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SULITARY

Surface-pitot tubces have beesn used te measure local skin-friclion in
free-flight, lleasurenenis wore made at 10 sta{icns on & simple delia-ianged
model flying ab zero laft al ilach nmumbers beuvwsen 2,2 and 1.2,

This MMole describes the design and development of the instrumentation and
the netliods employéd to analyss the oyperwmental data. Good ajreement between

i1he measured and estimaied values of sizin friction exiats over most of the [iach

number range.
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1 1INTRODUC TION

#Mueh recent rescarch work on the aerodynamic design of slender wings for
supersonic transport aircraft has been devoted to the reduction of wave drag
to as low & level as possible whilast retaining adequate volume and without
sacrificing other acrodynamic chearacteristics.  This has been so succesaful
that the situalion now exists where the siin-friction dresg may be more than
half the total dra. al zero 1ift so that ihe accurate determination of skan-
friction drag is of great importence, IHitherto no measurements have been
made in Pree flight of the skin-{riction drag on slencer vings although such
neasurements would be of considerable value in extending the data cobtained
from wind-tunnel %ests to the higher Reynolds number obtained in free flight.

4 further need for skin-friction measurements arises {from the desire to
obtain experimental verification of the various theoretical methods used to
achieve minimum wove drag. the usual experimental method for deriving the
wave drag in free flight has been to measure the total drag of ihe model and
subtract the eslinated values of ihe non-wave~drag components from the total
drage. The skin-friction component is always diffacult to estimatle with
precision since 1t depends on such parameters as the local heat-transfer
gonditions, pressure pradzents and laminar-to-turbulenti iransition points
which may be 1ll-defined., Turihermore the correclion of total drag measure-
ments to full-scale Reynolds numbers is invariably necessary, which in turn
introduces further uncertainties.

In a recent experunenf:t on vhe drag of a slender wing, the accuracy to
which ihe wave drar, could be evaluated was greatly dependent on the accuracy
of the skin-friction eslimale. Such experience has clearly demonstrated the
necd Tor a means of measurang skin friction in order to remove the uncertainly
which exasts at the rresenl bime,

An experiment vas designed to develop a satisfaclory mcthod for measuring
local skin Criction in free Tlight and two models each carrying ten measuring
stalrons have been [{lowu. This Note summarises the reasons for cholce of
methed and gives details of the design and development of the instrumentation,
the reduction of dala and a discussion of the results obiained. The results
show that i(he surflacc-pitol tube 1s a satisfactory devaice for measuring the
local skin Triction on free-llipght models.

2 CIIOICT O #MBIIiCD

A number of methods are available for skain-friction measurements in wind
tumels bui not all of them lend lhemselves to frec-flighl work. Tor example,
direct force measureasnts on o moving suriface element and pitot lraverses 1o
oblain the velocity -rofile of the boundary layer are most difficult to use
in flight, the Zirst because of the need 1o balance out inertia forces which
are very large comparcd with the fric.iocnal forces and ihe second because of
the mechanical complexity involved., Two metheds ihat can be used are the
measurement of skin friction from the heai~iransfer conditions using Reynolds
analogy, and pressure measurements in the boundary layer by means of surface-
pitot or T'reston tubes.
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At farst sight the heat-transfer method seewms prefersble since the
measuring iechnique is fully developed and the instrumentaticn does not
interfere with the flow 1 any way, but the assurption that Reynolds analogy
holds may not be justified for all kinds <f flow; cobviously a method which
allows an independent check 1s desirable., Hence a1t was decided to use one
of the boundary-layer pressure measuring techniques and surface-pitet tubes
were preferred to Preston tubes because of their robustness and ease of
manuf'acture.

The surface-pitot tube, sometimes called a Stanton tube or half-pitot
tube, was first used for investigating condifiens in a boundary layer by
Stantond in 1920, but 1ts use as a skin-friction measuring device was not
fully apprecirated until work by G.I, Tay10r4 and Tudwieg and T1llmannd
established that there exists a region in a boundary layer near to the wall
where the shearang stress, T, %s directly related to the pressure measured by
a surface-pitct tube. Prestcn® suggested a simple non-dimensicnal relation-
ship of the form:

2 2
Thopy F("wh AP) (1)
3 = 5

My by

where h is the height of the surface pitet tube,

Ap 15 the pressure difference between surface pitot pressure and lecal
static pressure,

P is the density of the fluid at the wall,
b 15 the viscosaity cf the flwid at the wall,

and T' ropresents a functicon which has to be determined by calibrating a
surface-priet tube 1n a flow where skin-fraicticn can be detcrmined
by other means.

Such a calibration has recently been dene in a superscnic wind tunnel at
R.A.E. Bedford using pitot traverses to measure the momentum thickness fram
which the local skin friction was evaluateds The functicn was determined over
a Mach nurber range from 1.8-2.7 and a Reynolds nunber range from 6-25 million
based on the length of the boundary-layer run. This work 1s reported in Ref.7,
which also gaves a more comprehensive history of the method and of cther
calibraticns. Further details of the calabration are given in Section 6.

3 PRELIMINARY EAPoRIMENTS

Same prelumnary experlments2 were made 0 investigate the practicability
of the technique in free flight and difficultics were revealed which have since
been overcome. Details of these are given in the following secticns,

31 Response lag

One surface-pitot tube was flown on a free-flaght medel and 1t was found
that the variatien in recorded pitot pressure did not follow the cxpected
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trends because of the lag in response of the system to changing preassures,
The major effect was traced to the constricting effect of the very small blade
height,

Laboratory tests were made to investigate ways of reducing lags to
acceptable levels and o measure the response of the system to s known pressure
change so that correotions could be applied to the flight measurements if
necessary, As expected, the blade height was the most serious cause of lag
but- since this was already being set at the maximum permissible value (see
Section 6,3) no reduction in lag could be obtained from changing it. However,
reducing the volume of air that has to pass through the tube also reduced the
lag and a great improvement in response was obtained by reducing the volume of
air in the transducer chamber, All the transducers subsequently used with the
pitot tubes were thus modified and cere was taken when installing them in the
model to keep the length of pipe between transducer and tube as short ms possible;
the average length was about one and a half inches,

After installation of the surface-pitot tubes and associated instrumenta-
tion in the present model, the response to an applied step-change in pressurse
was measured for each station and the time constant from the exponential
response curve evaluated, The presence of dirt and dust in the asperture of
the tube was found to cause additional lag, but when cleared, consistent
response times were obtained, The tubes were thereafter kept covered and
sealed Trom dust until a few minutes before the model was fired. The measured
time constants were about 0,05 seconds, This 1s the time taken for the instru-
ment to reach 63% of the steady reading following a step change in applied
pressure, The change in liach number of the model during such a time interval
is about 0,005 which can certainly be considered as small, The implications
of this amount of laog are discussed in Section 6.2,

No measureble lag was found in {he response of g static pressure trans-
ducer.

342 Measurements of static pressure

The second difficulty revealed by a preliminary flight test2 wos the
measurement of static pressure. The astatic teppinpgs were located Q1"
upstream of the-pitot hole. This was equivalent to 30 blade heights and, on
the basis of wind-tunnel results, should have been sufficiently far forward
to avoid interference effects from the pitct entry while still being close
*enough for the measured static pressure to be assumed equal to that at the
pitot tube. In any event the distance appears to have been too small as all
the static pressure measurements wers higher than theory predicted., 'The
solution to this problem is discussed in Section 4,2 where the location of
the static holes on the present model is given.

L DESCRIFTION OF THE MODEL

et Geometry

The model chosen for these experiments was one of a serles belng flown
to investigate the aerodynamic characteristics of narrow delta wings in free
flight, The configuration is shown in Fig.1 and details are given in Teble 2,
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It was basically a narrow delta planf'orm of dismond c¢ross-section modified

at the af't end to give streamwise tips. The maximum thickness chord ratio
was 0.065, The surface-pitot tubes were located on ihe unmodified part of the
wing so for the purposes of this work i1t can be considered as a true delta
planform of diamond cross section., The leading edges were sharp and no
roughness bands for fixing boundary-layer transition were applied.

4.2 Arrengement of measurins stations

The choice of posilions for the tubes was influenced by the space
available in the model since the transducers had to be positioned as close
as possible to the tube. 'The arrancement finally chosen is shown in Fig.,1
and the co-ordinates are given in Table 1. All were on the underside of
the wing to avoid disilurbances produced by imnerfectly fititing hatches and
interference effects fron the fin., Since the model was symmetrical and
designed to fly at zero 1if%t the choice of the underside is of no aerodynamic
signilicance, The photographs of the model and the measuring stations:iin
Fig,2 show ihe arranzement clearly, It was hoped that this arrsy would show
up any chordwise or spanwise variations in skin friction if present. The
repeal slations on the silarboard wing (stations 1 & 6) were intended to-
reveal, by comparison, any effects of yaw or asymmetries and provide a measure
of the overall consislency of measurement.

The atatlic-pressure tappings were located to avoid the interference
effects from the pitot tubes which had been met in the preliminary experiments,
except for stations 1 & 6 where the holes were again 1/10" upstream to check
on the interference supnosition. (Fig.1 and Table 1.) The remaining,static
loles were placed on Lhe same spanwise lines as the pitot tubes spaced foughly
at the mid-points between the tubes for both row 4; stations 2,3 and 4 and
row 2, stetions 7,8,9 and 10, It was hoped by doing this to establish the
spanvise static pressure distribulion along the rows so that the static
pressure at the tubes could be deduced by interpolation, Station 5, which is
not a member of a row, was treated differenily; its static hole was located
" upstream of its pitot {ube, the distance being chosen rather arbitrakily to
give an interference-free location. In practice the 3" gap was sufficient
to avoid interference but may of course be rather larger than is necessary,

Le3 Construction of the surface-pitot tubes

Figds shows the construction of a surface-pitot tube. Th&” tube is formed
from a pressure tepping, identical to those used for static pressure measure-
ment, with a wedge-shaped blade over it, the edge of the wedyg.being vertically
over thg leedits edgé” of ihe holey - fhe"wedges™were made frofi®Mall portions of
an ordinary safety-rasor blade, O.004" in thickness. These were attached to
the skin of the model with a cold-setling epoxy resan adhesive used in sufficient
quantity to bring the edse of the blade up to the desired height.

Lok Telemetry

The static pressure tarpings were each comnected to separate +2% p.s.i,
transducers and the surface-pitot tubes to 0-15 p.s.,i. transducers, the
reference side of the inatruments being connected to a common pressure chamber
which was sealed immediately prior to the flight at ground-level ambient
pressure., ‘‘iree linear accelerometers were carried monitoring lateral, normal
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and longitudinal accelerations at the centre of gravily, These were used to
obtain a measure of the angles of incidence and yaw of 1he model and for
checking the velocity history. The rcadings of all 23 instruments - 10 pitot-
tube pressures, 10 static pressures and 3 accelerations - were telemetered
during flight by means of an R.A,E. 465 fic/s multi-channel telemetry set,

The model also carried a Doppler transponder used to obtain velocity and
trajectaory data.

5 ILIGET DUTAILS

“he model was mounted in pick-a-back fashion (Fig.2b) on a solid
propellant rocket metor which boosted it to a maximum Mach number of just
under 2,3 in a little over 3 seconds, The model then separated from the boost
motor and continued in coasting flight while the measurements were made.
Trajectory and velocity measurements were obuiained from kine-theodolites and
radio-Doppler data. he velocity, Mach number end dynamic-pressure time
histories are shown in Fig.) together with a plot of the trajeciory. The
Reynolds number per foot is plofted against liach number in Fig.5 and based on
the centre-line chord ¢ = 6.667 £t covers a range from 50-100 million.

The distance between the pitot-tubes and the leading edge in the stream
direction are given in Table 1 and hence the local Reynolds numbers can be
evaluated; most of them lie in lhe range 10-30 millions,

Wing flutter occurred during ihe flight between II = 2.3 and 1,8, It was
possible to determine the modes of motion from the accelerometer records since
this phenomenon has been investigailed on similar models, The vrincipal mode
present was a high frequency (400 ¢/s) movement of the wing tips and although
it affected the instruments to some extent, satisfactory pressure readings
could still be obtained., When the flutter died out at ¥ = 1,8 no unusual
changes in pressure occurred; it is therefore reasonable to cssume that the
tip movements did not appreciably affect the flow over the surface as far for-
ward as the pitot tubes and static pressure holes,

6 ANALYSIS O DATA

The calibration equation which was derived from the wind-tunnel measure-
ments reported in Ref,7 is

Py py h° ap 6
10g10 ----;-?—-—- = 0,764 10510 T -~ 0,684
Y 7

the terms being defined in Section 2,

The constants in this equation were determined by fitting a best atraight
line using a least-squares melhod te the data acguired from a large number of
measurements in the tunnel covering a Mach number range from 1,8-2,7 at Reynolds
numbers from 6-25 million and blade heights of 0,0014" to 0,010", This cali-
bration clearly is satisfactory at the higher Mach numbers for the Rynolds
numbers and blade heights; (0.0035") on the present model, (apart from those
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Tarthest from the leading edge e.ge. station 7) but is not aliogether satis-
Tactory at the lower ilach numbers, 1,2-1.6.

In the following paragraphs the deravation of the various terms in the
equation is outlined.

6.1 Stalic nressures

The static pressures measured at stations 1 and 6 (holes 1/10" upstream
of the pitot) and ail station 5 (hole " upstrean of the pitot) were assumed
to be occurring at the surface-pitot tube. Apart from possible interference
between the pitot tube and the static hole this assumption is fully justafied
on & model of this scale.

The remaining stations were arranged in two spanwise rows and lhe results
were plotted out as a smanwise mressure distribution; <the values appropriate
te the pitot-tube position were obtained by interpolation, This is illus-
trated in Fig,7 for bolh rows for a number of ilach numbers, The distributions
for row 1 appear setisfactory but those for row 2 were not reliable since the
values at station 10 are consistently very low and have had to be disregarded,
The distributions drawn in for row 2, ignored the results from station 10 and
were iherefore based to some extent on the evidence of row 1 and theory. The
interpolated static pressures {or each station are shown in Fig.8 and the
results are discussed more fully in Section 7. The poor results from static
hole 10 were probably due 1o a faulty transducer,

6.2 Pressure difference Ap

This 1s the difference between the pressure obtained from the swflace-pitot
tubes and the interpolated or measured static pressure derived as above. An
assessment was made of the correclicn to the pitol pressure for lag in the pipe
and {ransducer, using the previously determined response time., This was done,
for the instrument which had shown the greslest lag, by assuming thai at the
lowest iiach mumber, where the pressure is changing most slowly, the measured
pressure was equal to ithe true pressure. Then, by a step~by-step process,
the true pressure was determined at each instant of time up to the time of the
highest llach number. The dafference between true and measured pressure never
exceeded Zi; for the majoraty of the tubes it would probably be less than 1%
and therefore no connections have been applied.

6.3 Blade height h

The blade heights which could be used were determined by the conditions
appropriate to the calibration equation, This was Tor blade heights between
1 and 6 times the laminar sub-loyer thickness or about 1/10 of the boundary-
layer thicliness. In the present experiment it was necessary to work to the
upper limit to obtain a large enough mressure difference to be measured with
accuracy, to keep lags to a minimum and to ease the manufacturing ard measuring
problems. There is great dafficuliy in mounting a blade accurately to the
required height and the actual heights vary sligntly from blade to blade.
The specified height was 0,0035" and all but one were within £0,0003", The
values are given in Table 1, leight measurements were made wath a depth
microscope and dial gauge, several readings by more than one operator being
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taken and & mean value computed, Iieasurements were also taken at scveral
stations across the span of the blade to check on whether any unevenness or

slope was present. A second measuring technique was also tried. This was

by traversing the blade odges with a "Talysurf" surface roughness measuring
machine; the dismeter of the stylus tip of this device prevenied a really
accurale measurement bein; made, but the resulis were all vithin 0.0002" of

the depth microscope rcsults. The overall accuracy of the final height measure-
ments, judged from repecatability is thought to be about G.0002" or about 6

6.4 Viscosity, P

The viscosity of ihe air at the well is required, and since this varies
with temperature, some knowledge of surface temperature is needed., The
surface of the model was made of X" thick resin-impregnated glass-fibre which
is an excellent heat insulator, this makes direct measurement of surilace
temrerature extremely difficult since a temperature sensing device in the
surface produces a discontinurty in thermal properties and consequently
unrapresentative heating rates, Calculating the surface temperature from
extrapolation of a measurement some distance under the surface is again diffi-
cult because of the very high temperature gradients that occur. These
problems led to a check on the errors in the {inal answer that would result from
errors in the value of surface iemrerature. A convenieni way of expressing
the surface lemperature 1s by means of the expression T, - TO/TR - To’ where

suffix W refers to wall conditions, suffix o {o free-stream conditions and
suffix R to recovery conditions, This expression has a value of zero for
full heat transfer and unity for zero heat transfer, Since the wall material
is a good thermal insulator the heat-transfer conditisons are expected to be
near zero (Tw - TO/TR - T, 1) for ihe majority of the flighi and some

measure of the effect of an error in temperaturs measuvement may be obitained

from the fact that an error in ’l‘,Jr - '1‘0/'1‘q - To of 0.1 »roduced an error in the

skin-friction results equivalent to an error of only % in the pitot amd static
pressure measurements. The expected surface temperatures were computed by a
high-sneed electronic computer (ifercury) using Dckerts "intermediate-enthalpy"
method8 for flat-plate conditions together with the actiual trajectory data
measured from the £light of the model and taking into account heat conduction
and heat capacity properties of the wall material, It is difficult to assess
the accuracy of this cstimate but available experimental cvidence on the
validity of Ickerts intermediate-enthalpy method suggests that the crror in the
heat-transfer parameter should never exceed 0.1.

The viscosity of the air under wall conditions was then evaluated from
Sutherland's formula using the estirated temperatures, Flg.6 shows the
estimated surface temoerature parameter plotied against flight time with !ach
nunber marked on the curve., The value rises above 1 at Mach numbers below
1.5 because the surfacc temperature is hirher than lhe boundary-layer recovery
temperature,

6.5 Density, 2

The density was evaluated from the local free~stream density corrected to
wall conditions by means of the measured static pressures* and the surface
temperatures estimated as in Seection 6.4 above,

Theoretical static pressures were used nere wheu the measured values were cenzidered unreliabie as
d.scribed in Seetlon 7.
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6.6 Sran-{riction evaluation

All the necessary information for evazluating the shearing sitress at the
wall, 7, 18 therefore available; the skin friction is then given by

where o and Vo are the free-sitream density and velocity,

The skin-{riction coefTicarent, Cf was computed from the calibration

equation for all ten stations for the Mach number range 1.2-2,2. These
results are shown in Tig,9, togelher with three theoretical estimates for
three different heat-transfer conditions. The estiimates wore derived by

the Prandtl-Schlichting nethods, assumang o turbulent boundoary layer
originating at the leading-edre ahecd of the station in the free-stream direc-
tion, The most probable estimate of the friction is shown by a heavy line
and corresponds to tliat for the heat transfer conditions calculated in
Section 5.4 and shown in Fi;,0.

The most probable value liea for the most part close to the zero heat
transfer ('.1?',“r - TO/TR -1 = 1) for the reasons already described. The two

lightly drawn curves for full and zero heat transfer are not intended to
indicate an unceriainty band on the estimate but are given to provide an
indication of the errors that can erise 1f the heat-transfer cond:tions are
not known,

roints are also plolted on Fig.9 derived from the measured pitot
pressure and a theoretical estimate of static pressure, This is discussed
fully 1n Seclion 7. i

The records of the normal and lonzitudinal accelerations were analysed
and the angles of incidence in pitch and yaw during the flight deduced, using
previously measured values of the lift-curve slope and the side-force
derivative. The angle of yaw was at all times less than 1/10 desrees and
is thus negligibly small. The mresence of the fin and other asymmetries
cause the model to trim at e small negative incidence in piich, about -0,2°
a2t i1 = 2,2 increasing to -0.4° at 1 = 1.2, This small incidence should not
invalidate the flat plate flow assumptions and will cause increments in £_ of
about -0,003, P

7 D1SCUSSTON OF RESULIS

The static pressures interpolated from the two spanwise distributions
and as measured from siations 1,5 and 6 are shown in Fig.8 plotted against
Mach number together with estimates based on linearized thin-wing theory?,10,
The results from stations 1 and 6 with their static holes 1/10" upstream of the
pitot tube clearly give too high a nressure confirming the suspicions from the
first model? that the nressure rise at the pitot tube was giving a high pressure
region at the static hole, Station 5, whose static hole was 3" upsiream, does
not show this effect; its pressure readings agree very well with the theoretical
values,
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The pressures intermolated frem the two spanwise distributions, for
stations 2,3 and 4 end 7,0,9 and 10, shown in Fig.8, agree reasonsbly well with
theory at the higher tlach numbers where the accuracy of measurement ls higher.
But nt the lower lHach number they tend to diverge from the theoretical curves.
The discrepancies here are thought 1o have come from experimental inaccuracies,
rather than from any inadequacy of the theoretical method; because very good
agreement belween resulls IJrom this theory and exnerimental results has been
obtained on a similar wing in the Bedford 8 ft tunnel over the ilach number
range i = 1,4 to 2,7.

The interpolation method for Getermining the cxperimental pressures at the
iubes for row 1 appears satisfactory vhen good readings were oblained from all
the instruments; but it is not so good for row 2 where an unreliable value for
station 10 was obiained. In general, having the static hole some distance
upstream of the pitot tube (e.g. station 5) seems 10 be the most satisfactory
solution for a body of very amall curvalure; it has been shown to give reliable
results and & faulty instrument affects only the one measuring station rather
than several as in the spanwise disiributzon method,

The skin-friccion coefficients evaluated from the measured patot pressures
and both measured and iheoretical static pressures are shown Lor each station in
Fig.9, together with the estlmated values. The agreement between the estimated
values and measured values is good from a ilach number of 2,2 dom to 1.5 but
for most stations the measured coefficients then drop below the"most probable"
estimate curve,

The d¢iscrepancy between resulis computed from measured static pressures
and those from theoretical static mressures 1s not large, except at the lower
tlach numbers and for stations 1 and 6 which suffered from interference.

The measured values agree more closely with the estimate for zero heat-
transfer than the "most nrobable" value, but these two estimates are only
significantly different at the highest liach number end even there the difference
is only some §., which is within the overszll azccuracy of the experimenial results
(see Section 7.1).

Stations € and 9 at idential pos.tions but on opposite wings both gave a
slizhitly higher skin friction than expected; there is nothing that suggestis
they are faulty in any way and the agreement between the two clearly noints to
sone real effect that is being measured,

The agreement betweem this pair, stations 6 and 9 and the similar pair,
stations 1 and 3 show there 1s litlle or no asymmetry in the flow, as one might
exuvect from the very small measurcd yaw an'les {< 0,1°), The differences
between them are about 5 at high liach numbers increasing to 10 or more at

M= 1,2, '"his can be taken as a licely measure of the repeatabiliaty of the
method.
Low values of sikdn friclion were obtained at M = 1.2-1.3 on the majority of

measuring stations, The accuracy of measurement at this end of the speed
range 18 expected to be poor but the behaviour of the various stations is too
cons.stent to be explained by random errors,

- 12 -



The most likely cause of the low values is the calibration equation not
being valid at M = 1.,2-1,3 since it was established only over the range 11=1,8 -
247

Thile the calibration equation was found to be independent of tiach
number between M = 1,8 and 2,7, a different calibration has been obtained by
Bradshaw and Gregory!lfor subsonic flow. It is unlikely that the condations
in the boundary layer change abruptly as the free stream becomes sonic, in
which case onc might expect the calibration equation to tend towards ths
subsonic value Tor low supersonic i.ach numbers of the free stream. Using ilhe
subsonic calibration for the present results at M = 1,2 brings the measured
skin friction much closer 1o the estimated value. Clearly the need arises
for a calibration to be made to link up between the subsonic one_of Bradshaw
and Gregory11 and the supersonic one of Smith, Gaudet and Uinter!,

A further possible, but less likely cause of the low readings at Il = 1.2
is that the {ubes are recording a transitional {low i1n which the boundary-
layer is not fully turbulent, Laminar flow regions sre likely close 1o the
leading edge since the Reynolis number per foot is about 8 millions at these
speeds, and transitionnl Tloy, between laminar and turbulent, has been observed
and measured by surface-pritot tubes in Ref.7. However nearly all the
measuring ataiions e:hibited the low values of skin friclion despite a wide
variation in their local Reynolds numbers; which does not appear consistent
with the bransition assumplion,

Apart from the measurements at low llach numbers the remerning results
from Ii = 2,2 to 1,4 are mosl reasonable., This can clearly be seen in Fig.10
where the measured and esftimated spanwise variations of skin friction
(for rows 1 and 2) are compared. The expected increase in C_ tovards the
leadan, edge is apparent for the experimental data and the genéral levels are
in good agreement. The measured values are those evaluated with iheoretical
static pressures.

The results as a whole suggest that it 15 practicable to measure local
agliin-frietion coeffaicrents in free flicht but that care in location of the
static holes is required to avoid inverferaence from the pitot tubes. Reliable
resulis are obainable only within the limits of the calibratlion equation.

Tor Mach numbers near M = 1,2 a further calibration is required. If
accurale measuremenis are required at low supcrsonic speeds a separate model
covering only the required liach number range would be needed so that appropriaie
ranges of instrurents could be fitted.

7«1 Accuracy

The accurccy of the method depends largely on the accuracy to which the
two pressures can be measured, on the accurate dctermination of blade height
and on the applicability of ihe calibration equation Lo the condations of the
test. The pressure neasuremen.s will be moat accurate at the high Mach
numbers where most of the instrument range is used on the pitot measurements;
the expected uncertainly should be ¥. - 45 deteriorating Lo perhaps three times
this figure at the lowest I"ach number for the present test.

- 13 -



The uncertainty in blade height stated in Section 6.3 was £0,0002" in about
0.0035" which is about 6.,

The surface pitot tube is sensitive to the angle of flow to the blade.
The true reading is obtained when the flow is normal to the blade and the
pressure drops as cos“f, where B is the angle the flow makes to the normal.
Thus the error is only 2%7 for angles up to 10°, Expected flow angles for
the present model at zero lift an the vicinity of the measuring stations are

less than 5°,

The overall uncertainty of the various measurements is eXpected to be
about *10% but the accuracy of measured skin-friciion coefficients is also
dependent on the accuracy of the calibration equation,

The acattor of resulis from which the calibration was deduced in Ref,7
was less than 107 and therefore the egualion accuracy - the best straipght line -
should be very much better, perhaps 2-3i, 'This accuracy cannot of course be
guaranteed outsaide the limits of lach number and Reynolds number, where roughly
half the free-flirht results lie.

8 CONCLUSIOIS

(1) The surlazce-pitot tube method for measuring local skin-friction can be used
in free {light. The permissible blade heighls give adequate pressure differences
and the lag in the blade~transducer system can be reduced to a level such that the
deceleralion of the model does not introduce additional errors,

(2) Ideally, a measure of static pressure at the place of the surface-pitot
tube is needed but this is not possible. Two ways of overcoming this have been
used; (a) establishing the spanvise static pressure distribution using a series
of measurements and interpolating for the value at the tube; (b) measuring the
static pressure a litile way upstream of the {ube. The second of 1hese methods
is preferred since only a single meansure ent is required for each slation and a
falae reading by one iastrument doss nol ainvalidate a whole row of measuring
atations, The choice of distaunce upstream has been shown to be important il
interference is to be avoided; Tor lhe present model 1/10" is inadequate and

%" satisfactory. In the present experiment the Jdafficulty of determining the
atatic pressure adequately ln.roduces ihe more serious error.

(3) The measured values of local skin friciion coefTicient on a slender delta
wing agree with estimated flat-plate values to an accuracy of about *107. at
ilach numbers between 1.4 and 2.7, Below M = 1.4, the measured values are low;
the most likely explanation being the inapplicability of the calibralion
equationa, The present resulis are 1n good agveement with those from g
preliminary model.

(4) If the method is to be used widely, an extension of the range of validity
of the calibration equation is needed to cover a 1BESr range of Mach and Reynolds
mumbers.
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LIST OF SYHBOLS

¢, = centre-liine chord

o = geometric mean chord

Cf = skin-friction coefficient {: “_Eﬁ_ﬁ\
N\ ipo ve/

Cp = static pressure coefficilent

P = a fuaction in equalion (4)

h = surface~pitot tube blade heaght

M = Mach number

Ap = differences between pitot and static pressures

q = dynamic pressure (gpo Vz)

3 = local wing semi-span

t = maximum thickness of wing

T = temverature

v = velocity

x = chordwvise co-ordinate

¥y = spanwise co-ordinate

B = angle of local {low to lhe priot tube

o = density

o = viscosity

T = shearing stress

Suffixes

o = free-stream conditions

R = recovery oconditions

W = wall conditions
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Surface-pitot tube positions,

TABLE 1

blade heights and static hole positions

Surface~pitol tube Static hole
Statzon| T'osttion Spanwise Blade Distance from Spanwisze
o, af't apex | posn. +ve height | L,E, in streem | Af't apex |position
to starboard direction
in. in, 1N, 't in, in,
1 35 -300 O¢0036 2-083 3‘]4-09 -3|0
2 25 +0s5 0.0038 2.777 35 +1.25
3 35 +3.,0 0.0036 2,083 35 +4.75
L 35 +5.5 0.0038 1.389 35 +6.5
5 41 +6,0 0,0033 1.75 40,5 +6,0
6 h2 -6,25 0.0032 2.597 51.9 ~6,25
7 52 +0.5 0,0037 L1094 h2 +2.25
8 52 +4;..0 0.0027 3.222 B2 +5,125
9 52 +6.25 0.0035 2.597 52 +7375
10 52 +8,50 0.0038 1.972 52 +9,5
TABLE 2

—— e plrp——

iodel details

Wing plenform area

Aspect ratio

Planform factor, P

Geometric mean chord, ¢

Maximum centre-line thickness/chord

ratio

(rross fin area

Veight

Centre of gravaity position

Newby area distribution (zero

camber and twist)

12,813 sq.

0,867
0.57

3.843 £t

0.065

10296 3Q. 't

240 1b

0.502 ¢,

S(X) =
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