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SUMMARY
Four slender-wing free-flight models were used to investigate the local
pressure Tluctuations, sidn-fricticn and static-pressurcs across one spanwise
station under varying conditions of lx2ft and lMach number, At lach numbers
botmeen 08 and 1+2 s wcllwestablishecd free-vortox flow was aschisved over the
upper surface. The intcntion was to deternine the ratio betwecn the
intensity of the pressure fluctustions and the local skin-friction under

conditions of acttached and separalcd flows.

While measurements of rcasonable quality were obtained, the inherent
lLimitations of the telemeiry system did not allow a sufficiently broad band
of pressure-fluctuation freguencies to be measured so that the relaticnship
with skin-friction could not be determined., Therefore, a detailed analysis
of the results and comparison with other experimental or theoretical data has
not been attempted. But the present results are considered to be a useful
end significant addition 40 the rather meagre experimentsl data that exists
on this subject, particularily because they were obtained in conditions free
from flow imperfections suckh as Tree-stream turbulencs which exist in most

wind=tunrels,

* Replaces R.A.E. Technical Report 66339 - A, R.C. 29059
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1 INTRODUCTI.ON

The existence of pressurc fluctuations on the surface of an aircraft or
missile may have importunt repercussions on certain aspocts of the design.
For example, the fluctuations may menifest themselves zs nolse in the audio-
frequency band and thus reguire special accustic insulation for the cabin,
or they may exeite structural vibrations leading towards fatigue failure of
perticular components such as slkin panels, Such pressure fluctuations may

arise from several diffcrent types of flow,
(1) turbulence within an attached boundary layer
(i1)  an unctosdy scparated flow
(iii)} Jet noise.

This paper is mainly concerned with an investigation into the pressure
fluctuations under the leading-edge vortices that lie above a slender wing at
incidence. In this casé there will be pressuwre fluctustions arising from
turbulence veleocaties within the local boundary layer but the possibility
exists that the vortices themselves might have unsteady components that induce

additional fluctuating pressure loads on the wing.

SBone early low-spsed experiments made by OwenJI in the R.A,E, 41% £t low-
turbulence tunnel had suggpssted that this was the case and that, immediately
under the vortex cores, there was a nerrow region whers the Fluctuating
pressures were about three times the amplitude of those expected from the local
bvoundary layer. Tle present tests were thorelore made to investigate the

phenomenon at transonic specds and at supesrsonic speeds up to M = 2,

The experimental investigation of such pressure fluciuations is fraught
with difficulties. Tirsitly beceuse of the instrumentation problems involved
in measuring low-anmpl-tude prossure fluctuations over a very wide freguency
bond and secondly, because of d1ffaculities in analysing and interpreting the
experimental date, Vind-tumel tests rzise the additional problem of
discriminating between the pressures under investigation and extransous effects
arising from unsteadiness in the mein-stream Ilow, Special wind tunn0132 have
cnabled reasonably rolisble results to be obtained at subsonic speeds but
attempis to use the R.AE. 8 £t x 8 £+ supersonic wind tunncl have been largely
unsuceessful because of the spurious signals arising from the backsround
vibration and turbulence. Thore was, thercfore, an obvious advantage to be

gained by condueting such expsrimonts on free~flight rodels. As well as
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avoiding the background turbulence problem, free-flight tests can be made at
much higher dynamic pressurcs so that the fluctuating pressures become larger
and therefore easier to measure. On the other lhand new problems arise from

the need to telemeter the measurements,

The present Report describes the tests made on four geoometrically identical
models of an idealised slender-~wing sireraft configurations These models
were originally designed for cxperiments on dynamic stability and on the second
medel in the present series stobility tests were, in fact, being made
simulteneously with the messurcments of fluctuating pressure although the
results are not discusscd hors, These attempts on tho first two wodels to
acasure fluctuating pressuros were of an exploratory naturc, and were primarily
intended to ses whether such experiments could successfully be performed in
frec-flight., Both of these models were instrumented to messure the pressure
fluctuations at one point only on the wing surface under the lesding-edge
vortex. The results were cncouraging encugh to Jjustify the building of a
third model which was cquipped to meassure the fluctuating pressures at four
points elong one spanwise line and, simultancously, the local skin-friction
at two of them. The significance of ths skin-friction meesurcments was to
catablish whether or not the ratio betweon tho rms velue of the pressure
fluctuations and the locel skin friction, that had becen observed in some of
the subsonic wind-~tunncl testss, vas maintained at supersonic specds and
under the vortex. The rosults from the third model could not be interpreted
properly without some further information on the loeal flow regimes over the
wing surface, A fourth medcl was therefore made which was instrumented to
measure the static pressurce distribution along the same spanwise line and
also the local flow angle at a point under the vortex corresponding to one

of the measuring stelions for fluctuating pressure,

Then the results from all thesce four models were collated it was
obvious that the original question, docs the vortex flow impose additional
fluctuating pressures to those arising within the boundary layer, could still
not be answersd with any confidence. The main limitation of the fluctuating
pressurc measurements was that the instrumentation sysiom could not handle
froquences much above 20 ke/s.  The spsctrum actually measured is 200 c/s to

20 ke/s and includes only about half the total turbulence energy in the flow.

However, in spite of their limitations, the results from this series of
free-flight teasts are worth reporting because they reproscent somc of the first

mcasurements obtained of Fluctuating prossurcs under o scparatced vortex flow
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at transonic and superscnic spceds. Furthormore, the experience gained from
these tests gives some hope that the free~-flight technique can be used to
good advantage in work of this xind providing duc consideration is given to
designing the experiments in such s way that the high-frequency limitations
of the telemetry 1link ars loss important, This could be achieved, for
investigations of attached-flow conditions, by having a boundary layer of

much higher Reynolds number,

2 DAESCRIPTION OF THE MODELS

A1l four models ware of the same configuration, a general arrangement
drawing is given in Fig.1. The wings were of a "sandwich" construction,
having a + inch thick aluminium-zlloy centre plate forming the planform, and
hence the leading and trailing edges, with hollow fibre~glass mouldings glusd
above and below to provide the required thickness and profile. A detachable
hatch was fitted in the upper surface to give access to the instrumentation
systems (Figelrs) 411 the spanwise cross~sections were simple diamonds
formed by straight line generators from the centre-line profile to the
leading edges, Transiticn strips, composed of carborundum powder and starting
C+1 inch from the leading edge and O+5 inch wide, were applied to the upper
and lower surfaces along the whole length of the leading edges. On Model 1
the grit size was 0+C07 1nch but on Models 2, 3 and L it was reduced to
C-0035 inch. At the frailing edge two fixed elevators provided the pitching
moment for the required trin condition, The two halves of the elevator were
sct at slightly different angles to produce a rolling moment so that the model
performed a slow barrel roll as 1t flew down the range. This was necessary
to ensure that the models did not stray cutszide the range boundaries, On
Model 1 the mean elevator angle was 4+5 degrees, buf on the subscguent models
it was incressed to 10 degrees. FRach model was asccelerated to its maximum
velocity by a single solid-fuel rocket motor which separated at the end of the
boosting phasc leaving the medsl in a *cleon configuration' for the coasting

partc of the flight whils ths neasurements were being taken.

The models were ell ecguipped with R.A.7. sub-minlature 465 Me/s telemetry
systems but the detail arrangerienis varied considerably from model to models
Because the exporiment on Model 4 was of a very preliminary nature 1t carried
only a simple system consisting of one single-chamcel teclemetry set to transmit
tre fluctuating pressure data from one point on the wing (05 C,» 084 8) and

one multi~channsl set to transmit the information from normal and lateral



accelerometers at the cuege and a normal accelerometer at the recar, The
spanwise station for the fluctuating pressure transducer was chosen to be as

nearly undsr the vortex cors, for most of the flight, as could be estimated,

Modsl 2 was used primarily for an investigation of dynamic stability at
1ift and earried a multi~channel telemetry sct with a complete arvay of
accolarometers to measuros all the components of motion and a differsntial-
pressure probe at the nose for determining incidence and sideslip, A single-
charmel telemetry set wes used to transmit the fiuctuating preossurc information
from one point on the wing. Because of the other equipment in the model this
pressure transducer had to be mounted further forward on the wing than the
transducer in Model 1, It was, however, placed at the same non-dimensional
spenwise position 0¢84 s (Mg.2)e The only acrodynamic diffcrence between the
measuring stationa on Models 1 and 2 was therefore a small change in Reynolds
rumber and a small differencc in local lesding-edge angle {24+l degrees on
Model 1 and 26+8 degrces on Model 2},

Model 3 was instrumented entirely for the investigation of pressure
fluctuations and loeal skdn-friction. This rcquired a mors complicated
telemetry system with two multi-chanrel sets, The geometric arrangoment of
the pressure transducers and surface-pitot tubes, for the skin-friction
measurementah, is shown in Fige2. With this arrangwrent of pressure
transducers it was hoped that the inbtoard one, at 05 s would be in an attached
flow region (Fig.5) for the vwhole of the flight and that the re-attachment line
of the primary vortex would swoep across the other three as the incidencs
increased during the flight. A fifth pressure transducer was mounted at
0+*6 s in such a way that it was sealed off from any pressure varistions on the
wing surfacs, Tt therefore was sensitive to vibration forces alone and the
intention was that, in this way, a qualitative indication would be obtained of
the vibration component present in the records from the other four pressure
transducers, In addation to the instruments shown, the model carried normal
and lateral accelerometers at the c.g. 2nd tail and a differentisl pressure

ineidence/yaw probe for determining the trim conditions.

A complete description of the transducers and telsmetry systems used for

the fluctuating pressure measurerents is given in Appendix A.

Model 4 carried one rmulii-schannel telemetry set with normel and lateral
accelerometers at the c.g., o lateral acceleromster at the tail, an incidence/

yaw probe and 16 pressure transducers, Thirteen of these were used to measure



the static pressure disiribution across the upper surface semi-span at the mid-
chord (Fig.3) and the other three were connected to surface pitot tubes,
arranged as shown in Fig.3. The razor blades at stations 15 and 16 were
mounted orthogonally o sach other with the intention that the local flow

angle could then be resolved from the known variation of surface-pitot pressure
with local flow angle&. The raezor blade at stalion 14 wes mounted at an angle
which was estimated to be roughly normal to the local flow under the vortex so

that a good measurement of the local skin-friction could be obtained.

3 DISCUSSION OF RESULTS

Tt Mlight conditions

Although the models were geometrically identical and boosted by the same
kind of rocket motor there were, of course, differences in their f1ight
conditions. This was mainly bscause of the different sltitudcs reached
(apogees varying between 2560 £t and 5050 fi), buk also because of the lower
drag of Model 4 arising from its lower trimmed 1lift. The time histories of
velocity, Mach number, dynamic pressure and Reynolds rumber are plotted for all

the models in Fig.6.

Curves showing the variation of trim 1lift cosfficient and incidence with
Mach mumber are given in Flge7. The sufden increase in CL snd incidence as
the models decdlerate though the transonic range 1s clearly cvident and occurs
mainly because of the decrease in static margin from the supersonic to the
subsonic conditions. The lower tran levels of Model 1 compared with the
othor three follows from its smaller elevator angle (45 degrecs compared with
10 degrees). It is evaident that Model 4 trimmed at a slightly lower value
than Models 2 and 3. This is consistent with its slightly further forward

CeEe position,

The gencral level of incidence and 1if't coefficient that could be
achieved was limited by considergtion of flight-path control, At ¥ach numbers
between 2+0 and +0iodels 2, 3 and L were flying with & normal acceleration of
between 7 and 8g. L5 they deeclerated through the transonic region the
nornal accclerstion peaked to sbout 12g. This was thought to be the limit
that could safely be used, in conjunction with the barrel-roll manceuvre,
bearing in mind that the models did not carry any form of self-destruction

device that could be operated if they flew beyond the range boundaries.



Wind tumnel tests have shown that, for wings of this configuration, the
leading-edgo vortex type of flow does not beocome established until the
incidence has reached sgboul 2 degrees. The curves of trim incidoncs (Fig.7(b))
show that this condition is not reached until the Mach number has fallen to
about 104 on Model 1 and betwcen 1<4 and 1-2 for Models 2, 3 and 4. At
higher Hach numbers, therofore, the pressure fluctuation would be measured in
a region of attached flow. But as the vortex flow developed with the simul-
taneously increasing incidence and falling Mach number the ro-attachment line
would move across the mcasuriag stations. At the lower Mach numbers therefore

some measurements were oblaincd in the region under the vortex.

342 DRms pressures

In Pige3{a) a comparison ia madc betwcen the rms pressures measured at
epproximately the same spanwise position on llodels 4, 2 and 3 and Tig.8(b)
shows the spanwisc veriation of rms pressure measurcd on Model 3, It is
important to stress heore that these wvalues of rms preossure do not represent
the total energy prescat in the turbulent flow because the ilastrumentation
system could not handle prossures flucluating at frogquencies below 200 c/s
and above 20 ke/s. Within the neasurcd fregquency band, however, several
interesting features can be seen, Very similar rosults have been obtained
from Models 2 and 3 whore the trim conditions were similar and the same kind
of fluctuating proessure tranaducers werc usede, Thls encourages one to
beliieve that the whole instrumentetion and analysis system Is giving
consistent results, But in the case of lodel 1 there is a marked difference
below M = 1+2 where the rms pressure falls away with decrcasing Mach number
before rising very suddenly indced near somic speed, Some aspocts of this
bohaviour which nre evident from the spactral density distributions are
discussed in paragraph 3,5. In the results from Modol 3 (Fig.8(b)} of the

spanwise distribution of rms pressurc, three characteristices stand cut.

(1) At Mach munbers below about 1+6 the rme pressures at the inboard
station, 05 s, arc markedly lower than at all the other stations. This
immediately suggests that the re-attachment line of the primary vortex lies
somewhere betwzen 05 s and C-75 s.

(2) The curve for +tne transducer at 0-75 s docs not follow the general
pattern, as it shows particularly high values at the highest and lowest
Mach rnumbers of the test,

W
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(3) The rms pressures measured at stations 0-825 s and 0+5 s increase
smoothly as the Mach numbor £alls from M = 1-4 to 1-2 and as the local flow

changes from an attached to a free-vortox condition.

The signal from the vibration monitoring transducer is at a very low
level throughout the flight, although it increases somewhat as the Mach number
falls and the intensity of the pressure fluctuation increases. The vibration
amplitude hes not beecn subtracted from the outputs of any of the pressure
transducers because it is only a very crude measurement, The curve sﬁown in
FigeB(b) represents an upper limit of the vibration signal recorded and should
bo used only as a qualitative guide in assessing the pressure measurements
from the other trensducers. Evidently the results obtained at stations
Ge75 5, 04825 s and 0-9 s at the lower Mach numbers are little affected by any
spuricus vibration effcots., On the other hand it is impossible to obtain a
very accurate measure of the low-amplitude pressure fluetuation in the attached-

flow region at 0+5 s or at any station at Mach numbers much above 1+6,

?+3 Local flow conditions

A selection of the spanwise static pressure distributions obtained from
Model 4 are plotted in Fig.S. The rapid deveclopment of the vortex at Mach
numbers below 1+ 3, corresponding to incidecncesabove 2 degrecs, can be inferred
from the rapirdly increasing suctions at the outboard stations. The local
peaks in the pressure distributions at 072 s are somewhat surprising. They
do not seem to have been spparcnt in any other experiments and it is difficult
to find a theoretical explanation for them., The experimental records out-
board of 0-8 s are sinilar to thosc obssrved in wind-tunnel tests on slender
wingsB. In the prescnt results the peaks at about 072 s secm firmly anchored
to the same spanwise position in spite of the clear development of the vortex
flow, It does not seem likely that this is a spurious result arising from the
malfunction of cne pressure transducer since the shape of ‘the pressure distribu-

tion curves in this region are defined by two or three pressure measurements.

Turning to the measurement of the local flow direction (Fige10) it is
evident that the vortex flow swceps across the station at 0+825 3 at about
M = 1+2, corresponding to an incidence of 2 degrees. But the very large
locel flow angle of more than 70 degrees which is indicated at incidences above
3 degrees is most unlikely, In deriving this flow angle the original
intention of resolving the moasurements from the two orthogonal surfage-pitot
tubes 15 and 16 (Fig.3) could not be realised becsuse the transducer at
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station 15 4id not work properly. The resolution was therefors attempted
using the measurements from the surface pitot-tube facing the frec/stream
direction {No.16) on the starboard wing and the tube angled at 415 degrees
(Moe14) on the port wing., This assumes, of course, thet the flow 1s
perfectly symmetricel on both sides of the wing., Further errors must
certalnly arise because thase two measuring stations are not at precisely

the same spanwise locations Butbt the main source of error must Iie in the
assumption that the local surface pressure varies with 0032 O« This
relationship has been verified for local flow angles up to 30 degrecsh and
might be extrapoleted up to, soy 40 degrses, But it is certalnly unjustifiable
for angles as great as the 70 degrees indicated relative to the pitoit-tube at
station 16. On the basis of oil-flow studies made on a similar wing under
similar conditions in a Wind-tunnel6 a more likely curve has beeon plotied in
Fige10s Here on assumption is made that the prescnt measurement of the
incidence and Mach numbor at vhich the local flow starts to swing round is
correct although the magnitude of the turning angle 13 wrong., A maximum
flow engle, © = 45° has thercfore beoen assumed, on the basis of wind-tunnel

evidence, and the smaller anglcs have been reduced in proportion,

3el+  Relationship betweon local skin-friction and rms prossure

The local akin-friotion coefficients, derived from the measurcments
cbtained from the surface~pitot tubes, on Models 3 and 4 are plotted in
Figeits The dotted portions of the curves between M = 0¢95 and 1+L are
interpolations to cover the region within which nc adequate calibration

equations exist relating the skin friction to the surface-pitot pressurs,.

On the basis of the flow direction data of Fig.10 the skin-friction
ccmponent in the free-sirean direction (Fig.11(a)) is, of course, the skin
friction for stations C¢H s at all Mach nusmbers and 0-825 s, at Mach numbers
above 4¢3, At Mach numbers below 4+3 the local flow persists in the free=
stream direction at station 0+5 s but swings round through above LO degrees
nt station 0-825 s. The fact that the free-stream skin-friction values for
these two points are coincident al M = 0+95 and 0+8 is probably mere chance.

When due allowance is made for the loeal flow angle at station 0-825 s the
skin-friction is, of course, much higher than for the inboard station (Fig.11(b}).

It is possible to compare the measured skin-friction with estimated

values for the condition where the flow is attached =ince the boundary-layer

¢ Raugh estimates of the local skin-fricticn ere made ond pragented in this secticn. An attempt iz made
t~ compare them with the rms pressure as It wes thougntd at the time the annlysis was done that there was
a correlation between them, Hecent unpublished work by Owen Indicztes that thers would not be such a
correlation, at any rate in the frequency range within which the xeasurements were taken.
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run can be defined., The estimated curve (Fig.11(a)) has been taken from
Ref.7 where calculations were made for an identical free-flight model, But
under the vortex no attempt has been made to estimate the skin-friction since
boundary-lasyer conditions are so complicated and the appropriate boundary-
layer run is not known. Workang beckwards, however, from the measured values
of skin-friction (in the local-flow direction) the theoretical boundary-layer
run would be about one inch, This is roughly the distance along a streamline
from the re-attachment line to the measuring station at 0+825 s which suggests
that the boundary-layer probably starts afresh at the re-attachment line with

1little entrainment of the thicker boundary-layer flow from the inboard reglon.

The ratio betweon the local rms pressurc and skin-friction is of
considerable interest. Theoretical and experimental studiea have indicated
that this ratio is gbout two for conditions under a two-dimensional attached
boundary-layer, Wyatt and 0wen8 have tentatively showm, from their low-speed
wind-tunnel tesits, that the ratio is maintained under the vortex. This
suggests that 211 the inereszse in fluctuating pressure under the vortex arises
from the higheshear boundary-layer conditions there and that there is no
additional component introduced from any unsteadiness in the vortex flow
itself, In the present tests it was hoped that a similar linc of reasoning

could be pursued to see if this condition still held in supersonic flow.

In Fig,12 the ratio of the local rms pressure to the local skin friction
is plotted, from the combined results of Models 3 and 4, for the inboard
station (05 s) in the region of attached flow and for one of the outboard
stations (0825 s) under the vortex, The rssult for the inboard station,
where one might expect the ratio to be about 2, is clearly very low. The
amount that the curve falls below\zgéﬁr = 2 is probably indicative of the
energy in the turbulence spectirum above 20 kc/s that has not been measured.
Bearing in mind the limited frequency range, the high level of the curve of
the outboard station is somewhat surprising. One would expect that the
thimer boundary-layer in this region would have a larger proportion of its
turbulent energy et the higher frequencies outside the measured band and

therefore not ineluded in the rms value. Does the '"measured! ratio

Jpz/% 2~ 2 under the fully developed vortex flow below M = 1+3 therefore imply

that there is a considerable degroe of turbulence being added by the vortex
flow?  Unfortunately the unceriainties in the measurements of rms pressure
(because of the freguency limitation) end in the measurements of skin-friction

{because of uncertainty in the local flow angle) makes this question
impossible to answer from the present tests.
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3.5 BSpectral density distributions

A small sample of all the spectral density distributions of (presaure)2
obtained, is given in Migs.1? and 14&. Comparisons sre made in Fig,13 between
the distribution at the (nearly) common station C+84 s and 0825 s on Models
1, 2 end 3 while Fig.14 shows the spanwise variations obtained on Model 3,

On comparing the results between the three models, at the transonic

Mach number 097, there is little difference in the shapes of the distributions,
epart from a small peak at 2300 c¢/s on Hodel 1 although there is considerably
more energy present in Hodel 1 than in the other two as has already been noted.
But at M o 1-2 the distribuiion from Medel 1 is seen to be markedly different
from the others with a large part of the energy concentrated in the band 3000
to 8000 ¢/s. This ‘peaky' distribution was evident on Model 1 at all super—
sonic speeds although the peak collapsed quite suddenly itransonically. DPeaks
of this megnitude 414 not appear in any of the spectral density distributions
from the other two models and they therafore probably represent a spurious

result from the sarly and infarior type of pressure transducer used on Model 1.

Bearing in mind the difficulties of the experimental technigue, the
degree of similarity between the results from Models 2 and 3 is gratifying
and gives some grounds for confidence that repcatable and meaningful results
were being obtained on the later models, Turning now to the more detailed
results from Model 3 the subsonic set of curves (Fig.14(a)) show that a
rather different spectral shape obtains in the region of attached flow
(y/s = 0+5) compared with the outboard stations under thes vortex. At this
Mach number the incidence is between 5 and 6 degrees and s0 o strong vortex
has been cstablished over tho region covered by the thirec outermost transducers.
It is evident that the middle part of the measured spectrum has besn 'f£illed in'
at these stations compared with the inboard one. This is rather surprising
when we consider that the very high-shear flow under the vortex would be
¢xpected to have s larger part of its energy at the higher frequencies,
This 'filling-in' process can be traced through from the rosults, at higher
Mech numbers and lower incidences (Figs.4i(b & ¢)). In fact, apart from the
result for station 0-825 s, the trends of the curves have changed completcly
between M = 09, o = 6° and I = 18, o = 15°  When the spectra are plotted
in s non~dimensional form (Figs.15 and 16) these trends arc not so evident
but the non-dimensional spectra have been given to facilitate comparison with
results from other testa, In these plots the frequency has been non~dimension-
alised by multiplying by the ratio, local semi-span over veleoeity, and the
spectra function,
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n F(n) = spectral density x frequency x —% .
q

3,6 Limitation of the instrumentation system

The reliability of the mcasurement of rms pressure and speciral density
from the piezoolectric transducer signals depends on having a high enough
signal/moise ratio at the output of the post-discriminator filter (Fig.23(e)).
Some indication of this can be obtaincd by inspeotion of the 35 mm film record
to see whether the isolating channels are clean, as indicated by Fig.20.
However, this film was recorded with the normal low pass filter with approxi-
mately 3000 ¢/s cut off, and the effect of increasing this to 20000 ¢/s must
be considered. In an P.M. system, a freguency to voltage discriminator

improves the signal to noise power ratio by an amount given by

2

f
S\ A\ N S I
(.N;” out (N/in 2 ¢ 5 B

where fD =maximum frequency deviation

fM= bandwidth of the post-diseriminator filter

fB~_— bendwidth of the pre-discriminator filter.

This improvement tekes place above the discriminator threshold which
occurs at an input signal-to-noise power ratioc of approximately 12-6:1, and
below this level the output signal to noise ratio decreases very rapidly.
If we now take the following volues of

fD = 15 ke/s
£y = 70 ke/3 (120 ke/s to 190 ke/s)
£y =3 ke/s standard filter

or f,, = 20 ke/s special filter

M

Ve find an improvement in signal to noise power of 870 for the 3 kec/s filter,
and 2+95 for the 20 ke¢/s filter. Thus, in the case of the 20 ke/s filter the
output signal-to-noise power ratio at threshold will be 37:4, Since the
noise voltage output from the discriminator is proporticnal to frequency, this

means that, with a constant spectral density signal from the transducer, the
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signal to noise spectral density ratio at the highest frequency, i.e. 20 ke/s
would be 12¢3:1 and at 10 ke/s the signal to noilse spectral density ratio would
be L9:1.
total rms pressure measurcment, and an error of 8w in speciral density presswre
For signgls 104b above threshold these errors would
be reduced to 0+35 for the rms measurcment, and 0-8. for the spectral density.
The received R.F. signal strength with respect to threshold is shown in

Fig.21 for the two transmitiers of Modol 3, It is secn that transmitter 2
remained at s level of more than 30db above threshold until 35 see after

launch, whereas transmitter 1 foll below threshold at a time of 18:6 sec and

Thus at threshold we could have an error of spproximately 2¢7% in

messurement at 20 ke/s.

intermittently after this. As a check on the noise-amplitude caleculations,
samples were analysed from each “rensmitter on the launcher (i.e. with no
transducer signal input) and also a series of samples from the carthed
isolating channels from transmitter 1 were joined together and analysed as
one sample, These covered the time period 20+6 - 26 scc, but periods when
The

The mean

receiver noise was obviously present, e.ge 23°5 sec, were nvoided.
rosulting squivalent spectral density levels are shown in Fig.22.
lovel from the transducer at 0+825 s on the launcner, Fig.22(a), is seen to
be approximately 2 x 10-8 (psi)z/cps. When compared with the white noise
oalibration of 8:8 x 10 (psi)2/cps, this gives a signal to noise ratio of
some 400, This limit could be set in the cathode followe? and axplifier
stage in the model, or in the rocording and roplay equipment uscd on the
The background noise botweon 20+6 and 26 sec on transmitter 1 is
shown in Fig.22(b) and is approxinately 3 x 1077 (psi)z/cps at 20 ko/s.

The R.F. signal strength at this time was smaller than <hat for most of the
other samples from the transduccr at station 0+75 s.

ground.

If we take the measured
spectral densities from this transducer at 20 ke/s as a comparison we have:=

-

m . Baclkground
Transducer at 075 s noise
Sample Lo Q05 B 5% 13.98- 1607~ 17+19- 206
Time sec L+ 55 R98 e ly2l 46052 17+65 26
Spect. density | 22 x l 2 x 2¢2 x 7°0 x 106 x 30 x
at 20 ke/s 10~6 106 10~6 10~6 10-0 10~7
*Signal/noise 73 67 73 23 55 -
at 20 ke/s {

* This assumes that the R.F. signal strength was equal to that of the

sample for background noise,




For all the samples shown, the signal level was higher than that at the

time of the background noise sample so that the agbove figures are pessimistic.

If the white noise calibration level of 8+8 x 10-6 (psi)?/cps is taken
es the full scale signal, then the calculated threshold signal to noise Tatio
of 12-3:1 at 20 ke/s gives o nolse spectral density of 72 % 10”? (psi)gfbps
at threshold. This agrees well with the megsured background noise spectral

density of 3-0 x 4077 (psi)z/bps at approximately 3db above threshold.

Using the figure of 12¢3:1 signal to noise ralic at threshold, and
taking account of the signal strength level with respect to threshold and the
magnitude of the transtucer output, the following estimate has been made of
the errors for the *transduccr at 0-75 s at 20 ke/s.

Sample . "y - . el - * - - . — .
time se0 4005-1+55 | 8453~8+98 | 13-9-14-42 | 16+07-16-52 | 17+19-17+65
Spoctral - -6 -6 -6 -5
density at 222 x 10 2:0 x 1C 222 % 10 70 x 10 146 x 10
20 ke/s
% of
# Pull scale 25 25 25 8 180
db above
threshold 16 10 8 3 8
W
Fstimated
s1gnel/moise 125 28 19 20 140
at 20 ke/s
% error 1in
spet. dens. at C-8 35 501 50 07
20 kC}/S : |

* full scale teken as white noise calibration level,

In the case of transmititer 2, the R.F, signal sirength was more than
3Cdb above threshold for 11 the samples, i,es for the transducers at 0:825 s
and 0*9 s throughout the flight., In this case the signal strength conditions
would virtually be the same as on the launcher, and the limits would again be
set by the cathode follower and amplifier or by the ground recording and
replay equipment.
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A POSSIBILITIES FOR FUTURE WORK

The practicability of using free-flight model for investigations of
boundary-~layer pressure fluctuations has been clearly demonstrated with this
series of models. There 18 a real advantage in not having sny spurious
effects from wind-tunnel turbulence superimposed on the boundsry-layer
turbulence. But the full potentisl of the technique cannot be realised
unless a much more complete spectrum of the turbulence energy can be recorded

for analysis. The two avenues towards improvement in this dirsction are,

{a) to fly models which have a much thicker boundary-layer and hence
lower turbulence frequencies,

(b) to improve the operating characteristics of the telemetry end

recording system so that higher freguencies can be measured.
These two possibilities wall now be examined in turn.

ot Aerodynamic considerations

If we postulate that, say 85. of the toital turbulence energy must lie
within the frequency range 200 = 20000 o/s wes may caleulate the boundary-
layer thickness appropriate tc this spectrum and hence the boundary-layer
run required. Such calculations based on a rough estimate ¢f the spectrum
show that for free-strecm velocity of 2000 ft/sec, a boundary-layer run of
about 14 £t would be adequate, This would be very easy to achieve for the
attached-flow along a simple free-flight model such as an ogive-cylinder but
it is probebly impossible to achieve, on any reasonsbly-sized model, for the

portion of the boundary-layer under s scparated vortex.

t would therefore seem sensible to tackle, et least, the simple
attached-flow type of boundary-laver expsriment in free-flight. The model
could merely be an ogive cylinder about 20 fi long and, say 2 £t diameter
housing an internal, non-separating rocket motor, Fluctuating-prassure
and sidn-friction transducers could be spaced at intervals elong the length
of the body if simultaneous reasurcements at different Roynolds numbers wers
required. One problem might be the excitation of sizeable body vibrations
from the separated turbulent base-flow: +the base would have to be blunt, to
accommodate the rocket-motor nozzle whereas, with the present series of delta
wings, a cleazn trailing-edge separation was assured, If this problem should
materiglise some improvement could probably be made by changing the type of
base-separation to a multicrele vortex twpe by sultably shiaping the after-

body.
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hal Instrumentation congiderations

The uppsr frequency limit of the present technique 1s set by the
frequency of the sub-caerricr and the method of recordings. Thus if we set a
limit of 5 ke/s between the highest signal or modulation frequency, and the
lowest of the fregquenciocs of the modulated carrier {this determinos the sharp-

ness of the out off of the post discriminator filter), we have approximately

Fo= (£, +5) + 2 + 1))

wnere ¥ = max. frequency which can be rocorded
f‘bi = max. signal f requency
4
fD = froquency deviation.

Tor

F = 100 ke/s

we have for

5 Ty
£y =5 ke/s, £y, = 28 ke/s fp = Z(fD + fM) = 66 ke/s, 3 = 0-075
M
£ g
£, = 10 ke/s, £, = 25 ke/s £y = 2(fD + fﬂ) = 70 Xc/s, —-ﬂg-ﬁ = 0245
P
K
5 5
= = 2 = = ! = * D
£y 15 ke/s, Ty 2 ko/'s £y 2(fD + th) 7h ko/s, f3 1+ 5
M
The values used in practice were
fg £
£, = 15 ko/s £, = 20 ke/s £, = 70 ke/s B. 4.98

=

Thus by accepting a worse signal to noise ratio at threshold it would
be possiblo to extend the uppor frequency limit to 28 kec/s with the present

tape recording equipmenta

Several alternatives ere possible if it 1s required to extend the upper
frequengy limit of the tests atall further. The same signal to noise

improvement at threshold could be maintained by incrsasing sll three frequencies
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fD’ fB and fM in the same ratio, but the pre-discriminator signal to noise
will bs proportional to 1/?8, 1,8, threshold will take place at a larger R.F.
signal input. Modifications will be needed to the pre and post discriminator
f1lters, and a higher frequency tape recorder will be required. {Alterna=
tively for the wider bandwidth sgystem, the rscording could be made afier the
frequency/voltage discriminator in real time, when the present recorder would
enable freguencies up to 100 ke/s to be recorded.) For higher frequencies
8%311, there is the possibility of using the S.R.D.E. or 450 type telemetry
in its single chamnel form, together with & wideo tape recorder, The air-
borne equipment for this is much larger than for the 465 system, and video
tape is only asvailsble at Woomera. (Increased transmitter power would also
be necessary.)

The other approach of choosing a thicker boundary layer has the
disadventage that the magnitude of pressure fluctuation will alsc be lower
and the limiting fector would be the noise of the amplifier first stage.

A rough assessment of the amplifier noise can be given by assuming that the
noise generating resistor is the 2 MY in the grid and the cathode follower,
then

° = L k TRB

where E = noise voltage, k = Boltzmann's constant, T = absolute temperature,

R = resistance and B = bandwidth., Assuming B = 20 ko/s, this gives
T = 18V,

If the noise figure of the first valve is 6db, then the total noise voltage
will be 36 uV. Thus for a 5/N ratio of 100:1, the lowest signal voltage
which could be measured would be 3+6 mV. This compares with the present
level of 125 mV for full scale in Medel 3. Estimates show that a 2:1
reduction in rms pressure would be consistent with the inereesed boundary
layer run suggested in Ssection 4.1, and hence amplifier noise should not be
a problem.

5 CONCLUSIONS

Measurements were obtained of the pressure fluctuations under rcgions
of attached and scparated-vortex types of flow over ithe Mach numbcer range

0+8 to 1°8. But the limitations of the instrumentation sysiem precluded
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measurements at frequencies above 20 k¢/s where much of the turbulence energy
lies, This limitation did not allow any meaningful comparison with measure-
ments of the local skin-friction coefficients to be made and so the main
purpose of the tsests could not be realised.

It would be well worth-while, however, continuing investigations of this
type in free-flight if the work is limited to measurements at high boundary-
layer Reynolds numbers. It should be possible to do this for attached flows
on simple non-lif'ting bodies of revolution,
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Appendix A
INSTRUMENTATION FOR MEASURING FLUCTUATING PRESSURES

A1 Roguirements

The instrumentation requirements were based on the low-speod measurments
obtained by Owen in the R.A.E. 1% £t low turbulence tunnel, These indicated
that the megnitude of the pressure fluctuation would be about O+5 psi rms and
the peak pressures would occur in the freguency range 10 ke/s to 20 ke/s
depending on Mach nmumber, Ground equipment considerations as discussed
later, set the upper limit of frequency measurement at 20 kc/s and & lower
limit of 100 ¢/s to 200 ¢/s was chosen.

A.2 Transducers

The %4ransducers used in the models were circular disc piezoeloctric
bimorphsg. The one used in Model 1 was rim-clamped and subsequent trans-
ducers werc all centre supperted (Fige17). Their electrical characteristics
were as follows,

:
Model | Location Caisgity fgzgzziiy Seq;i;i;ity Di:t;::r
ko/s
1 0-8l 8 1000 b5 031 0-25
2 | 084 s 140 80 0+152 0:125
3 0:5 s 168 &8 Or43 0-125
3 0-75 8 157 10 0+ 095 0+125
3 0:825 s 180 100 0-225 0-125
3 0:9 s 168 100 0-28 0+ 125
I3 068 | 167 1 87 i 033 0+125 |

It can be seen that the rim-oclamped transducer in Model 1 had a larger
diameter, higher capacity, and a lower natural frequency than the remaining
transducerse The sensitivity to strein transmiited through the body is less
in the case of the centro supported dises, as also is tho temperature

sensitivity, due to the comparative isolation of the piczoolectric element
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from the body. The transducers were calibrated in a small shock-tube by

applying a known step-pressure change to them, The pressure equivalent to ig
- 2

acceloration normal to the planc of the plato is 5+3 x 10 3 1b/in”, for both

types of transducer,

A.3  Cathode follower, emplificr and filter

The expected pressure fluctuation level was approximately 0+5 lb/in2 rms
and since the voitage input nceded oy the telemetry system was 2¢5 volts, an
amplification of 8 was selected for the first model., The amplification used
for subseguent transducers was based on the results obtained from Model 4, and
on the position of the transduccr in the models The input impedance of the
amplifiers was determined by the capacity of the individual transducer, and
by the lowest-frequency pressure fluctuation to be measured. Thus in the
case of the centre-supported transducers, an input impedance of 10 M} gave a
reduction in gain of % at 100 ¢/s compared with that at 1000 ¢/s. A cathode
follower of 10 M0 input impedance was used for all the transducers, but the
low-frequency responsc was deliberately degraded in Model 1, by feeding through
a 100 yuF capacitor, so as to give a quick recovery time, The cathode
followers also had to handle, without overloading, any large outputs from the
transcucers duc to "ringing" of the crystal at its natural frequency.

Although the ringing frequency would be well above the recording range of the
rest of the cquipment, distortion in the cathode follower could give rise to
spurious frequencies caused by the "ernvelope™ of the ringing. The cathode
followers werc in fact capable of handling inpats of 20V peaketo-pcak without
distortions Low-pass filters werc designed to go between the cathode
follower and amplificr stages so as to pass frogquencies up to 20 ke/s and oute
off the orystal natural frequency, again to avoid distortion due to overe
loading in the amplificr stagc. M - dorived filters were used with damping
resistors to remove transient effects, The complete circuits for the cathodc
follower, filter and amplifier stage for Modell are shown in Pig,18. In the
subsequent models, the filter cut-off frequency and amplifier gain were

adjusted to suit the particular itransducer and the expected pressure input,

Al Switching arrangcment in Hodel 3

The swiiching errangonent for Model 3 is shown in Fige19. The minimum
duration of the sample was dctermined at 05 sec by the low-frequency limit of
the pressure fluctuations and by the SPADA cquipment used for the analysis10.

Hach transducer was connected to its own cathode follower, filter and



22 Appendix A

anplifier, and the amplifier outputs were sempled at approximately 1 sec
intervalse The information from the transducors at stations 0+5 s and

0*75 8 was relayed by transmitter No,1, and from the transducers at 0825 s
and 0+9 8 by transmitter No,2, Isolating charmels were interposed betwsen
the transducers for identification purposes., One of those was earthed, and
the other was commected to the ocutput of a 2h-channel high-speed switch

(80 o/s). Thus it was possidble to monitor accelerations and skin-friction
pressure measurements for periods of 1/12 sec at intervals of 1 sec on each
transmitier in turn. The 'dumy' pressure transducer at 0+6 8 was also
sampled by the high-speed switch. Since however the sampling time was only
1/200 sec, a full speciral anslysis was not possible but an approximate rms
value could be determined. A qualitative assessment of the vibration
amplitudes experienced by the four active pressure transducers could be made
by comperison with the dummy one (Fig.20).
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Appendix B
GROUND RECORDING SYSTEM

At the ground recording station the telonmetry signal was passed through
a frequency/voltage discriminator and a low-pass filter before being recorded
on film and tape. A short sample of the film record from Modol 3 is shown in
Fige20. The film speed was 96 inches/sec and the records from the four
piezoeleetric transducers and isolating chamncls can be seen., This record
was used for the analysis of date transmitted via the high-specd switch, i.c.
accclerations, incidence and yaw measurements, skin~friction, end also for
the piezoelectric transducer used for vibration momitoring. The film record
was also used g8 an indication of the reliability of the output from the
piczoslectric pressure itransducers. The record reproduced in Fige20(b)
shows that transmittcr No,2 was working setisfactorily, but that the signal
from trensmitter No.1 wos Deing masked by receiver noise, The nature of a
signal containming receiver noise is seen to be noticeably different from a
gehuine transducer output, This sample was reccorded at 19 seconds, (M = 0-9),
when the signal strength from transmitter Noet1 first dropped below the
receiver threshold {(Fig.21(a)).

The final input required for SPADA is I inch amplitude-~modulated
magnetic tape, and the froquency range of amalysis is 10 ¢/s to 10 ke/s.
The Aberporth range rccording facilitics includs ¥ inch magneiic tape at a
standerd speed of 60 inches/sces  Tho normal airborne sub-carrier is
frequency-modulated by the signal output at a rean frequency of 145 ke/s and
with a frequency deviation of #15 ke/s. This frequoncy is translated after
reception, to 50 ke/s +15 ke/s, and recorded on the + inch tape at 60 inches/

BoC,.¥

By replaying the £ inch tape at 30 inchos/sec through a frequency/voltage
diseriminator followed by a low pass filter with 10 ke/s cut-off, the
freguencics of the original pressure flucituations were divided by 2 and
recorded on 1 inch tape for SPADA analysis. Pressure fluctuaiion froquencies
up to 20 ko/s were thus rccorded as frequencies up to 10 kxc/s, and 0+5 sec of
flight time became 10 sec of SPADA tape time. A block dilagram of the

complete system is shewn in Fige23.

* A synchronisation frequency at 186 ke/s is usually uscd with this telemetry
system and to accommodate this, the telometry bandwidth is 120-190 ke/s. 1In
order to make maximum use of this availsble bandwidth, the mean frequency was
set to 155 ke/s and the frequoney deviation kept at 45 ke/s to allow for the
20 ke/s modulation frequencye
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Appendix C
ANALYSTS TECHIEQUE FOR FLUCTUATING PRESSURES

The analysis of the plezoelectric transducer outputs was done by means
of SPADA 10. (Spectral Density and Amplitude Distribution Analyser.)
This analyser covers the frequency range 10 ¢fs ~ 10 k¢/s, but because of the
recording technique described in Appendix B this corresponds to 20 c¢/s - 20 ke/s
for the transducer frequencies, The signal to be snalysed is recorded on 4 inch
magnetic tape at 16 cm/sec and is replayed at a speed which varies contimuously
from 160 cm/sec to 16 cm/sec through three fixed frequency filters with centre
frequencies at 100 ¢/s, 1000 o/s and 1000C c¢/s and relative bandwidths

o :*%g\ of 0+25, 012 and 0-58 respectively, A 15 second sample is the
/
longest one which can be analysed and shorter samples are made up to the sane

1iength tape loop by the addition of blank tape. A sampling error is intro~
duced if the sample time is too short and a minimum time of 0+5 sec of flight
time l.8. 1°0 sec of analyser time was used. The spectral density of the
signal is obtained in the fornm

_ £40%9

£ [ (7 rms) 2] %
12 L
Z! .

- _Jf1

£ 4

where [}y(ti} 22 denotes the vibration time function recorded over the
_if k

T4

period t1 - t2 in the frequency range f1 - f2 and.;? is the average valuc of
the speotral density within these limits. The analyser produces a plot of
the spectral density of the signel against frequency, and this is compared with
a Similar plot for the speotral density of a white nolse source of lknown
amplitude recorded through the same complete system., A Dawe instruments
white noise generator with 20 ke/s cut-off was used, and this was connected to
the cathode follower input instead of each plezoclectric transducer in turn,
The resuwlting signal was rcecordsd shortly before firing in the same way as the
flight record. Becausc of the shape of the cut-off of the filter in the
white noise gencrator, the speciral density of the source was not constant

up to 20 ke/s, A corrcciion therefore had to bo applied to the speotral
density distribution obtained from each of the pressurs transducers to allow
for this effect.
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SYMBOLS

centre line chord
semi span

1ift coefficlent
Mach number

skin frietion
angle of incidence

spectral density x fregquency x ;%

g
dynamic pressure

maximum frequency deviation

bandwidth of post discriminator filter
bandwidth of pre-discriminator filter
maxamum frequency of tape recorder

Boltzmann'a constant

average valuc of spectral density
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a. Complete model with instrumentation hatch removed

b. Mounting of pressure cells

Fig.4. Model 3
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