{n question, the intensity 'n this hand eremed to offer a better indication of the
relevant excitation than did the total intensity, especially when considering the
probable effectiveness of modifications, which are apt to change both total intensity
and the spectrum shape.

These early wind-tunnel experiments established the usefulnoss of the technique and,
with imorovements in both the transducers and ihe assocliated electronic equipment,
further applications followed, notably to the examination of the fluctuating-pressure
{ields:

(n) Assoclated with bomb-bay buffeting, using a generalised model consisting of a
cylindrical body in which the cavity shape could be systematically varied with
various bomb-door configurations fitted

(b) On & body in the vicinity of an air-brake

IR ~

(c) Ot ngs under various mean-flow conditjons.

er
fard

All the experiments were confined: to low speeds (below M = 0.3), and the absence
of scale effect, within:the available wind-tunnel speed range, was again confirmed in
all cases. The further experience with the technique served also to emphasize the
earlier conclusior that 1: was essential tc determine spectra as well as the total
intensity of the pressure fluctuations, and these together were considered to provide the
minimum amount of duta from which useful inferencss could be drawn,

In addition to the application of the pressur:s~iracsducer considered here, both the
hot-wire and the strain-gauge are available for the measurement of velocity fluctua-
tions and load or moment fluctuations respectively. Each of these techniques may be
used in low-speed wind-tunnel investigations into the causes of buffeting: but a
complete examination of their relative usefulness is beyond the scope of this paper,
the purpos2 of which is to demonstrate the experimental methods, and **~ particular
advantages and limitatlods, associated with the use of the pressure-transducer. The
equipment required is considered in Section 2 of the paper, where the present designs
of trensducer and the associaced electronic equipment are described in detail. This
sertion also includes a discussion of the methods of reduction and presentation of the
hasic messuremsnts, the tots! intensity, and spectra of the pressure-fluctuations.

This is followed, in Section 3, by a discussion of the accuracy of the basic measure-
mentn, el of the methods availuble for widening the scepe of the technigue,  additional
measurements which can be made are considered in the same section. The use and limita-
tions of the data which can be obtained are indicated finally, in Sertion 4, where

a numbey of particular applications c. the technigue are discussed. .nsideration is
glven in this section to the difficulties both oI measurements and o: iterpretation,
and to situations where other techniques might be more appropriate,
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2. METHONS OF MEASUREMENT AND PRESENTATION OF THE BASIC
PRESSURE-FLUCTUATION DATA

2.1 Pressure-Transducers

The transducers are of the variable-capacitance type and the two designs most used
are those shown in Figures la and 1b. The diaphragms are of bervllium copper and the
transducer bodiers of brass, which has a similar coefficient of expansion. The fixed
plate of the condenser is insuiated from the body of tie transducer by a Tufnol cup,
tlie three parts being cemented together with Araldite. After cementing, the common
face is machined flat and 8 small step introduced at the rim, as shown in Figure 1.
This step, of 0.0030 in. for the larger transducer and 2,00235 in. for the smaller,
in conjunctinn with a shim 0.0040 in. thick, gives a nominal gap between the diaphragm
and fixed plate of 0.0010 in. for the larger transducer and 0.0005 in. for the
smaller one.

For investigoetions in separated air-flows at wind-tunnel speeds of 100 to 150 ft/sec
the two requirements for the transducers are:

(a) A sensitivity of about 0.5 Pf/in. of water

(b) An ability *o withstand a positive pressure cdifference of at least 4 in. of
water without the diaphragm coming into contact with the fixed plate.

These two conditions are satisfied with a diaphragm thickness of 0.007 in. for the
larger transducer and 0.004 in. for the smaller. The inevitable slight lack of flatness
the diaphragms makes it necessary to tune each individual transducer by trial assembly,
using each of a number of dlaphragms with various reduced shims, of from 0.0038 to
0.0040 in. in thickness, to find a suitable combination.

The sensitivity of about 0.5 Pf/in. of water appears to represent the highest value
conventently attainable with the smaller transducers as they are at present constructed.
The larger transducers, however, can easily be made more sensitive by reduction of the
diaphragm thickness and/or the gap between the diaphragm and the fixed plate, and
sensitivities as high as 8 Pf/in. of water have been used for special purposes, though
with a reduced maximum permissible pressure-difference.

2.2 FElectronic Equipment

Pigure 2 shows the general arrangement of the associated electronic equipment for
the measurement and analysis of the pressure fluctuations. The transducers are used
with a Southern Instruments oscillator and pre-amplifier. This is a frequency-modu-
lated system using a 2-megacycle/sec carrier with an ‘N-shaped’ respons=s rurve,
giving a nearly constant sensitivity of 0.4 volts/Pf over a range of 50 Pf. Tue out-
put of the pre-amplifier can be taken to a high-resistance voltmeter (. megohm/volt)
for direct calihration of the transducer from pressure to voltage, or aiternatively
tc an amplifier with a wide frequency-range for measurement of pressure fluctuations.
This ampliifier is basically the final stages of one designed® at tne R.A.E. for use
with hot-wire anemometers; its output stage has been modified for the nresent purpose,
and it has 2 nominal usable frequency range from 1.4 to 56,000 cycles/sec, A thermo-
junction is incorporated i one of the final stages of the amplifier and {s connected
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to a suitable D.C. galvanometer. The reading of this galvanometer is then propor-
tional to the mean-square amplitude nf any alternating input voltage 1rrespective cf
frequercy, within the frequency range of the amplifier. An uncalibrated input
attenuntor or the amplifier can be adjusted to give a stanaard reading on the thermo-
function-galvinometer irrespective of input, in the range 3.5mV to 350mv, the input
to the amplifier can then be taken from the microvolter, the output of which can be
adjusted Lo give the same reading on the thermo-junction-galvanometer as that pro-
duced by the signal from the pre-amplifier: the reading of the microvolter, which
when excited from a suitable oscillator acts as a calibrated attenuator covering a
root-mean-squate range cf 1V to 1V, is then eaqual to the root-mean-square output of
the pre-amplifier, This value may finally be converted into the root-mean-square
total 1ntensity of the pressure fluctuation by means of the calibration between
steady pressures and voltages previously obtained.

If it is required to measurc the spectrum density of the pressure-fluctuations,
the amplifier output can be fed direct into the analyser section or 1ecorded on
mignetic tape for subsequent play-back into the analyser., The analyser used is the
Muirhend-Pametrada D-489 which covers the frequency range 20 cycles/sec to 20,000
cyeles/sec and has four possible bandwidth ratios: 1.5%, 3.0%, 4.8% and 15.5% of
the tuned frequency. The method of obtaining these four bandwidths is of interest.
The analyser consists of two tuned amplifiers in seriey; to obtain the 1. 5% band-
width ratio both amplifiers are in series giving a combined Q-factor of 80, and for
the 3,07 bandwidth ratio one amplifier is switched out glving a Q-factor of 50. For
the 4,8% bandwidth ratio the two amplfiers are again in series, but the tuned fre-
quencies of the amplifiers are respectively +1.5% and -1.5% from the frequency set
on the analyser; similarly the 15.5% bandwidth ratio is obtained with both amplifiers
in series, with their frequencies +5% and -5% from the selected frequency. Typical
response curves are shown in Figure 3 and it can be seen that the 4.8%, and more
particularly the 15.5%, bandwidth ra®i~ nhtcined in this way is a better approximation
to the ideal ‘square’ respoise ¢ ye tian ~he rincle tnned circuit curves cf the 1.5%
and 3.0% bandwidth rat{os, The low-fr.gu-acy renve or the analyser is extended Lo
include 2 to 20 cycles/sec by introducing a low-frequency modulator, which basically
adiz 50 ryeles/sec to the frequency of any incoming signal, so that this range becomes
52 to 70 cycles/sec, which is then witnu, the range -7 th: enalyser, This method of
obtaining the low-frequency range leads to some complicaticns with regard to bandwidth
variation which #ill be discussed in Section 2.3.3.

Two modifications have been made to the analyser as supplied by the makers. Firstly
a thermo-junction feeding a suitable D.C. galvanometer has been introduced into the
output ¢ircuit. and the rectifier-type instrument on the analyser switched out. The
operator takes a mean of the palvanometer reading by eye, and this modificaticn
enables the requirea mean of a squared output to be taken rather than a simple mean,
as would have heen obfained from the instrument fed through a rectifier; also, some
necessary damping of the analysed signal, which may be varying rapidly by as much as
two ur three to one, is introduced.  Secondly, the Lhree-to-one sterps of the snalyser
input-attenuator were then too large for an output-instrument reading proportional to
the square of the signal, and 2 logarithmic potentiometer was constructed to repluce
the anaiyser attenuator, which was then locked on its 3mV setting. The logarithmic
potentiometer covers a 1000 tn 1 range in 100 steps (i.e. with a gain of 1.072 per
~tep), and the output-galvanometer is scaled over the range 0,90 to 1.19.

+ widbw,
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In use the amplifier, adjusted as described earlier, supplies the fluctuating
signal for aralysis at = root-mean-square level of 3.5V to the analyser section,
1ie frequency range is covered using a standardised set of frequencies in which the
rat{o of each higher frequency to the preceding one is approximately in the ratio of
v2:1, the most usual range (3 to 2000 cycies/sec) requiring 22 measurements; measure-
ments at these frequencies alone are normaily sufficient, but the steps are small
enouph for the readings to reveal any sharp peaks in the spectrum, the presence of
wirich would require additional points tc be interpolated. Calibrations are performed
at intervals by taking the amplifier input from the microvsiter, with zero setting
on the logarithmic potentiometer and at a medium frequency of 280 cycles/sec, and
determining the exact Input voltage required to produce a reading of unity on the
analyser output-galvanometer; allowance can then be made for any drift in the gain
of the amplifier or analyser, A

The analysis »f one signal requires steady wind-tunnel conditions to be maintained
for about 20 minutes., This i3 usually feasible for small low-speed wind-tunnels, but
for larger or higher-speed wind-tunnels the cost in power and tunnel-running time,
together with difficulties in maintaining constant conditions in some cases, makes a
reduction in this time desirable. Provision has accordingly been made for recording
the amplifier output onto magnetic-tape, for subsequent re-play into the analyser,

0 cutting the tunnel-running time to about 5 minutes, though the time taken for the
analysis is hardly affented,

The tape recorder uséd is a two-channel Ampex Type 306-2 with recording speeds of
6, 12, 30 and 60 in./sec; re-play is on an Ampex Type 3-3559 75 ft loop playback
system with a speed of 60 in./sec only. The only modification required for recording
is attenuation of the ampiifier output from 3.5V r.m.s. to 0.5V r.m.s., the recommended
signal voltage for the recorder; this is then compensaied by the addition of a seven-
to-one amplifier to the replay electronics, so that 3.5V r.m.s. is again supplied to
the analyser sectinn. The Ampex equipment works on the frequency-modulated principie
using a carrier frequency of 54,000 cycles/sec at 60 in./sec, with proportionately
reduced carrier frequencies at lower tape speeds,

In use, channel 1 of the recorder is supplied continuously with 0.4V r.m.s.* at
280 cycles/sec. After measuring tne equivalent r.m.s. voltage of the pre-amplifier
output signal, as described earlier, the amplifier is left connected to the wicro-
volter and a short tape (about 8 ft) recorded; 75 ft is then recorded, taking the
amplifier input from the pre-amplifier, and this is followed by another short tzpe
using the microvolter output. By reference to channel i, and using the two shnt
tapes, any drift in channel 2 gain during rerording or playback can be allowed for.

2.3 Calibrations

In order to obtain an acceptable accuracy it has been found necessary to calibrate
the whole system at intervals; this is required so that allowances cun be ma
smell steady drifts in gain of all the electronic items and in the sensitivity of the
transducar~. 7The various calibrations are considered separately below.

|

1

* 0.4V r.m.x. rainer than 0.5V {8 supplied to cuannel 1 8o that incorrect loading nf calibrating
tapes ints the reantay squipment can he detected.
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2.2.1 Traasducer sensitivity

The transducn:y, witile naving Lhe mérit of being simple to construct, and adaptable
to a number of forms, suffer from two main drawbacks, non-linearity of calibration, z
and variation with temperature both of zero and sensitivity. Considering first non-
lineurity, a typical transducer calibration is shown in Pigure 4a, where the D.C.
voltage output of the pre-amplifier is plotted against steady pressure difference
across the iransducer diaphragm., The corresponding transducer sensitivity in volts/in,
ol water is shown in Figure 4b plotted agajnst the output voltage, 1In a typical iow-
speed test on a wing the pressure difference across the transducer may vary from 0 to
9 in. of water, causing a variation in sensitivity of 10%. However, this can be
allownd for by using the relation shown in Figure 4b, provided that the mean pressure
difference, in terms of output-veltage from the pre-amplifier, is noted during the tests,
The peak-to-peak amplitude of the pressure-fluctuation would not normally exceed 3 in.
of water, so that non-linearity does not distort the fluctuating signal appreciably.

v

10°C rise in temperature may raise the transducer sensitivity by as much as 10%,
and cause a zero-shift equivalent to 5 in. of water. For .ow-speed wind-tunnel tests
it s normally sufficient to calibrate the transducers at the beginning. middle and
end of the morning and either twice or three times again in the afternocon; the order
of drift between sucressive calibrations is shown in Figure 4. The zero-drift and
sensitivity-drift can then be allowed for on a time basis If one tunnel-speed is being
used, or othérwise on a temperature basis. Appreciable zero-drift occurs in the pre-
amplifier when it is first switched on, and it has been found necessary to use a time-switch,
so that the pre-amplifier may have been switched on for two to three hours bhefore it is ‘{ )
used. An accuracy of 2% on the transducer sensitivity appears reasonable using these
methods.

Preliminary tests on the possibility of using the present transducers in a model in
a transonic wind-tunnel, with temperature rises of vrp to 45°C, suggested however that,
¢ven with preliminary calibration of the temperature effects, an accuracy of t5% on

transducer sensitivity would be difficult to attain.

The author is not aware of any satisfactory and simple method of measuring the fre-
quency response of pressture transducers at frequencies ahove about 100 cycles/sec, and
no attempt has been made to examine the frequenzcy response of the transducers used. The
Southern Instruments equipment, which uses a 2-megacycle/sec carrier frequency, would
be expected to have a flat response to considerably above the 20,000 cycles/sec limit of
the rest of the equipment; the natural frequency of the transducer diaphragms is about
6000 cycles,/sec, and it is assumed that the transducers have a flat response to about a
third of this, say 2000 cycles/sec. The transducer sensitivity to steady pressures is
therefore used throughout and an upper limit of 2000 cycles/sec is applied to the
spectrum annlysis. For low-speed tests this upper limit excludes very little of the
total energy in the spectrum.

2.3.2 Amplifier frequency response

&b
N

The amplifier response curve is shown in Figure 5. The r.m.s. amplitude of the
sighair passed by the amplifier is taken as representing the total intensity of the
pressure {luctuation. The upper {requency limit is well above any signal passed by
the transducer, but the low frequency cut-off sometimes results in too low a value
for the total intensity being obtained.
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2.3.3 Analyser calil,ation

The analyser is designed so that the whole frequency range from 2 cycles/sec to
20,000 cycles/sec is divided into 11 sub-ranges, and it has been found necessary to
measure the bandwidth and the amplitude response at a number of points in each sub-
range. A Lypinal Landwidth calibration curve is shown in Figure 6a; the full lines
show the bandwidih condition normally used. A compromise must be made in choosing
the bandwidth: a narrow bandwidth giveg a hetter definitinan of a function whick
varies rapidly with frequency;, but, if it is too narrow, large fluctuations in
amplitude of the signal passed by the band occur, and a mean reading is difficult to
obtain, Ahove 20 cycles/sec the nominal 15.5% bandwidth ratio appears to give the
right kind of compromise; 1t also has the additional advantage that {t provides the
best cut-off at the edges of the band (see Section 2.2). Below 20 cycles /sec the use
of the low-frequency modulator, which adds 50 cycles/sec to the frequency cf any
irput signal, means that the bandwidth ratio i3 increased by a factor of (50 + f)/f,
where f is the input frequency. This necessitates the use of the 1.5% bandwidth from
3 cyvcles/sec to 11 cycles/sec, and the 3,0% bandwidth from il cycles/sec to 20 cycles/
sec, with the results shown in Figure 6a. Using these measured bandwidth ratios a
satisfactory smooth spectrum is obtained, provided a genuinely random signal is being
analysed. However, the differences in discrimination between the three bandwidth
settings lead to apparent discontinuities in the spectrum at 11 cycles/sec and 20
cycles/sec, if a large single frequency fluctuation is present below about 50 cycles/sec.

In order  to calibrate the system for direct analysis, the microvolter is first
replaced by an attenuator circuit containing a thermojunction so that a constant
input (of about 100mV), irrespective of frequency, can be supplied to the amplifier.
Using this, the bandwidth ratio of the analyser and the overall frequency response of
the amplifier and analyser are measured at several frequencies in each of 11 sub-ranges
of the analyser. An overall sensitivity ferctor is then computed, giving the actual
output through the analyser band at each frequency, as a ratio to that which would he
prodiuced by an ideal analyser having a corutant 15.5% bandwidth ratio, and with a flat
frequency response for the analyser and amplifier; a typical calibration is shown in
Figure 6b. This calibration takes abott 10 days, but checks show that errors of only
1 to 2% occur over about a year, at the end of which time it is necessary to readjust
the analyser aettings, to correct distortion of the bandwidth responge cnryes due to
unequal deterioration of the valves.

Allowances are made for the effect of the input impedance of the amplifier nn the
pre-amplifier output; for the effect of the input impedance of the low frequency
modulator on the logarithmic potentiometer calibration, and for the combined effect
of these on the amplifier output.

2.3.4 Tape recorder

The introduction of the tape recorder into the system modifies the usable frequency
ranges considerably.  The measured frequency response of channel 2, recording at 6 and
60 in./sec and with 60 in./sec playback, is shown in Figure 7a. The overall frequency
response of the whole system, from amplifier input to analys<r output, is shown in
F'gure Tb for 6 in./sec recoriing speed; this shows a usable frequency range of 2
to 1000 cycles/sec.
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Using 60 in,.sec recording spred the upper 1requency limit is raised to 10,000 cycles/
sec, while the lower limit might appear to be 3 cycles/sec, as for direct analysis. How-
over, in this case, the lower frequency limit {s no longer simply defined, but has to
be eyperimentally determined as the lowest frequency which is sufficiently accurately ;éi
sampled {n n 15-second recording (the maximum tape loop for playback is 75 ft). As a
check on this, the results of anaulysing separately the two halves of a 75 ft recording
are shown in Figure 8a, compared with a direct analysis, and the results for the four
quarters are similariy shnwn in Figure 8b. Possible limits, on the assumption that
the additional scatter is inversely proportional to the number of cycles recorded, are
shoen,  Assuming a normal maximum scatter of $10%, twice the normal scatter seems
reasonably acceptable at tie limiting frrquency; this requires = minimum of 150 cyveles
reenrded,  On this basis the usahle frequency ranges of the equipment become

Recording speed Usable frequency ronage
{in./sec) {cyrles/sze)
6 2* to 1,000
12 2 to 2,000
30 5 to 5,000
60 10 to 10,000

From this it would seem that the 12 in./sec recording speed matches the present
trarsducers satisfactorily. Where 1000 cycles/sec is a sufficiently high upper
limit, the 6 in./sec recording speed has the advantage of less tape being wasted
while the recorder accelerates to its operating speed, and also the low-tfrequency ﬁ;
modilator is not required for the subsequent analysis.

The overull frequency response of the system from amplifier input to analyser output
is again determined at intervals using the calibrating circuit described in Section 2.3.3;
short tapes, abcut 8 ft long, are recorded for a number of froguencies at each of the
recarding speeds.  Measursmewss at about 12 frequencies at each tape-speed are enuff:.
ctent to define a smooth curve of the ratic of the overall freaquency response of the
system nsing the tape recorder, to that measured with the amplifier connected directiy
to the analyser section; values of this ratio can then be read off the curve at
intermediate frequencies and applied as an additional factor to the overalil sensitivily
factor for direct analysis determined as described in the previous section (2.3.3).

2.4 Presentation of the Results

The root-mean-square intensity, p, of the pressure fluctuations is rmade non-dimen-
slonal by dividing it by the dynamic head q(= %oV?). A non-dimensinral frequency
parameter n :© €[V (where f is the frequency, | a representative length and V the free
stream velocity) is then introduced, and a spectrum function F(n) is defined, such that
F(n)dn is the contribution (p/q)2 in the frequency range n + dn. Thus

£
L4

bV . .
d( =1 = F(Mm)dsn = nF(n) d(log n)
Q/

The results of the spectrum analyses can therefore be plotted in the form F(n) againrst
n, or nF(n) against log n; and, in eitker case, integration over any runye of frequency

* Liwtted by the amplifier reasponse
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gives the corresponding mean-sqerare intensity of the fluctuation. In particular, the
total area under eithe:r curve is equal to the tntal intensity, for

pN "
<_\ = 7p(n)dn = /mn.“(n) d(log n)
a/ 6

nN=o

However, for the usual application of the analysis to the examiration of huffeting
excitution, a modified form of presentation is considered to be more appropriave.
This is because aircraft buffeting normally takes the form of the excitation of a
rarticrnlar ~tructaral mode at nearly a diacrata frequency; that iz to cay a mode
with a sharply tuned resonance curve, or a narrew acceptance band. If £ is the burfet-
tvg frequency and Af the acceptance bandwidth in such a case, the relevant root-mean-
~juare intcnsity of the excitution vAp? is then given approximately, A f/f being

small, by .
3 P -
vap = JAt
—— = VOF(n) [/ - b
qQ f
Af An
since — - —
f n

With the ratio (Af,/f) deteruined by the aircraft structural characteristics, and
pquumably independent of speed, the aerodynamic excitation expressed non-dimensionally,
(v 57733, is directly proportional to vnF(n), which therefore provides a useful presenta:
tion of the spectrum. The abscissa is taken as log n, because a more open scale is
ontained at iow frequencies, and because the integrabie power spectrum may be readily
obtained by squaring the ordinates. Equation (1) is also used to calculate vnF(n) from
the measurementy, the root-mean-square voltage passed by the analyser is first
axprovead as vﬁﬁpg/q, using the transducer sensitivity factor: then, if the analys-p
pandwidth racin (LlfA/f) is written as €,,

d

S

Ly -z
ity

i

This is strictly correct only if €, is infinitely small; and the eirors intro-
duced by the use of a small but finite bandwidth are considered in Section 3.1.

3. ACCURACY OF MEASUREME! AND EXTENSIONS OF THE TECHNIQUE
3.1 Accuracy

A number of checks have been wmade, at intervals, »n the repeatability of resul:is
and, ag far ae possible, on the validity of the conclusjon that there is no apparent
scale-effect when the spectrum is presented in a non-dimensional form., An exanmple
shown in Figure 9 where the pressure-fluctuations on the rear wall of a rectangular
cavity in 2 erlindrical body have been analysed at three windspeeds: 1908, 150 and
218 tt/sec, These results show no apparent scale-effect for the range of windspeed
covered, and, in 211 the series of tests made, a few checks have been made that the same
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pe-etrum is obtained at two windspeeds differing by a factor of apbout twc. So far no
discrepanctes worse then those shown in Figure 9 have been fourd; the Mach number

in all rases hes been less than 0.3. The scatter shown, amounting to 2 maximum of
+10r1. 14 about what can normally be achieved. although in a specific case this could
be reduced to nearer 5% by spending longer over taking the visual mean of the analyser
sutput-galvanometer reading at each frequency. The additional time required is not
normally considered justified as sufficient points are measured for a s@ooihe ¢
to be drawn,

As a rheck on the effect of analyser bandwidth, the same signal, in this case of
ihe preasure fluctuations on a highly gwept wing, was analysed using both the nominal
4. 81 and 15.5% bandwidths shown in Figure 6a; the results are shown in Figure 10.

In this case the [requency range was extended to include the resonance of the trans-
ducer diaphragm., The discrepancles between the two curves are less than 110% except
ii. the neiginbourhood of the resonance peak. In addition, the intensity of pressure-
fluctnations (p/q), deduced from integrating nF(n) with respect (o log n, is 0. 0085
for the analysis using the 4.8% bandwidth and 0.0084 using the 15.5% bandwidth,
comparest with 0,0087 by direct measurement. These measurements demonstrate that the
15.5% bandwidth is satisfactory for the continuous part of the spectrum up to about
1500 eveles ser,

The presence of sharp peaks in the spactrum leads however to differences in the
measured spectra, in the neighbourhood of the peak, which depend on the bandwidth
used. In pafti:ulnr, if the trme apactrum is a continuous smooth curve with the
addition of an oscillation at a discrete frequency, the correct representation will
be the continuous spectrum with a sinele line to infinity at the discrete frequency;
whila the measured spectrum, deduced in the usual way from the analyser readings, will
we the continuous spectrum with the addition of the product of the ampiltude of the
discrete frequency osciliation and the analyser response curve. Figure 11 shows such
a measured spectrum and demonstrates that it is possible to find, by trial and error,
an amplitude for the discrete frequency oscillation which, multiplied by the analyser
response curve, enables the smooth continuous spectrum to be inferred. This dividing
of the spectrum into its two components can cnly be made directly if the data is
nlotted in the form of an integrable power-spectrum, e.g. as nF(n) against log n as in
Figure 11. The aren under the continuous-spectrum curve can then be integrated to give
the mean-square inter3ity of the random pressure fluctuation, while the area under the
peak, but above the continuous-spectrum curve, should be c¢qual to the mean-square
amplitude of the discrete frequency oscillattion.

In most cases, however, this division of the spectrum is not possible, as the peak
1s produced, not by a discrete frequency oscillation, but is correctly a smooth peak
in the spectrum. The curves shown in Figure 10 are of this form, since it is apparent
that the width of the peak is large compared with that of the analyser response curves
(Fig.3). Only at the centre of the peak do the two curves differ appreciably.

An tmporiani puint to note is that regardless of how the peaks arise, and of what
pandwidth is used, the area under a peak, when the results are presented in the form
of an integrable power spectrum, is a fairly correct measure of the energy in the
corresponding irequency range. The results are therefore normally given as measured,
with no ~ttempt to apply rorrections to the exact shape of any peak present.
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To check the effect of the tape-recorder on the accuracy with which a spectrum is
determined, a particular signal produced by a transducer behind a spoiler was analysed
directly. recorded at 6 in. /sec on 225 ft nf iL.pe, rocorded at 60 in.,sec on ancther
225 ft of tape, and finally analysed directly again. Each of the 225-ft lengths of
tape was cut i{nto three and the portions analysed separately; the resulting spectra
are compartd in Flgure 12 with the spectrum resulting from the direct analrses,

3.2 Effect of ¥ind-Tunnel Airflow Unsteadiness

Early tests were mude in the RAE 4 ft x 3 ft and No.2 11% ft wind-tunnels on
cylindrical bodies having either a cavity to represent a bomb-bay or an external air-
brake. Both tunnels have screens in the maximum sections and hot-wire measurements
have shown low turbulence levels®., Datum checks of the pressure fluctuations on the
surfaces of the plain bodies gave values of p/q of about 0.005, which w-re smal]
compared with the maxims of about 0.15 measured in the cavity or behind the air-brake.
The spectra for these datum tests were consistent with the pressure-fluctuations being
mainly due to the turbulent boundary-layers on the bodies,

However, preliminary measurements of pressure-fluctuatjons on a thin wing in the
No.l 11% ft wind-tunnel, which is of earlier design, and has no screens, with a con-
traction ratio of 4.75 to 1, showed spectra with a sharp rise in amplitude at low
frequencies, even with the wing at zero incidence. This was attributed to *he
unsteadiness. of the alrflow in the tunnel working-section and, in order to investigate
1t, a special model was constructed (Fig.13), consisting of o rectangular wing of 1 ft
span and 6 in. chord, with a single transducer at its centre measuring the pressure
difference between the upper and lower surfaces at this point. The transducer was
basically of the design shown in Figure la, but with 2 different front casing, and
also with a thinner diaphragm to increase the sensitivity: this enabled values o7

/q as low as 0.0003 at 150 ft/sec to be measured and analysed.

Tne results of these tests are shown in Figure 14. The No.1 11% f¢ wind-tunne! in its
original form gave results with s very large increase of amplitude towards the low-
frequency end of the spectrum. Fitting an available honeycomb at the beginning of the
working-section reduced the fluctuations considerably as shown; though, as compared
with the resuits fivi the Mo.2 11% ft wind-tunnel, they were still large. 1‘1
reducing the fluctuatt%m,»to a:level: vbich“lfﬂxt have’ been acceptable for sc-..:« R O
test, the honeyconb wﬂQ not a satisfactory solution as its positioning at the begin-
ning of the workiﬁg-section lead to a threefold increase in the power required to
drive the tunnel, with a consequent rapid rise in the temperature of the air at the
ncrmal operating 3peed of the tunnel.

The low-frequency nature of the fluctuations suggested an intermittent breakaway
in the tunnel return circuit, and one possible source was located by inspection,
Vortex-generators were installed ahead of Lhis section, but, though this led to a
considerable reduction in the level of the fluctuations, as shown in Fi,ure 14, the

* At the usual test speed of 130 ft/sec the longitudinal and lateral rowponenta nf the turbulenre
{n the 4 ft £ 3 ft wind-tunnel are about J.01% and 0.02% respectively, while the longlitudinal
component in the No.2 1% ft wind-tunnel 18 about O0.04%.
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Ipvel of v nk(n} at low fiequencies is still high. This indicates that the tunnel is
stitl unsufitable for pressure-fluctuation measurements on wings, or for any other
tests where incidence fluctuations can affect the results.

Provided that the pressure-fluctuations are large compared with those producel by
the boundary-layer alone, this .ype of test can be regarded as a method of obtaining
incidenee-fluctuation values at low frequencies, where the equivalent wave-length is
large compared with the wing chord: 10 cycles/sec for instance corresnonds to 30 wing
chords.  The prassure-fluctuations can be converted to incidence-fluctuations by
dividing by ds/di*, where s :s the difference between the static pressure coefficients
across the transducer, and a is the wing incidence. As a check on the nature of the
poesenree flestnations on the wing in the No.2 11% ft wind-tunnel, a 26 s.w.g. transi-
tion wire was added at 10% of the wing chord. This led Lo an approximate doubling of
nF(n) throughout the frequency range, suggesting that the measured pressure fluctua-
tions on the plain wing were mainly due to the wing boundary-layer, and that only
negligihble flurtuations due to tunnel unsteadiness were present.

No tests were made in the 4 ft x 3 ft wind-turnel, since measurements with hot-wire
anemometers had shown an even smoother air flow there than in the No.2 11% ft wind-
tunnel, All subsequent pressure-fluctuation tests have been confined to these two

tunnels.

2.3 Additiona! Measurements

In previous sections the methods used to produce the total intensity and spectrum
density of the fluctuating pressures have been described. Two further types of
measurement are now considered: (a) the use of pipes whenonly the amplitude of '“an\
at low frequencies is required; and (b) the measurement cf the correlation between

pressure-fluctustions at two points.

3.3.1. The use of pipes in pressure-flactuntion measurements

As will be discussed in Section 4.3, it has been found more appropriate, in some
tests, o use the yalue of /EF?E\ at a2 particular (ow frequency as a parameter, rather
than p/q. %ur such tescs the possibility arises o1 using a feirly loug loasin of
pipe between the measuring point and the transducer, so enabling the measuring »oint
to be traversed over a large area of wing or body surface, without the necessity ot
moving and reinstalling the transducer. A suitable type of piping was found to be
cupro-nickel hypodermic tube of 0.0 in. (nominal 1 mm) outside diameter and 0,028 in.
inside diameter. This is sufficiently soft to be bent into various curves for tra-
versing the measuring point a considerable number of times without fracture or

reduction of the bore.

A wide-range spectrum similar to that shown in FPigure 1Z was recorded with no
nine and with a series of pipe lengths between the measuring point and the transducer.
The results are shown in Figure 15 as the variation with frequency of the attenuation
in ﬂmuli‘\ir produced by the introduction of the various lengths of plpe. These
reecrite e iy tnodetadil to the design of transducer shown in Figure la, since the
size of th» rhamber in the front casing influences the response of the system. The
attenuation curve shown for the 60-in. pipe was obtained at both 80 and 140 ft/sec,

e e o wrw 0 040 degrer for the wing used.
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the total r.m.s. intensity of the pressure fluctuation being about 0.05q. This
independence of response with the amplitude of the pressure-fluctuacion can, however
only be expected to apply at low windspeeds, where the amplitudes of the fchtuations
are sufficiently small for the intermittent flow in the pipe not to be affected by
the compressibility of the air.

It is surgested that a reasonable upper-frequency limit for the longer pipes is
that at which the attenuation is 0.5, i.e. at 18, 50, 120 and 200 cycles/sec for the
6G, 3C, 15 and 7.5 in. pipes respectively. For shorter lengths of pipe the more
ranid variation of attenuation with frequency, above the resonant frequency, would
require very sccurate frequency measurement and allorance for the variation of the
speed of sound with temperature, if accuracy was to be maintained. In particular,
for lengths of pipe shorter than about 2 in., a sharp rescnance peak with further
peaks at the higher harmonics would be expected, and the usual upper-frequency limit
of half the resonant frequency would apply. For the system tested therefore, it
would seem that about 8 in. is a reasonable minimum pipe-length, with no further useful
gain in the upper-frequency limit unless the pipe can be reduced to less than about
! in. in length.

1.3.2 Corr~lation between pressure-fluctuations at two points

Some measurements, described later in Section 4.3.1, have been made to determine
the correlation coefficient Rab defined in the usual way as

AB

Rayy =

31

v

where A and B are the instantaneous values of two fluctuating quantities, measured at
points a and b, AB is the mean of the instantaneous product AB, and vA? and vB2 are

the root-mean-square values of A and B. The usunl method of cbtaininy AB is to ineasure
the mean square values, (A + B)2 and (A - B)?, af the instantaneous quantities (A + B)
and (A - B), obtained by electrically addiig and subiracting voltages pronortional to

A and B. whence AB can be calculated from

(A+B) - (A-B)Z2 = 4AB

There are consideral). difficulties in using this method with the existing equip-
ment. While the pre-amplifier (Fig.?2) has two channels, and two transducers may
readily be used to produce two fluctuating-voltage outputs, the circuits of both the
rre-amplifier and the following amplifier have one side earthed, in urder to reduce
pick-up at the mains supply frequency and its higher harmonics. This earthing is
basic to the construction of the apparatus and there appeared to be no simple methords
of interconnection to obtain both (A + B) and (A - B)., FEliminating the earthing from
a second set of pre-amplifier equipment, while retaining rectified 50 cycles/sec
voltage aunnlies, led to very large voltage pick-up at 50 cycles/sec and higher
harmoniss. Replacing this voltage suppiy by dry batteries reduced the pick-up to a
tolerahle level, but the very short life of readily avajilable batteries used in this
way made the technique very cumbersome. In addition, som® complication was introduced
by the need for complete insulation of the transducer and its connecting leads from the
mndel, which in this case was of metal. The slmpler method was therefaore adopted of
measuring <Az, v.3: and V(A + B)? and obtaining AB from the relation
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(A +B)? - A7 - B? = 2 AB

It should be noted that in the complete formula for Rap»

(A +B)2 - A2 - B?
Rap = - N (2)
2A2 R?

the substitution of kA for A does not affect the result. It is not thercfore
necessary for the two voltages, or other quantities summed, to be in the same ratio
to the original quantities A and B. In particular, if the two transducers are
connected in parallel so as to sum the capacity fluctuations, the r.m,s. value of
the resulting voltage outpet from the pre-amplifier can be used in Equation (2),
together with th:c corresponding values obtained from the transducers connecte. singly,
to give Rabye irrespective of the transducer sensitivities. It is necessary, however,
for the three measurements to be taken in sufficiently rapid succession for the
trans lucer sensitivities to remain substantially unchanged.

To provide the interconnections of the transducers, three muiti-wey relays, con-
tained in a screening box, are used. The circuit includes fixed and adjustable
condensers, so that the total capacity of the system can be made the same, whether
readings from either transducer or the combinaticn are heing made. This constancy
of the total capacity is advisable as the nre-amplifier sensitivity (in volts/Pf)
varies to some extent with the total capacity, and it is essential, either that this
sensitivity should be the same for all ihree measurcmcnts, cr that allowance should
be made for the variation. The second alternative would require additional calibration,
and introduce undesirable ccmplication into the computation.of thce results, The
circuits made by the irelays are shown in Figure 16; when making measurements from a
single transducer, the other is short-circuiied.

To maintain accuracy, the three measurements required to obtain Rab are always
made consc tively, keeping conditions constant meanwiile; this anplics {o measure-
ments at each particular frequency in a spectrum analysis, as well as to total inten-
sity measurements. Since the estimation of Rab is unaffected by any sensitivity
factors of the system, it is hest calculated as directly as possible; from the three
microvalter readings for total intensity measurements, and from the logarithmic
pat ntiometer and outout-galvanometer readings only in the case of specirum measure-
ments. Ry is determined with acceptable accuracy by the above methods, provided that
r.m. s, values of A and B do not differ appreciably in magnitude, but the accuracy falls
off fairly rapidly as the ratio of /:? tq_igs Increases. As an illustration, the error
in Ry due to a 1% high rggg}ngrof V(A + B2 and a 1% low reading of vA? is given below
for a range of values of vAZA/B2:

r .
Error in Rab

Ry, = 1/0.06|0.08|0.10] 0.12 | 0.14 6‘2‘41/
Rap = 0{0.03 | 0.05 | 0.07/0.09 | 0.11 @'

/-
Ry = -1]/0.00 | 0.04 | 0.06| 0.08 | 0. 10 : c?é/
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An accuracy of $1% in the r.m. s. amplitude of the total sigrals seems possible,
and also in spectrum measurements at frequencies above 50 cycles/sec; at lower fre-
quencies, however, the scatter increases and errors of up ¢o +5% in amplitude may
occur at 3 cycles/sec, with proportionately larger errors in Rab' Since the estimate
of R.p is unaffected by any scaling ratios in the system, it is sometimes practicable
to reduce the ratio of vVA? to VB? 3y using the combination of & transducer of low
sensitivity in a reglon of large pressure-fluctuations, with a transducer of high
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3.3.3 Estimation of normal-force fluctuations from pressure-fiuctuation
Keasurements

If sufficient correlation measurements are made it is possible to calculate the
normal-force fluctuation on a section or over an area. Such a series of measurements,
discussed later in Section 4.3.1, has been made between a number of pairs of points
along a wing chord-line, and the method of estimating the normal-force fluctuation
for this case Is discussed in this Section. Taking the origin at the wing leading-
edge, and letting ¢ be the wing chord, consider two points x and x' at which the
P+ tartancons pressnres are P, oand P,r, The square of the instantaneous load i3 then

1t S,
Ach = -—;//J—x-dx dx’
c’{daa
with a mean square
2 i cc.ﬂ-éx—’ ’
acg = <[/ 7O dr 3
¢ 0 qQ

It is necessary, therefore, to krow the covariance betweer nll pairs of puinis on
the chord-line before Acﬁ can be estimated; suppose the number of measuring points
to be t, tien (t/2)(t - 1) sets of measurements wouid be required. However,
cupressing the data in terms of correlation coefficients can sometimes lead to a
rccduction in the number of measurements required. The correlation coeificient,
defined e&s bhefore, is

Fx le Px er
Rxx! = =
f_"7 }
Pyt Py Py Py’

where Py and Dy are defined in the usual way as the r.m.s. intensities of the pressure-
fluctuation: at x and x’. Equation (3) can then be rewritten as

c e

' Py Py’

2 = X TX

ACN o f‘[Rxxr._.__dx dx’ (4)
20 Q q

If now the curves of R"r, with x constant, show sufficlient similarity, it is
possible, in principle, to dediuce the complete function of Ryyt from measurements for
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only a few values of x. If for example it could be shown that R,. (where r = |x' - x|)

wis dependent only on r and independent of x, (t - 1) measurements at one value of x

would he sufficient, in principle, though in practice comparative measurements at two, qe
or prefershly three, values of x would be required to establish the validity or other- >
wise of such a relationship, If R, 1s the correlation coefficient, dependent only

on r, ¥quatton (4) can he written as

S

0

>

c

Zn
a[x

C=

*p
ax [ 1t Tpar (5)
=X

It should bhe noted that, even if the function R, does show some dependence upon x,
the use of wn approximate mean variation R. in Equation (5), rather than the full set
of data in hquntion (%), would not be expected to introduce large errors into the
estimate of KSCN, and this approach would seem to provide a useful method of reducing
the number of measiirements to be made.

3.4 Further Developments

3.9.1 Extenswon of the present testing techniques to transonic and
supersontc speeds

with the introduction of the tape-recorder into the system, the reduction of tunnel-
ninning time at each teat condition from 30 minutes for a direct spectrum analysis to o
5 minutes using the recorder, makes testing in high-speed and high-power wind tunnels <
practicabie., It is proposed, in the first place, to examine the suitability of two
such wind tunnels, the 3 ft x 3 ft transonic and supersonic wind tunnel and the 8 ft x
6 ft transontc wind tunnel, for pressure-fluctuation tests hy making measuremcntis on
a simple model at zero incideince, us was done for the low-speed tunnels {see Section 3.2).
The model in this case is to be a dalta-wing having & 70° leading-edge sweep, 9 in. long,
with a single transducer of the type shown in Figure 1b, installed on the centre-line
at 339 of the root-chord from the nose. With such a wing there should be no shocks
aecrass the mode! ahead nf or near the transducer, within ine Mach number range ot the
Uk winth Loidied:s, o aaat=um of 1.0 tor the 8 ft x 6 ft tunnel and 2.0 for the 3 ft x .
tunnel. The measurements should therefore give a good indication of the pressure-
fluctuation datum in the two wind tunnels and its variation with Mack number.

rn
Iad

If the wind tunnels should be suitable, further research will be required into
tenperature effects on transducer sensi¢ivity, and into the constancy of the trans-
ducer calibration with continiied use. For some tests also, the upper limit of
2000 cycles/sec imposed by the present transducers will be too low, and modified
designs will be required; one possible design, to replace the low-speed type shown
in Flpure la, is shown in Figure 17. The diaphragm is tensioned and flattened by
snrewing down the front casing over the outer casing, giving a 0.40 in. diameter
flush surfacc. The inner casing can be screwed in ard out on a fine thread -
(100 threads per inch) to adjust the condenser gap and hence the transducer sensitivity. - z
The ratural frequency of the diaphragm, deduced ’from measuremern td0f its deflections
due to steady pressures, is about 100,000 cycles/sec. Effects of"Qemperaturo and
constancy of calibration have vet to be investigated,

b B
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2.4.0 Automatic analyser

When analysing recordliigs at present, the operator reaus a mean value off the
analyser output-galvanometer (Fig.2), as for direct analysis. To estimate & reason-
ably accurate mean reading, it is found necessary to observe the galvanometer for
about 4 transits of the tape-loop at low frequenciez, and 2 at high freguencies,
enc~h transit tuking 15 seconds. The strain of the constant averaging prevents any
one operaior from nerforming this job for long periocds. An auntomatic analyser,
as well as reducing the strain on the operator, offers the possibility of reducing
the analysis time to about a third, since only one transit of the tape-loop shouid
be required for each reading.

Detalled plans for an wutomatic analyser have not yet heeti worked out, but it s
envisaged as consisting of the following modifications to the existing system (Fig.2).
The output could consist of some fom of integrator with automatic read-out, operating
off n squaring and rectifying circuit, preferably not a thermo-junction, as the
thermal log would introduce difficulties in this application. The analyser could,
for most tests, be replaced by a set ¢f 25 fixed filters, though some. form of contin-
uous tuning would sometimes be required. With an output proportional to the square
of the signal, some form of calfbrated gain control wouid still be required, thaugn
with less steps tuhan the present logarithmic potentiometer; in principle this gain
control could be set by the operator. Switching from one filter to the noxt, and
the read-out, could be triggered by a photo-cell working off the tape-splice. This
change-over should not take more than about 1 sec out of the 15 sec of the tape-transit
time, so that only about 5§ ft of tape, which should include the splice, would be lost.

4. SOME PARTICULAR APPLICATIONS OF PRESSURE-FLUCTUATION MEASURFEMENTS
4.1 DBomb-Bay Buffeting

An investigation was made into the airflow in bomb-bays of various shapes, the
drag to which they give rise, and the effectiveness of various flow-control devices;
th2 model used was, basically, a cylindrical body, with a systematic series of
cavities cui into it. Pressure fluctuations were measured, in some cases, using an
earlier design of the transducer shown in Figure la, and it was found that the
highest intensities were mainly concentrated on the rear bulkhead of the bomb-bay
and on the bowdy immediately behind it, with a fairly rapid reduction forward along
the bomb-bay roof and rearward along the body. Two transduccrs only therefore were
used, one in the rear bulkhead and nne in the body just behind the bomb-bay, as shewn
in Figure 18. 7In general the total intensity of the pressure fluctuations and the
form of the spectra were different for the two transducer positions; rounding off
the lower edge of the rear bulkhead, in particular, reduced the intensity of the
pressure fluctuations on the body very considersbly, while Laving little effect on
thcso on the remaining bulkhead (see Figure 18)

while there were minor differences in the total intensitles and spectra between
homb-bays of various height-to-length ratios, the oniy modification which appreciably
reduced the pressure fluctuations was the elimination of the vertical rear hulkhead,
as shown in Figure 19, complete retraction of the bomb-doors still farther increased
the affectivenerns of the sloping rear bulkhead.
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4.2 Air-Brake Buffeting

A series of tests? was made to examine the statir and fluctuating pressure distributions
on'a eylindrical body with a squure flat plate air-brake. A transducer of the type 3’
shown in Figure la was used and the model and transducer installation are shown in
Pigure 20. The pertion of the body containing the trunsducer could be rotated, and
41580 interchangod = th other nortions of the hody for longitudinal positioning; the
prake could also be moved longitudinally on the body. By this means it was possible to
position the transducer orifice anywhere on the body in the region from 2! ahead of
the brake hinge to 6! hehind the brake hinge (l = brake-chord). The rear orifice nf
the transducer was connected, through a small-bore metal pipe, to a long length of
small-bore tubing outside the wind-tunnel to provide a steady datum.

Both static pressure and the total intensity of the fluctuating pressure were
measured with the transducer, and contours of both were drawn, as shown in Figure 21.
Spectra were measurced at a few pcsitions only, as shown in Figure 22, To obtain some
impression of the variation of the aerodynamic excitation on the body with brake-angle,
the total Intensity of the pressure fluctuations was integrated over the area of the
body affected and the result expressed non-dimensionally using the air-brake area;
the results are shown in Figure 23. This integral has no quaptitative value as no
allowance has been made for the effects of correlation or of body curvature; but the
variatlcn with brake-angle is considered significant, and it was deduced that res-
triction of the brake-angle to S0° and mounting the brakes at the rear of the fuselage,
to reduce the arew of fuselage affected, should be effective in reducing the aero-
dynamic excitation associated with the brake.

&b

This aerodynamic excitation appeared to be due to the unsteady nature of the flow
behind the trake at high incidences. With the configuration tested (Fig.20), the
seasured shedding frequency was nearly the same as for an isolated plate (Fig 24); it
was therefore considered that further attempts to reduce the unsteadiness of the weke,
by means of modifications to the brake, could be compared more easily and quickly with
the aid of hot-wire measurements® > of velocity fiuctuations in the wakes of isolated
plates. The conclusions reached have not yet been confirmed by measurements of
pressure fluctuations, .

4.1 Fressure Fluctustions of Thin Wings

The type of pressure transducer shown in Figure 1b was specially designed for use
in metal wings. It 1s fitted into the wing with its flange-face flush with the upper
surface, any excess of the body protruding through the lower surf{ace being machined
off; a minimum wing thickness of about (.30 in. is required. A groove about 0.10 in.
deep and 0.10 in. wide is mechined i{nto the lower surface of the wing, from the hole
in the transducer body containing the rear plate connection to a suitable point on
the wing, usually in a body or nacelle, at which the normal 0.25 in. diameter coaxial
aable can he attached; 8 single insulated wire is fixed into the groove with Araldite
cement and the surface smoothed off. There are three reasons for letting the trans-
dncer into the upper rather than the lower surface of the wing: firstly, the upper
surface suction, whose magnitude is difficult to predict, then tends to increase the
condenser gap, so that a short-circuit, which could otherwise only be avoided, with
certainty, by using a large pre-set gap with a correspondingly low sensitivity, can-
not occur, secondly, the variation with incidence of the differeatial static pressure
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then leads to maximum sensitivity of the transducer at low incidence, where the pres-
sure fluctuations to be measured are least:; and thirdly, since the pipe through the
transducer body is then connected to the lower surface of the wing, where the pressure
fluctuations are normally small, any resonance due to its length will also be small,

A number of tests have been made on wings with approximately two-dimensional leading-
odpge flow separution. This is the simplest case, and investigations are now in progress
to examine ways of measuring and presenting data for the mnre complicated types of f{low
separation associated with low-aspect-ratio highly-swept wings.

I+ is found that wing buffeting caused hy shock-induced separations in high-speed
flight consists almost entirely of the excitation of the fundamental flexural mode of
the wing, and it is expected that this will also apply to low-speed buffeting at high
incidences. Low-speed wind-tunnel tests are normally concerned with the possible
occurrence of wing buffet during an airfield approach, and with the relative effective-
ress of acceptable modifications to the wing configuration. It seems reasonable, in
this case, to use as a criterion the aerodynamic excitation at a particular value of n,
say Ny, defined by Ny = t'(E/VA), where f' is the wing fundamental flexural frequency,
¢ is the wing mean chord and VA is the approach speed. On projects so far examined
ng has been about 0.2; but with the relatively ‘flat’ spectra associated with flow
separat‘on on wings, the value of n chosen is not critical, and the conclusions reached
would have been little affected 1f any other value of n between 0.1 and 0.4 had been
used. A value of n of 0.2 corresponds to about 20 cycles/sec for a typical model wing
and wind-tunnel speed: and for measurements at such a frequency it is possible to use
» considerable length of pipe between the measuring point and the transducer, as
described in Section 3.3.1, and to traverse the measuring point over the wing surface.

4.3.1 Low-aspect-ratio unswept wing

The mode” shown in Flgure 25 was constructed for measurements of the fluctuating-
pressure ficld associated with flow separation from the leading edge of a low-aspect-
ratio uiswept wing; but since the addition of a nacelle, as shown in the figure,
gave a .region of approximately two-dimensional flow between the nacelle and the body,
attention was confined, in the first instance, to this simpler flow regime. A pair of
transducers, of the type illustrated in Figure 1b, can be set into any two of the
twenty-two positions indicated in Figure 25, and soldered connections can he made to
wires permanently installed in the lower surface of the wing, the remaining sockets
may then be plugged with dummy transducers. Measuring the correlation between the
pressure fluctuations at different points on the wing was the main purpose of the
experimental programme.

The results discussed below all refer to the wing with the nacelle on, and with
only the thirteen transducer positions between the nacelle and body in usxe, The total
intensities of the pressure fluctuations measured in the chordwise traverse are shown
for the range of incidence in Figure 26; ard the corresponding correlation coeffi{-
clents Ry, s (see Section 3.3.3), for x = 0.1c and x = 0.8¢c, are shown in Figure 27.
The measured values of Rxx’ show a fair amount of scatter, and a tendency tc the
constant value of 0.1, rather than zero, for large separations of the transducers.

In order to reveal the dominant effects of incidence upon the correlation function,
the measured co-fficients were cross-plotted in the form er agajinst a (where

r - |x’ - xt): twc sets of measured values, corresponding tn the two values of x,
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wore therefore plotited for each vaiue of r and it was at once apparent that both sets
could be represented by a single smooth curve, with an error not exceeding the experi-
mental uncertainty:; it follows that Ryp was effectively unaltered by changing x from
0.lec to 0.8c. The function of r, R, say, obtained in this way is plotted in Figure 28.

In view of these results it is natural to assume that Ry closely represents the
correlation function for all values of x:; this implies that er is not significantly
dependent on x.  In this case a fairly accurate estimate of the magnitude of the
fluctunting normal force, on the section in question, may be made according to
Equation (5), Section 3.3.3. Results so obtained are plotted in Figure 29; the same
figure shows, for comparison, the total intensity of the normal-force fluctuation
that results if the correlation coefficient is assumed to be unity everywhere, together
with the total intensity of the pressure fluctuation measured at 0. 8c. This assump-
tion of unit correlation leads to the maximum force fluctuation compatitle with the
measured intensities of the fluctuating pressures; the computed fluctuating normal
foree on the section {(expressed as a root-mean-square total intenslty) ranges from
(1,25 of the corresponding maximum at 0° incidence, to 0.50 at 8°, and 0.77 at 167,
thnus indicating a marked effect of the Increasing ccrrelation with incidence. It is
also interesting to notice that the total intensity of the pressure fluctuations at
0.8¢c shows some resemblance, in the form of its varjation with incidence, to the
normal-force fluctuations.

The spanwise correlations, with respect to the middle station of tHe five shown
in Figure 25 at 0.8c¢, were also measured, In this case, however, insufficient data
were obtained to justify a similar analysis to that applied to the chordwise traverse,
but it {s interesting to note that the results are adequately represented by the
function Rps determined from the chordwise traverse, at both high and low incidence;
in the range 49 to 8% of incidence the spanwise correlations somewhat exceeded the
corresponding chordwise values.

It is also possible, in principle, to derive the spectrum of the fluctuating normal
force on a3 wing from the measured spectra of the two-point products of the pressure
fluctuations at a sufficient number of points; the spectrum fun:tion for the force
fluctuation is then obtained by successive application of either the complete form .
of computation described in Section 3.3.3, or, if the data are suitable, the for zoing =
shorter form, to a number of narrow bands of frequency. Some measurements have been
made at one incidence (4%) of the variation with frequency of the chordwise currelation,
and these results are shown in Figure 30 in the form of correlation coefficients;
they exhibit a noticeable wave-form, and further measurements with respect to other
reference points would be required to determine whether the corvelation coefficient
depends primarily on the separation of the two points in question at all {requencies,
as is apparently true for the total intensity messurements.

It vicw of this wave-form, a single spectrum of the correlation between two points
i~ of tittie value: it s clearly necessary to determine the manner 1n wirich the
spectrum varies with the distance between the two points., The complete detinition of
the correlation function would also appear to require a closer spacing between
successive stations than would be necessary if there were no wave-form. The results
given i Figure 30, obtained in about 3 days cof tunnel-running time, are not suffi-
cinnt to give even an indication of the spectral density of the fluctuating normal
force on the section, tne definition of which must therefore be regarded as a lengthy
process.  As an illuscratior of the difficulties involved in deducing the spectra of

x
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normal-force fluctuations from pressure-fluctvation measurements, consider, for
example, the more general case of the wing shown in Flgure 25, with tha nacelle
removed and with a {ull set of fourteen chordwise rows of nine transducer stations

- 126 transducer positions in all. If no simplifying assumptions were permissible,
the spectia of the correlations would be required between all pairs of these positions;
using the present technique, the time taken, merely for the measurements - at the

rate of three sets of spectra a day for fifty five-day weeks a year - would amount

to about 10 years for each wing-incidence. Though there is little doubt that this
figure would be considerably reduced in practice - permissible simplifications would
be likely to become apparent as the results were collected, there is also little

joubt that the total intensity and spectrum of a fluctuating load would be much better
measured directly. On the other hand, a limited application of the procedure outlined
here might help to throw light upon the causes of the load fluctuation; it is hoped,
therefore, that the data already collected will be supplemented suflficiently to allow
the computation of the spectrum of the fluctuation of the normal force on the wing
section, for one or two angles of incidence, in order to investigate the siynificance
of the periocdic nuture of the correlation function measured at different frequencles.

4.3.2 Unswept wing panel

The effects of various leading-edge devices, and of plain and split flaps at the
trailing-edre, have been examined, using the wing shown in Figure 31. Only two
transducers were fitted, at 0,50c and 0.85c as shown, and the results for the plain
wing are shown in Figure 32; these measurements are fairly similar for the two
chordwise positions. The frequency at which buffeting might be expected to occur,
at the approach speed of the full-scale aircraft, corresponds to a value of the
frequency parameter, n, of about 0.2. At such a low value of n the corrulation might
be expected to be fairly high: this is supported by the solitary series of measure-
ments plotted in Figure 30,

When the intensity of the pressure fluctuatinns shows a sharp rise with increasing
{ncidence, as it does in this case (Fig.32), it is natural to suppose that the onset
of buffeting - If it occurs - is likely to be associated in some way with this sharp
rise. It is therefore suggested that the incidence, or more correctly the corres-
ponding aircraft Cy,» at which the value of vnF(n), for n - 0.2, and x as large as
practicable (in this case 0.85c), has risen uppreciably - to 0.0l say - is likely to
be 2 suitable criterinn with which to establish the relative merits of the various
leading-edee de-ice3; according to this standard, a plain nose-flap of 10% chord was
fourd to be ‘he most effective of the devices tested.

Wherever possible, an attempt has been made to relate the fluctuating pressures to
the mean flow field, which, for this particular wing panel, is dominated by a leading-

sine ceparad conowhich appears to give rise to an anproximately two-dimensionsl flew

nf {he ‘hubl:ile * tyne, with reattachment onto the vpper surfare of the wing np to abhont
L1 ol dnctivnce (see Figure 3150 It is interesting to note that while the low-
frequency fluctuations reach their maximum ijntensity when the reattachment line lies
aioin chie Lrartine edege of the «ing, the sharp rise begins much snoner - at the

incidence corresponding to about 0.3c, for the forward transducer, and 0.5c for the
rearward one. Divergence of the trailing-edge static pressure, which is often used

as a criterion for the onset of the type of wing-buffet associated with shock-

induced separation of the flow over the rearward part of a wing, occurs when reattach-
ment reaches 0.8c, so corresponding to nearly maximum {ntensity of the low-frequency
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normal-force fluctuations from pressure-fluctuation measurements, consider, for
example, the more general case of the wing shown in Figure 25, =ith tha nacelle
removed and with a full set of fourteen chordwise rows of nine transducer stations

- 126 transducer positions%mxall If no simplifying assumptionq were permissible,

the spect:ia of the correlations woui?ﬁbe“E§GGT¢S§@§%%wéen AT1H PaITs “of these ‘pogitionss
using the present technique, the time taken, merely for the measurements - at thlie

rate of three sets of spectra a day for fifty five-day weeks a year - would amount

to about 10 years for each wing-incidence. Though there is little doubt that this
tfigure would be considerably reduced in practice - permissible simplifications would
be likely to become apparent as the results were collected, there is also little

doubt that the total intensity and spectrum of a fluctuating load would be much better
measured directly. On the other hand, a limited application of the procedure outlined
here might help to throw light upcn the causes of the lcad fluctuation; it is hoped,
therefore, that the data already collected will be supplemented sufficiently to allow
the computation of the spectrum of the fluctuation of the normal force on the wing
section, for one or two angles of incidence, in order to investigate the significance
of the periuiic nature of the correlation function measured at different frequencies,
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4.3.2 Unswept wing panel

The effects of various leading-edge devices, and of plain and split flaps at the
trailing-edge, have been examined, using the wing shown in Figure 31. Only two
transducers were fitted, at 0,50c end 0,.85c as shown, and the results for the plain
wing are shown i{n Figure 32; these measurements are fairly similar for the two
chordwise positions. The frequency at which buffeting might be expected to occur,
at the approach speed of the full-scale aircraft, corresponds to a value nf the
frequency parameter, n, of about 0.2, At such a low value of n the corrilation might
be expected to be fairly high; this is supported by the solitary series of measure-
ments plotted in Figure 30.

When the intensity of the pressure fluctuatinns shows a sharp rise with increasing
incidence, as it does in this case (Fig.32), it is natural to suppose that the onset
of buffeting - {f it occurs - is likely to be associated in some way with this sharp
rise, It is therefore suggested that the incidence, or more correctly the corres-
ponding aircraft Cy. at which the value of /;F?;), for n - 0.2, and x as large as
practicable (in this case 0.85c), has risen uppreciably - to 0.01 say - is likely to
be a suitable critecinn with which to establish the relative merits of the various
leading-edge de-ices; according to this standard, a plain nose-flap of 10% chord was
found to be “‘he most effective of the devices tested.

Wherever possible, an attempt has heen made to relate the fluctuating pressures to
the mean flow field, which, for this particular wing panel, is dominated by a leading-
edge separation which appears to give rise to an approximately two-dimensional flow
of the ‘bubble’ type, with reattachment onto the upper surface of the wing up to about
11° of incidence (see Figure 31). It is interesting tc note that while the low-
frequency fiuctuations reach their maximum intensiiy when the reattachment linme lies
along the trailing-edge of the wing, the sharp rise begins much sooner - at the
incidence corresponding to about 0.3¢, for the forward transducer, and 0.5¢ for the
renrward one. Divergence of the tralling-edge static pressure, which is often used
us a criterjon for the onset of the type of wing-buffet associated with shock-

i dneed sepanit e of the flow over the rearward part of a wing, occurs when reattaech-
ment reaches 0.8c, so corresponding to nearly maximum intensity of the low-frequency
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fluctuations, rather than their initial rise; it would seem, therefore, that this
criterion is not directly applicable to buffeting associated with leading-cdze flow

separation at low speeds. .

It seems likely that the marked increase in intensity of the low-frequency pres-
sure fluctuations as the incidence increases from 8° tc 10°, (see Figure 32b) is a
result of the appearance of significant fluctuations in circulation, agsoc lated with
{ntermittent changes in the flow structure; although the near position of reattach-
ment line 1s still well forward of the trailing-edge of the wing at these incidences,
its instantaneous position may apnroeck, and perhaps reach, the tralling edge
{ntermittently. Since tapped holes are provided in both sides of the type of the
transducer shown in Figure 1b, either surface can be connected to a steady datum
pressure by means of a metal pipe leading to a reservoir outside the wind-tunnel;
the total intensities of the pressure fluctuations on the upper and lower surface,
measured In this way at 0.85c, are compared in Figure 33a with th2 fluctuating
differentia) pressures; 1t may be noticed that the rise in total intensity on the
lower surface with increasing incidence is similar in form to that shown by the low-
trequency fluctuations of the differential pressure In Figure 32c. The spectra of the
lower-surface and the differential pressure fiuctuations at 0.83c¢c and 14° incidence
are compared in Flgure 33b;  they show a marked similarity up to n = 0.5, the lower
surface intensity being about one fifth of the corresponding differential values in
this range. Above n = 0.5 the lower surface intensity falls off rapidly until,
above n = 2, {t corresponds to a normal turbulent boundary-layer ievel.

N

These results all sapport the view that the large low-frequency content of the ‘ ( )

fluctuating pressure field, at incidences above about 8°, is associated with fluctua-
tions in circuiation, and that the chordwise correlation in this low-frequency range
13 1ikely to be high. It seems reasonable thercfore to use, as a criterion for com-
paring the effectiveness of modifications, the first rise with incidence of the

value of vnF(n) at a particular low frequency, and at a point sufficiently far back
along the wing chord for most of the wing surface to be affected (see chordwise
distribution of total intensity on a similar wing - Figure 26).

4.3.3 Wing panel v :% 30° leading-edge sweep

Pressure fluctuation measurements have been made on the wing panel shown in Figure 34.
Surface flow patterns indicated leading-edge flow separation, with reattachment on to the
upper surface of the wing, very similar to that observed on the unswept panel just des-
cribed. Three transducers were installed as far back as possible (at 80% of the wing
chord), as shown. The variation with incidence of the position of the reattachment line,
at the three chordwise sections containing the transducers, is shown in Figure 34, and
results of the pressure fluctuation measurements in Figure 35. It was expected that the
critical full scale frequency range would again correspond to a value of n of about 0.2,
and it is suggested that the incidence at which the value of vnF(n), at n = 0,2, has
risen apprecisbly for any of the three transducers is a reasonable criterion for com-
paring the effectiveness of modifications, as for the unswept wing pancl. However, !
because of the more shallow initial rise in the low-frequency intensity, compered with
that on the unswept wing panel, the incidence at which vaF(n), at n = 0.2, first
reaches 0.02 rather than 0.01 would probably yield a more reliable comparison in
this case,
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4.3.4 Low-aspect-ratio highly -wept wings

On wings of this class, surface flow patterns suggest that leading-edge flow
separation glves rise to the vortex, rather than the hubble type of flow; the
markedly three-dimensional nature of the mean flow then makes the choice of suitable
transducer positions, and the interpretation of the results from them, much more
difficult. However, some measurements have been made on the wing shown in Figure 36
using, in the first instance, four transducers at the positions indicated, but since
the results ghtained showed little relation to each other at any one incidence, a
traverse of the upper surface of the wing was then made, using & single transducer
fixed in the body together with a 16 in. length of pipe. The pipe ended in a piece
of metal plate, 0.040 in. thick and 0.25 in. square, which was faired into the wing
surface with plasticene, the pipe inlet being through a flush hole drilled in the
centre of the plate; tests showed that variationi in fairing shape were unimpcrtanc.
The traverse results, for n = 0.2, showed excellent agreement with the corresnonding
results obtained with the four transducers let into the wing, although the former
relate, strictly, only to the pressure fluctuations on the upper surface of the wing,
while the latter relate to the fluctuations in differential pressure,

f"rom the data presented in Figure 36, and corresponding data at other Inclidences,
it appears that the dominant pressure fluctuations are confined to the part of the
wing directly below the vortex. Vervy much more data would be required before an
estimate of the fluctuating normal force could be made; though it is possible, of
courde, to estimate the maximum intensity of the normal force fluctuation, at
n = 0.2, consistent with the local pressure fluctuation intensities, by assuming
full correlation throughout. The meai-square intensity of the low-frequency pressure
fluctuaticn, that is nf(n) at n = 0.2, has been integrated over the wing surface for
the data shown in Pigure 36, assuming unit correlation, and the result expressed as a
mean over the whole wing area. The r.m.s. intensity of this quantity is 0,013 for the
case illstrated, and its variation with incidence is shown in Figure 37, but unless
it can te shown that the correlation is approximately constant, and independent of
hoth incidence and any modifications which might be made, it is difficult to see how
this, or any other, simple function of the data can be regarded as a reliable criterion
for purpnaes of comparison. The possibility of direct measurements of the normal-force
fluctuation is therefore under consideration, as an alternative appreach, .

-

Another interesting result was obtained on a wing of this class; this was a delta-
wing with 81° leading-edge sweep, in which a single transducer was installed, for
preliminary measurements, at 75% of the centre-line choré behind the nose and at 70%
of the local semi-span. The results obtained are shown in Figure 138, 1t will be seen
that the maximum intensity recorded is low, and even this i3 apparently confined to a
narrow strip directly below each vortex, the peak value of VEF?E) for n = 0.2 occurring
when the vortex passes over the transducer position.

fFurther experiments have begun, with the object of determining contours of the low-
frequency presaure fluctuations on a wing with 60° leading-edge sweep; these measure-
ments are of particular interest, as there is a possibility ¢f comparative full-scale
data being obtained in flight. Preliminary results show levels of intensity under the
vortices of the same order as those measured on unswept wings. This is not necessarily
surprising since mean-flow measurements in wakes have suggested that the vortex struc-
ture caused vy o leadling-edpe {low separation may change falrly abhruptly with increas-
ing angle of swveep; at moderate angles of sweep the vortex cores appear to be diffuse
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and to exhlb:t either an Instabil{ty or a large scale turbulent structurs: at high

ungles of sweep - above 700, it 1s thought - the vortex cores contract markedly,

exhibiting high velocity components and no noticeable instability. Experiments are

conrtinuing for the purpose of examining the pressure fluctuations sassociated with ' ( :
these different types of vortex structure,

5. CONCLUDING REMARKS

The technique described in this paper has been proved, by use, to be satisfactory
for the measurement and analysis of pressure fluctuations on wind-tunnel models at
los speeds and, as Iindicated in Section 3.4.1, there is no reason to suppose that the
additional difficulties arising from its use at transonic speeds - in so far as they
affect the design and operation of the transducers and their associated electronic
equipment - cannot be overcome. It remains to be proved, however, that the ajr flow
ir & transonic wind tunnel can be sufficiently steady for useful results to be
obtained,

The applications of the technique to the low-speed investigations, described in
some detall in Section 4, suggest certain broad conclusions in respect of its suita-
hility for particular classes of problem and its general limitations. These may
usefully be summarised here:

(a) The technique is especially useful in fundamenta! research, since it provides
local data in flow fields where other techniques (e.g. the hot-wire anemometer)
cannot be used at all; some progress has already been made in relating the
rature of the fluctuating pressure field on thin wings to the mean-flow
structure, and further experiments (particularly if thev include correlsiion
measuregents) may be expected to lead to a much greater understanding of the
origins of the aerodynamic excitation which causes the full-scale vibration:

-

(b) When appﬁted to specific cases of aircraft-butrfet, the techniques described can
often be used, with fair certainty, to predict the effectiveness of medifica-
tions designed to reduce the buffeting;

(c) The approach is not, in general, suitable for determining the resultant load
fluctuation on a large area.

* It should, perhaps, be emphasized that buffeting is regarded as the forced vibra-

tion of an aircraft structure, and that the present technique is intended solely for
examination of the aerodynamic forcing excitation. However, the level of vibration
to-which the structure will be subjected depends also unon the aerodynamic and struc-
tural damping, so that knowledgec only of the excitation canaot be expected, in

geveral, to provide a sufficlient indication of the onset of buffeting. This limita-

tion must also be shared, to some extent, by all other techniques which aim at

measuring aerodynamic excitation on rizid models, such as load or moment measure- |
Jments, and 1t would appear that it is not completely overcome by techniques involving

4fir measurement of vibration levels on dynamic models. These involve all the problems
encountered in wind-tunnel flutter experiments, with the additional difficulties that
there would be no precisely defined critical vibration, comparable fo the self-excited
fiutter oscillation, and that, even if an accurate allowance could be made for differences

~
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between the model and full-scale aerodynamic and structural damping, the tolerable
level of vibration, full-scale, 1is not likely to be known.

On the other hand, it may often be assumed that the onset of buffet, should it
occur, is likely to be sharply defined. A sharply defined change in the irtens{ty
and scale of the aerodynamic excitation might then be taken to indicate that the
likelihood of buffeting exists and, to this extent, to provide a comparative criterion
- that is to say, a criterion which may be used in cumparing different curves of the
same tvpe. It is in this sense that the present technique has been used for the
prediction of the effectiveness of modificationsdesigned to reduce buffeting.
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