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SUMMARY

The static posation error of a service wing-tip |eading edge
pressure head installation has been nmeasured on a Meteor VII by means
of a traaling static head, devel oped especaally for use at high spoeds.

These tests gover an gltitude range from zero to 38,000 ft, and
anclude neasurements an 'g' turns.  The maxamum kach nunber reached was
0. 84.

For comparative purposes the static error was al so measured at
ground | evel by the aneroid method.

The results show that:-

(1) It is possible to develop a trailing static for use to at
least M= 0.84, and that an accuracy to within #0.0025 Mach number can
probably be reached.

(ii) At small valuesof CL the measured position error agrees
approximately wath that predicted fromthe aneroid test results by the
Glauert | aw as far as M=0.75. Above this Mach number Weaver's or
Charnley's use of the dauert two-dinensional lincarised subsonic flow
theory substantially underestimates the measured position error.

i

(iii) At large Cp's the Gauert theory appears to break down at
conparatively |ow Mach nunbers (M=0.5).

(iv) The pressure calibration of the trailing static head agrees
with'the value found in the wind tunnel to within 0.3% of %PV2 (at |east
as far as M = 0.6). The tunnel salibrationwas made by conparing with
the pressure on a long static tube, the holes of which were far from the
nose.
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| | nt roducti on

The conpl ete measurement of the position crror of' present day high
speed aircraft has so far proved i difficult problem, Lamited results
have been obtained fairly casily at ground level, hut thesc have been in-
sufficientto establish curves covering the shole flight range of speed,
altitude and normal aceceleration.

Theoretical methods for extrapclating the limted ground level
results to cover the whole flight range have heen developed, but these
methods are expected %o break down ot Mach nusbersabove theé cratical,
whi | e 11ttle evadence has so far becn obiaincd to check thear reliabilaty
at sub=-critiical specds.

Thus, in order to provade cxperamental data on position error both
at high speeds and hagh altitudes, several flight techniques have been
tried out duraing the [ast few years, both in Anerica and this country.
One of these techniques consists of towing a trailing static head,
devel oped especially for usc at high speeds.

It 13 the first results obtained by mans of this instrument that
are presented in this rote. They arc thought to be interestingasthey
appear to Possess sufficicnt accuracy to imdicale cloarly the separate
effects of Mach number and 1aft coefficacnt On the Static position orror
of the particular installation that has heen tostcd.

2 The problemof position error neasurement on current high speed
aarcraft

2.1 Gound level tests

Considering only the static error (the pitot error is only lakely to
be appreciable near the stall, andl in cases where a shock wave s forned
ahead Of the patot tube) it has beoen relatavely casy to detcrmine thas at
ground level by the 'aneroi d' method.

Thas et hod, however, lamits the results ohtawsned 1o the mxLmun
safe level speed near the ground. In many cases this excludes the nost
interesting regaon of flight, nanely the tiach nunber range botween the
first formation of shook waves and the maximum obtainable by daving.

Al'so, the results of ananeroid test cannot be used directly to
give the position srror under conditions of flight corresponding to a
combanation Of hagh Mach number and hagh lift coefficient,

2.2 Extrapolation of ground level results to cover other condations
of flight

Theoretical metncds'»2 bave been devised durangt he | ast few ycars

for extrapolating the measurcd ground |evel positioncrror curve to cover
conditions giving raseto different conbinations of Mach number and |ift
coefficient. These methads, therefore, allow the error to be estimated

at high altitude and under'g', and al though each method of analysas
expresses the effect of conpressibility an a general form it suggests

that the Glaucrt-Prandtl | awas used until cxperaimental cvadence becomnes
avail abl e. However, it is known that this law has a nunber of theoretica
lamtations, the nost inportant one being that 1i cannot be applied to flow
in which shock waves are jresent.

-nl}_u



2.3 The desirabaility of flight results other than at ground 1=rei

Due to the liumitatzons of the Glasert | aw 1t 25 very desarable tO
obtain experimental data on posit.on error, Measured over a wade range Of
altitude and 'g', as well as at high Mach nambers, above the craticael
value, Althoug%> the results at high Mach nunber arc of prume | nterest,
those at medaum Mach nunbers are also requircd, anorduer to check the
accuracy of the position error predicted fromthe simple ground level
tests.

3 Desoription Of cauipment used ip the Motcor Losio

3.1 The aireraft andats airspesd installation

The aircraft used was a standard lzeteor VII. » general arrangement
of the aircraft 1s presented in ¥zg.1(n). Mst of the tests were made wath
no externmal fucl tanks fitted. However, a laimated amount of work was done
with t he two underwaing tanks in positaon.

Al'l the position error measurchents were made ON the gsorvice airspeed
anstallation, Shown in F1g.1{b). It consisted of a Mk.VIIT pressurc-head,
mounted on a boom which projected M1%0f the local wang chord ahead Of
the wingleadaing edge, at a spanwise location near to the port yang tap.
The thickness/chord ratio Of the wingat this spanwisc location vas 10%.

3.2 The trailing static

The traziling statzc head 1tuelf 28 shown an FI 9. 2, together wath
relevent numerical data.

The head was constructed with a maippianc and taul surfaces, the
latter being sct SO that the mnanplane was tramned t0 give a dowrward
laftang force. Thas downward force was required tO ensurc that the head
trailed clcar of theairecraft wake. Towing was by means of a hollow cable,
the line of which pssed through the cuntre Of gravaty of the head; thus
t he 11f't coefficient of the mainplane would hc independantof speed, at
| east below the eraticel Mach nunber,

The pressure recorded by the trazling static head was transmitted
to the parent aircraft through a hollow cable, the free length of which
was between 78and9 ft. Thas cabl e wes al SO reguired t 0 transmit t he
loads arasingon the hecad in flaght.

Two types of cable piping were used during the tests. The farst
consisted of a rubber covered Bowden tube, which was braaded external ly
with steel wire, an order to provide the necessary {cnsile sirergth. Its
outsade diameter was 0.28 ins, and the hreaking load was 5251bs, The
second was of nolybdenum stecl, heat treated 10 cnsure adequate flexabalaty,
|t was adopted aftcr successful flight tesls as buang superaor 10 the farst
type; its tcnsale strength was greater (825 1bs), while the exvernal
diameter was | ess (0.137ins). Both pipes had enintornal diameter of
0.10 ins. \

The trailing ctatic head was lowercd from the aircraft by means of
an electracally operated wunch of overall dimensions?2.ins x 1lins x 7ins
(excluding the motor).  When rezscd, the trailinghcad was held u1n a crutch
onthe undersade of the Meteor fuselage (see Fig.1{a)). The pressure in
the cable piping was transmatted through a seal in the wainch shaft to a
pressure Instrument an the auto-observer.

The traaling statzc as shoun beang towed behind the lieteor in
Fxg. 12.
- 5 -



3.3 Pressure measuring instrumentation

The indicated values of airspeed, pressure altitude and Mach nunmber
were measured froman A S 1. and altimeter connected to the pitot and
static sources fromthe wing-tip pregsure head. Thg static position error
of the wing-tip head was neasured directly by a dxfferential pressure
gauge (range -5 to +5 ins water) connected between the gircraft static
and trailing static pressure sources.

Ag sonme of the flight tests involved daves, compensation for pressure
lag 1n the various pipelines Was found to be necessary. The apparatus
used for this, together wath all the pressure ingtrument connections, is
shown 1n the sketch below: -

, Cont ai ner {required t 0 increase
From aircraft pitot f lé_,,-——-—"' vol unmetri c capacaty i n pitot

.source !-3 C |' circuit)

Ca

I

—_— . — gh

From aircraft | . -
static Source '

AS 1.

Smal | Bore Piping {—:l Ch ! Altimeter
I

-

|

Swall Bore Piping

Ch - denotes pipe
connected t O ehamber
of instrument.

Dafferential Pressure

B S
Ca_Chl- Gauge (Pressure |ag)

——— )]

|

|

|

connected to capsule (positaon crror)
of instrument.

! ¥ ‘oo .
Ca - denotes pipe TT—Ch ) Differcntic]l Pressure Gauge

- - - - Prom trailing
“ static source

The detailed procedure for precssure | ag compensation during dives
w1ll be described in para. 4.2, but at this stage the purpose of the
various conmponents can be outlined as follows:-

(1) :THe: container and length of small bore piping 10 the patot
line were inserted 1n order t 0 approximately bal ance the steady | ags in
the pitot and static lines of the aircraft pressure head circuit.

(11) No adjustment to the trailang static line was nccessary, as
1t possessed approxamately the sane steady | ag characteristic as that of
the aircraft statac.

(1i1) The pressure drop along a length of small-bore piping, fed
from the aircraft static source, Was neasured with a differential pressure
gauge, in order to obtain know edge of -the actual pressure lag along a
lane of known characterastics during any dive.

-6



The four pressure anstrumentis, together with a remote indicating
Barnes type 'B' accel erometer, were nmounted ain an auto-observer. The
instruments were phot ographed with a Vanten oaind camera.

4 Calibrations

4.1  Calabration of the traalang Sstatic head

4.11 Tunnel calibrations

Fach of the five trailing static heads used in fiight werc subjected
to a calibration mn the R A E 5 e gettunnel.

Wath the centre of gravity exactly at the frec sucpens.cn pozint,
the curve of 1aft against tail-seiting angl e was establashed. The pressure
nmeasured by the static head was al so recorded over a range of tarl-setting
angl es.

Mst of these tests were made at a winl speced 08 20 #t/scc, but a
few were done at 180 ft/scc. NO signaificantly dafi erent results -—ere
obtained at the haigher speed.

Due t 0 manufacturang errors, the 1:f1/taul-settang curve for one
nodel was found to be non-repeatabl e on another one. The discrepancy
bet ween models (the maximum was 10.125 an Cf for a givengeometrical
tail-setting) Was sufficient t0 warrant indaivadual calibrations.

The static pressure in the {unncl, at the position cccupxed by the
trailing static head, was latcr calabratcd vwith the R A E standard
pressurc head.

At the time of tho tunnel calibration tests the R A E  head was

believed t0 ardicatc @ static pressurc 0.0125 x ?gpvz below the truc val ue.
On thi s assumption t he trailing static head colibration wos

- P
IS - -0.008 (12)

=0V

where PT = pressure indicated by trailing siatic head

P frec Streamstatic pressure,

i

S

Equation 1awas found to hold within Z0.002 for each head tested, over
the CL range of zero to -0.3.

Later, when eguataion |a was conpared with the results of flight
calibration, 1t was suspected that the R A E static head calibration was
unrelizble, The R A E. head was recalibrated (againsi a head on -hach
the static holes were very far behind the nose®)and wos found tO really
1ndicate a pressure 0.0025 x 2PV2 below true static. TNUS, equation|a
shoul d be modified to rcad

PP
T 75 =+ 0.002 {(11)

*The head was 0.5 inches diameter and had an c¢llaptic nosc of leagth/
daamcter ratao 3.  The static holes were 12.5 duameter behind the nose
and 32 daamcters ahead of a X inch hagh shoulder., The calculated
pressure on the holes was 0.0007 x 10v2 higher than truc statac.

-7 -
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4.12 Flight calibration

A calibration of ' the trailing static head wan found an £laght by
comparing the grout-d | evel posation error nmeasurenments as found by +the
‘aneroid ! and lrailing static nethods.

Ref erence to Fags 5aand 7h shows that for the flights without
under wing tanks

APS_APT _ PT“PS

22 = —3 2 . 0.005 (1c)
PV =PVe

while 1n the case with tonks

APS - APT . Pp = Ty
P2 ov2

- 0.0075 (1a)

PT"'P

LoV

evaluating all posation errors fromthe trailing statac results.

5

A noan val ue of gqual 10 +0.005 has been used when

4.2 Lag calibration

A report is at present bheing written concerning both the theory
and practice of pressure |lag neasurement in pxges, and for this reason
a detarled descraiption of the compensation technicue used wall not bce
gaven here.  Neverthelcss, as the accuracy Of the position crror measurc-
nments at the hagh Mach nunbers depended on a relasble lag correction, an
outline Of the meihoed 1s thought to be dcsarable.

The objcect of the ground tests was to measpre the relative |ags an
t he various sectionsof the pressure system, ancludirz tint across the
smal | -bore pipang fed fromine aireraft static sourcc, during simulated
steady descents. A steady descent was reproduced by partially evacuating
t he particular system being tested, ond then all owi ng air {0 re-enter
fromthe oulside atmosphcrc.  The ancoming air was control | ed by a hpd-
operated valve at the "anput" eri (e.p. at the statzec head) ansuch a
manner that a very nearly steady descent was provaded., The pressure drop
al ong each section was then measur ed directly wath o differential pressure
gauge.

By recording the astusl pressare drop ccruss the static-fed small -
bore piping duranga partzcular flipht dave, 1% would thus be possable to
estumatc, DY simple proportion, the actual stcady |ag in any port of the
pressure system during that same dave.

The grdund*fests were done at various ratcs Of simulated descent,
going as high &5EH% muxamum that was likely tO be met an flaght, After
Sone slaght modifaGations, the lags in all parts of the system werc found
to be linear functions of the fatie of descent. The val ues obtained are

gi ven bel ow. - -«

[ Tabl e



cuiv.leént error at;
= 0.3 and 30,000 ft

Prossure Mach nusber
fficient

Pressure Drop was for 100 ft/sce
Rate of Dssceat '

Stations between which Fressire Drop &
Measured
.

(1b/£42) Co

Each end of the small-beorc
piping fed by the aircraft L.78
static (1.e. across the lag .
differential gauge)

Aircraft static head ang l
aut o- observer ainsiruments 5.51 -0.0195 +0. 0088

(azrcraft static lane)

Trailing static head and
aut o- observer d:fferential £.49 ~0.0219 +0.0088
gauge (traxling static
line)

Aarcralt prtot head and |
aut o- observer 4.S.1i. 3.69 +0.01 3 -0.0039
(prtot line) (

5 Flight tcsts

The rel evant pressure iines viere tusted for luakis bufore cach
flaght, and wherever possible, after each flaght. Results fromsiaghts
1n whach a | eak was suspected nere disregarded.

51  Aneroad tests at ground |level

Six flights were made; two with the exiernal fuel ianks fitted, and
four wathout them The norm 1 auto-chserver «ltumeler was repl aced by a
hand-picked one, selected for 1ts low value of hysteresis lag. Runs were
made at between 40 and 4750 fiet sbove the rummy.

5.2 Tests with the trailing static

5.21 Development Of the ipstrument

A considerable proportion of the nwnety flights so far made wath
the trailing static were devoted to the devel opment of the instrument
itself. Praor to fitvang the ipstallation 1n a Meteor 1t was flown from
a Lancaster. These first tests werc desagned to reveal ny |low speed
dafficuliaes, and resul ted ina numberof minor wmodifications to both the,
trailang head and the crutch.

5.22 Dafficulties encountered

A considerable number of troubles, both mechanical and aercdynaric,
were encountered during the tests on the Meteor. All these dafficulties
were eventual ly overcome, and are hricfly described below =

(1) The farst type of towing pipe used (bra:ded% devel oped | eaks
after a nunber of flights and seemed tO have @ faurly short 1laxfe. Similar
troubl e was not encountered with the piazn metal pips.

(21) A faalure of the wineh vas exberienced when the nodel was

trailing. |t was due to a breakage 1n the flexible drave between the
mot or ard wanch. The drave was later inmcroased in iz

...9._



(122) Two model s were | 0St by gable sailure #hen 1n the crut ched
position.  Modcl | oads coul d have been considerably redusced by deercasing
the local incidence of +the crutch, huu vhis was not done. Instead, an
A S.|. lamitation of ' 300 knots was ampowcd whern the medcl was crut ched,
and NO furthcr cable fail ure was experzenced,

(v) Ihe first four static huads vhach vere towed, anataolly flew
asymaetrically behi nd theMetoor. #whe asymetry increased with i ndi cat ed
ai rspeed anmd wast hought to be die to manufacturaing errors an the nodel .
The effect was virtually elininated by fitting ailerons {Faz.2) and
trammang them by trial and error.

The last two heads, whagh incidentally possessed an unproved surfacc
finish, required no such lateral trimming.

(v)  When the piaxn steel towi ng Pipe was farst uscd an undanped
fore and aft oscillation of the towang systcm devel oped at about i = Q,6p.
This instability was believed to be duc to the pipe having unusual drag
characterastaes (namely a drag which decreased wath increasing specd over
a particul ar Mach nunber range), These drag charactorastics resulted in
negative danping of the fore and aft motion. Stability was achicved by
fattaing sSmal | plates to the rin of the medel {Fig.2), thorchy aincreasing
the madel drag -nd providing a positive dompaing contribution,

5.23 Tests anlevel flight

The heads were trammed to give downward |ift in all cases, 01'7 varying
between -0.2 and -0.32.  The length of trailing papc was between /6and
90 feet.

Initially, the |evel tests were node ol . scries of steady speeds,
but when it was found that idgentical resuit. were obtaincd by slowy and
continuously increasing the speed (at .hout 1-2 knots pur scoond), the
latter technique was adopted.

Tests Were made at a series ot constant amdacated altitudes between
ground | evel and 30,000 ft.

A test was also nade to determne the effect of towlength on the
measur ed positaon error pressure difference. 'This wags done at low altitude
and 200 knots |.A'S.  Nosagnificant variation 1n recorded pressure was
noticed until the towlength wes reduced to about 40 fect, so that it was
apparent that no aircraft disturbances were present at the trailing head
when at full towlength.

A1l tests were made wathcut Wing tanks fitting, except at sea |evel,
where they were also done with the tanks on.

5.24 Tests an dives

These were done at 20,000 and 30,000 indicated feet. o tanks were
fitted. -A nunber of dives were made, each dive heang started several
thousand feet abovethe test height, the pilot auming to reach a steady
Mach number as the correct height was passed. Aulo-observer records were
+aken from 4000 £+ above the test aitqtude to 1000 £% helow 1t, Daveswith
an unsteady descent were discounted.

The maxamum Mach nunber reached (M = 0.843) represents t he practical
12mit for this particular aircraft, the linit being inposed by w ng-dropping.

5.25 Tests in 'g! turns

These were done at 30,000 indicated feet, without wang tanks.
- 10 =



The effect of 'g' on posiizon crror was investigated 1n steady
turns, rather than an pull-outs, because of ihe uncertaiaty of |ag
cerrections 1n ap unsteady dcsocnt.

The tests were made at a series of z1adacated airspeeds from 200 to
295 knots, the 'g' being increasedansmall increments ot all speeds.
Aut o- observer records were taken only whunasteady specdend 'g! wore
attained. At the haigher spceds, where diveng was nccessary at hagh 'gf,
the pilot aimed t 0 rcach stecad; conditions ab the test altatude.

Most or the work was done an left hand turns (the pressure head was
onthe port wing-tip), but a few runs, at 200 knots, were made 1n right
hand turns. As can be zeen from Pag.l, no significent effect appears to
arise as a rcsult Of asvmmetry.

6 Resul ts

6.1 Corrections { 0 measuremcnis

6.11 it@ﬁ

I N accordance with the tuchnique describod an pura. 4.2, all lag -
correctaons arc given Dy

po:pl-Rﬂ'm.ﬁ (2)

where p, = pressurc at pressure head
Do = Pressurc al instrument

APy = measured prussure drop along the small-bore pipang fud from
the aircraft static scurcc

Ry, = lag in particular part of system (fourd from groumd calibration)
lag 1n small-bore piping

6.12 Head calibration

Tunnel and flight tests suggest that the traxling static head reeds
a pressure fromo.% to 0.7%of 1pV2 higher than iruc static, and a mean
value of 0.5% (see equatzon 1) has been adopted in estimating true position
errors from the apparent val ues measured by thedifferential pressure
gauge between the aircraft ard trailing static heads. The sane calibrataon
factor has been used for all iach numbers.

6.13 Correction for =small height changes

In practice the dives were not all steadzed at exactly the correct
test altitude, variatwons Of 1500 ©i beang encountered. Now at hagh spoeds
1t can be scen that the posation error depends nore on Mach nurber than
11ft coeffacicnt (Fag.7). Thus the dive results of Fi .3 have heen
correctcd to the tost altitude at constant dach nuzmber; the prosrﬁxx‘c crror

. IT.A.3. at rcguired altatude
has been multiplied by the factor AN ot aotoal alhatudel ard

t he 1ndicated airspecd has been adjﬁste,d to keep the Mach nunber constant.

6.14 Pressure correction under ‘g’

Under 'g' the atmospheriec pressurc difference between the trailang
statac head and the instrunments is pghhy, while the pressure drop along
t he trailing pipc 13 npghhy.

'll L]



Hence
Po = Pi = (n=~1)pghhy (3)

Where pi = pressureat trailing static head

Py = pressure al ainstrument

n = total normal acceleration factor
p = free streamdensity corresponding to aircraft (or trailing
static) height
g = acceleration duc to gravity
Ahy = vertical height of instrument above trailing static

Over the speed range of the 'g' tests Any was about 30 £, so that the
correcticn of equation 3 was just appreciable.

6.15 Correcticnf Or small speed changes under 'i!

14

It proved inpossible to make all the 'g* tests at exactly the
nomanal A S. |. readings required, wvariationsof about X7 knots being
tolerated. Now the position error results under *g! are plotted in
Fig.4 as [(APT). = (4Pp) 1] againot n (APT 15 the apparent static

position error and n 1s the total 'p'). In determaming the quantity
insade the bracket, (&Pp) _, Was takcn correspondang LO the actual A S.1.
reading rather than to the nomanal val ue.

6. 2 Accuracy

Apart fromthe possibilaty Of systematic errors (discussed an
para 7.1)at appears fromthe scat.er Of points in Fag.7 that, at haigh
Mach numbers, an accuracy Of about =0.005 in pressure coefficient (or
£0.0025 1n Mach nunber) canbc expected by using the trailaing static.
These results were obtained by using the fa.red curvas through imiividual
flight points.

6.3 Trailing static results

The measured pressure error results are given in Fig.3 (unaccelerated
flight) and Fig.h (*g? turns). Al corrections have been applied except
that for the traili ng static head calibration. The results of Figs. 3and
safe for the Meteor without underwingtanks, Gound |evel results fer
the case with tanks are presented in Fig.5(b). These are only for ground
| evel , and are shown chiefly fOr comparison with the corresponding aneroid
results.

The results .under 'g! show a {air nount of scatter at the higher
speeds. It s’ “felt that th|s could be reduced considerably. Pilots
experienced’ dlfi.&.culty’ wnmdantainang t hor oughl yuteady condi tions during
the tg* tests, and their performance woul d have undoubtedly inproved with
nor e than the limated practice they were able to obtain.

o

The actual static pressure” errors have been gonvertie d to a nop~
di mensional coefficient form and presented as such ip ,ags 6 and 7.
Thi s method has™been adopted, rather than that v, which poua.tlon crror 1S
presented as a correction to aliimeter and A.S.1. readings, as it is the
more USeful onewhen it as desired to detcrmanc the effect of i and ¢g on
position error.

-
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6.4 Position error as a functzon of 1lift coefficient and lach number

The static pressure error cgoeffacient is plotted as a funciion of
Q. for various values of Mach numberain Fag.7  The Curves have been
obtained fromthe results of Fig.6{unzcceleritcd fizghl) and Fag.l
( 'g ' turns).

The | 1 ft coefficient has been cbtained Trom the oilowing egquation,
which 15 accurate to within 0.1%:=

L = 51 - ;I (%)
Lp w1 - acp - L u=
2 [_ 2 ]

where @ = wangl oadi ng
Pg = static pressure cOrfr espondi ng to 1ndicated height

M= true Mach nunber.

A mean wang loadang Of 38.Olb/ft2 has bcen essumed for usec an
equation (L4}, the error involved beaing notmore than 3.

Al though the curves of aCp agaanst Cp are themselves obtained
by cross-plotting the faired curves of positicn error at various altitudes
amd under different val ues of 'g', the curves plotted agninst Cr contain
points thensel ves. The practice Of markang experaimontal pouals On cross-
plotted curves is not usually justzficd, but in this particular case it
was thought to be desirable in obsurving the scalier between resulis at
various al titudes, and al SO an ascertaining the denree Of correlation
. between results zn unaccel erated flight and these under 'g',

6.4 Anercxd results

These are plotted in Fig.5(z) (N0 extercal tanks) amd 1n Pag.sb)
(with external tanks); corresponding grourd level results obtainud wath
the trailing static are presented for comparzson.

7 Discussion

7.1 Relisbalaty of results

7.11 Aneroid results

Normally the anerocid method shoul d provide a reasonably accurate
means Of measuring the true statzc pressure error. There is however,
one source of anaccuracy that shoul d he anvestigated, namely the presence
of ground ef fect.  Thas has been done and found to he neglagible. The
theorelical calculations assumingthe 1if{ to bc replaced by a bound
vortex and two trazlingvortices have ghown that the magratude of thas
error iz less than can he neasured by ex:sting instruacntintacu. Further
confirmataion was cbtvained when NO correlation appearcd 1O cxast Letween
t he neasured posaition error and the particular height of the azrcrafit
above the ground.

7.12 Trailing static resulis

Thr ee possable sour ces of inacecuracy haye been siudaed:-

(1) Disturbances from the aircraft reaching the trailang static,
The measur enment s onvarisble towlenglh have shewn ihat thos cifect 15 smal |

‘-13



for a cable length of 78ft at |ow wmach nunbers, even at hagh (. Furiher
confirmation was obtained When galculations assuming the 117t to be

repl aced by a bound vortex and iwo trailing vortices showed that tho
pressurc error at the posation of the trailing static head was aegligible
an ancompressible fl OW.  As yet therc as NO experamental cvidehce to shovw
t hat no disturbance reaches the trailing static at hagh Magh nunber.

Al though pressure disturbances decay luss rapadly with inercasing linch
nunber, t he rate of deueey Woul d have to be nuch reduced if ithe ecalculated
static pressure error was t0 be significant at the traalang stabic head.
Some experumcntal dota could bo obtained an flight by fandang the effcet
"of towlength ON pressuce measurcments,

(1i) Varation an pressure calibration of the tralliing Static head.
In evaluating truc static peosition errors the trarling static head has
heen assumed Lo measure a pressare cgaal o 0,005 %@vd hagher than true
static. This calibration has only becn confairmed oxperimentally as far
as M = 0.62 (1.e. the maximum speod riached by the trail.ng static at
ground level}, although there 1s evidence to show that 2t 1all hold at
least as far as the mestimem Mach npumber reached i the llctcor.  lunnel
results™ indicate that the pressure calibratzon due te the statie tube
alone will not alter untail M = 0.85. In addition some Amcricon wing-flow
data shows that blockage from the fusclage of the trazlirg static head
w1ll not change until the eritical Mach numbor of the fuselage 1s reached,
Thas w1ll bec at about M = 0.9.

(131) Lag correction during dives. The correcticn nas boen applaed
assuming t hat the pressure input 15 the same at each of the three sources
(a1reraft static, aircraft patol and trazling static). This 15 nol
stractly accuratc, but the crror anvolved DY o finate rate of change of
airspeed and position €rror has bucn caleulated tO be neglagable in the
tests so far mde.

It nust be emphasized that the lag correction during t he st eepest
daves 15 of the same order as the position error bheing measured SO tnai
considerable accuracy is desirable when ostimating the correction, A
flipght check of this could be made by cbtaining additional position ¢rror
results at reduccd cngin. power, and comparing them vatih rosults at
higher power.

7.2 Compariscn betwecn trailing static and ancroad results

Fig.D shows that the true static positien error at ground level
Py s gaven, vathanthe accuracy of amcasuramem, by. -

APy + 0.005 x 4pv? for the aircraft waith wing tanks

&pp + 0. 0075 x %Wz for Jhe aircraft wathout wang tanks.

This cstablasheo the flaght calibratzons of Lhe trailing static
head which are given by equalions 1(c) and 1(d). The dascrepancy of 0.25%
between the two flight calibrations cannot be accounted for, as it as
somewhat larger lhun the scatter of the trailing static or aneroid resulis.

A slight discrepancy bet ween turnel and flight calibrations of the
trailing static head alsc exzsis. |f a mean calabrataion given by equation
1(c) is assumed, then tunnei and £1light results, given by equations 1(b),
1(c) and | (d) agree to withan #0.7%% of this value.

The Flight calibration of the trazling statzc head is ihe farst

-4l -
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tests on the N P.L. whirling arm 1n 1942, The flight tests have been
made at speeds considerably hagher than those on the wharling arm (the
latter being 60 f£t/sec).

7.3  Comparison between high altitude trealang static resul ts and those
predicted by the Jauert law

7.5 Applacotions of the Glausrt low

A nurber of methods have bean devel oped for extrapolating groand
| evel . static position error measurementst 0 cover other conditzons Of
flaght. Each of these nethods 1s such that the effect of compressibality
can be expressed in a general formal though, as morc thooretical and
Txpcrlment;.l evidence 18 lacking, 1t has been Suggested that the Glaucert
aw zs used.

As the applications of the law d:iffer somewhat 1n each method 1t
woul d probably be useful to state the basac law at thas stage:-

"The two-dimensional compressible flow aoundagn aerofeil at Mach
number M is found by solving the incompressible flow around an eaquavslent
sectlcn whose ordinates parallel tO the free trcam are unaltercd, but
whose ordinatazon nornmal to this darection are miltiplied by the factor

1 n

J4 -2

Thrs meenst hat the equavalent scctaon has a thickness amd incidence

-—-—1-~-:- tamos the correspondang velues for the actual section i N compres-

1= 2
sible fiow.

The Glauert | aw 1s lamited to anviscid fl ow which L5 subsonic and
shock free. It as al so linearised SO that, straictly Speaking, it as
only appliceble t 0 very tnin sections.

The applacations of the law to static posztzom error are tnemselves
approximate, apart fromthe limatations of Glaueris theory. It is mport-
ant to state that no claims to their accuracy have been made. They were
intended only to be sufficiently ré&liable for practical purposes, while
remaining sumpie to apply.

Veaver's method states that the static pressure eoror 28 related to
the paraneters lift coefficient and Mach numberby the cauation

80 11-¥2 = £ opf1-12) (5)

where the function { is determned exporumentally fromthe ground level
aneroxd test for any particular system.

Charnley‘.e:a application states, apari from Sonme unumportant approxi-
mations, that xf at ground level the stabtic pressure error cocfficiont is
{(Mp)pg , and the Mach ruwber 1s Mo, then at @ daffersnl altatude at the
same 11t coefficient and at a Mech nunber Mp, the static pressure error
coefficlent lies bet ween the limats given by

[ o2
(8Cp)yo 2nd  (4Cp)y Aty

N 2
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A third application has been devised by solving the two-dimens.ional
potential flow around a section samilay to that of the hcteor wiag, using
the Glauert law to find the esquavalent incompressable section, Ihe
pressure error at a point on the chord iine corrcsponding tO0 the aircraft
static head has been conputed, and was found to bc of the form

&g
hCo = ——2 = KCp,2 (6)
1

| )

v A

where ACp, and K are constants.

I't should be emphasized that equation (6) as oniy likely to apply
to an airspced installation mounted ON tht ghordline of & wing scchion
with smal | canmber. Eauation (6) 1s sumlar *o thet deravsd by Caucrond,
except that his sceom term 15 ip O rather ihen in Cr?.

7.32 Incadence and Mach numbee cffcets on the Mk,VIIT head

The Glauwcri law ard ats application do not take into account any
static position crror that i1s ancurrcdby the aircraft static head not
readang the | ocal statzc pressure. The dafference between | 0co. 1 static
and recorded pressures W I | be anfluenced by sach nunber and | ocal
incidence of the head. Tunncl tests™ show that at zero incidence the rise
1n pressure recorded by the standard lcading €dge static hoad (bk.VIII A)

i s less than 0.5 of Lpv2 between | ow speed and M = 0.85,but fromRefs. i
and 5 1t woul d scem that tlere 1s some doubt rcgarding the | ow speed
calabration of the head. Nevertheless, at vould probably read between
0.%5 and 2% of lgpvz above the | ocal slatic pressurc.

Tunnel tests® show that at 10" incadence the pressure recorded by
the Mk.vIII head 1s |owered by about 2 of 2pv2 tor all Mach numbers up
to 0.84.

It may be concludedthat Mach nunber andincidence ef fects on the
Mk.VITI head itself will be suffuicient to modafy slightly the total
static position crror, but they are notlikely tO alter it fundamentally.

7.33 Comparison Of resulis

The experamental variatzon of siatic positien error is Show an
Flg.7. PFrom this at can be seen ihnl agreenent hetween tests in unacceler-
ated flight and 'g! turns 1s penerally good. This fact suggests that the
ef fects of pitching wveloecity and acrr~clastic dzntortion upon positaion
error are smll inthe case Of {hy lictecr. The laticr effect 1s not
lakely to be apprecciable for a | ow aspect rati o unswept wing, whereas at
might be considerably largcr for a hi gh aspect ratio swept Wng. For this
reason it woul d he ursise, at present, to gencralisc agbout the effect of
distortion on position error.

The curves Of ACp against COp, for various values of Mar" compared
with those estunated by Weaver's method in Fip,.8. Agreement is fairly
goad for small Q. values w to about M= 0,75, but sbove this Mach nmber
t he actual bl ockage cffored by the wing incrcases considerebly showe the
val ue predicted by extrapolatingt he ancroad results. At larger Cp's the
measured blockage.ancreases above that prodicted at considerably lower
values of Mach nunber; in fact the discrepancy appears to commence at
about M = 0.5.

Tho discrepancy at hagh Cp (Cp > 0.65)between the measured and
estimated curves that cccurs at low Mach murbers gan bC attributed tO

w 1L -
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scatter in the experamental results (see Pag,7).Theseresultswere
obtained at |ow A.S.I. readangs wherc a Smal | pressurc represents a
conparatively large pressure coefficient.

In Pig.9 a conparison is made bctween the measurcd ACp and that
estamated from cquation 6, Where she constants 4Cp, andK have been
found by fitting the best curve to th. cxpe-uental results at low Speed
(M <0.4). The samc general comparason is obtained as was found anFig. 8,
arnd 1n addition it can be seen that the low speed curve Of 4Cp against
Cr, i's very nearly parabolic, as prcdicted DYy cquation 6.

It appears that the rise in pressure blockage at the aircraft
static head s associated wath the formation of shock waves onthe wing.
At Mach nunbers higher than the value required for shock wave formation
the wing pressure distribution wall dif fer fromthat predicted by the
Glauert | aw and this could affect the pressure at some point ahcad of
the wing.

Al'so 1t iS known that, on a given aircraft, shock waves are fornmed
at progressively lower Mach nunbers as the lift coefficientas increased.

Tag.10 conpares neasured and estimated static pressure errcr
coefficient and Mach number errcr at 30,000 ft znunaccelerated flight.
The Mach number error has been cstumted fromthe correspomding static
pressure errcr cocffacicnt from the cquation

AN _ u Y -]
- ()

Thi s equation, Which has been obtained in a somewhat gafferent form
inRef.6, 1s obtained by differentiation of the equation relating static
and total head pressures to iach nunber. It therefore neglcets second
order texms and is only true for very smli values of AM  Tne values of
AM in Pig.10(b) have been esti mted from equntion 7, ¥ being replaced by

T

the mean of the true and indicated Mach nurbecs % , gavenby equation

7, 1s plotted against ¥ in Fig.14.

From F2g,10 2t appears that as far as i = 0.75 the mcasured errcr
lies below the curve estimated by Waver and somewhcre between the
alternative curves of Charnley.  Above this lkch nurber the static
pressure errcr coefficient and Mach nunber correction inercasce rapadl
In the positive sensc,cxceeding consaderably the estimated values. At
an indacated Mach number of 0.80, the true Mach narber 1s about 0.018
hagher than that predicted by Weaver's method.

8 Taturce work

8.1 VWOr k with the traaling static

Somercsultshave been sbtained Wi th underw ng tanks fitted to the
Meteor Which have notyet beer fully analysed. They should prove interest-
ing @S @ preliminary anal ysi s 1ndicates that the effect Pof the tanks on
tho static positlon €rrCr may be considcrable at hagh uach nunbers.

A small amount of flight work xs necessary to check the accuracy
of trailang Stati C measurementsat hi gh Mach wvumbers. Firstly, sone
dives at reduced engare powcr are recuircd ap order to verify the pressure
| ag correction, and sccondly some high iMach number tests on a varying
towlength ar C requared t0 finmd the disturbance from<she aircraft that
reaches the trailing static,
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It 15 possible that the trailing static mght prove to be invaluable
in investigating the nature of position error at high Mch nunbers. The
results so far obtained on the Melcor are of considerable interess and it
1s felt that the trailing static should be fitted to an aircraft capable
of transonicspeeds shoul d such an aircraft become avzilable for this
pur pose. Such a test would also be useful in determinirg whether or not
the head can be successfully flown in the teansonic region.

The nse of the anstrument ror roulzne position error measurement 1s
not lakely, becausc Of ' the comsidurable tame that mey have 10 bo devoted
to obtaining a satisfactory installaizon an any aireraft. Bul as a neans
of fundamental position error investigation the tranlarg stotin rray prove
extrenely useful. I ts accuracy 15 very good provadza thet a salibraticn
of the trailing static head can be obtaraed (2 tunnel calibratzen will
be required if the head 1s used at Mach nunbers ruch higher than thoye
reached on the Meteor), and also results can readaly be obta ned under 'ot.

It 25 al so hoped to be able to invesi.gate patet error at high HMach
numbers and lift coefficzents, by replacing the trailing static head by a
pitot one.

8.2 Possible limtations of use of the trailing stafic

It 3g difficult to estamate the maximum kach nunber at which the
trailing static canbe towed satisfactorily. Tine head has beendesignsd
to have a high critics.l iach nunber (probably about 0.9) and no towing
trouble is envisaged below this speed. Above thas there will anevitably
be longitudinal trimchanges on the head which nust fanally be 1l the
sense to reduce the dewmward lift. Coupled wath @ possible increasc in
pi pe drag this My impose a lurit on the towaing kach number.

Wth the values of trailing static C so far enployed, the measured
trail angle (definec as the angle between the Meteor chord lame and the
line between the crutch and the trailing b’td.'i’)..LC) 15 ahout 20° &5 ¥ = 0.6
and 30,000 ft. Furthernore, this anglc appears to bc inereasingwith
ancreasing Mach number,which suggests a possi bl e decrease in pipe drag.
Thas fact a1s encouraging with regard to use of the traxlang static at
hi gher Mch nunbers.

8.3 Use of the Meteor as a "calibrated datum"

The static pressure error of tre iletcor havi ng been saliorated

under a varaely of conditions, 1t 1s NOW possabls tc use this pirticular
aircraft as a basis for bagh ‘all1tude aneroad' tests on other aircraft.
The nethod consists of flying the test aireraft pant the Muiuor at
approximately the same altitude. noting ithe altimeter readings of the
two aircraft as they pass and mcasurang (by photographic means) the
geonetrical height between the two aircraft.

The results so far obtained by us.ng this technique are encouraging.
An accuracy Of about »0.0075in pressurceocificrent at M = 0.7 and 35, 000
£t altitude scoms t O be oblaipable in Lovel flight calibration, thelimt
beang Set by the accuracy of the nltameters

9 Concl usi ons

(1) A trailang static head has been successful ly used up to a
Mach nunber equal to 0.84. Provaded vhat the slight possibilaty of
certain systematic errors being present can be excluded, then an accuracy
of +p.0025 1n Mach nunber can he obt ai ned.
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(11) The variation in static position error of the Meteor

installatzon wWith Mach nunber agrees fazrly well with the value predicted
by the Glauert law as far as &out M = 0.75, provaded thai Cp is small.

Beyerd this the true Mach nunber iz higher than predacted (0.018 higher at
M= 0.843).

At larger or's the actual Mach nurber bgins to be higher than the

estimated val ue at about M = 0.5.

(222) The flight valuc or the pressure calibration of the trailing

static head agrees with the tunnel val ue t0 within #0.%: of 1Pv2. The
oraginal di fference of 4% x 2 PV between fli ght am R A E standard
pressure calibrations was reduced to O. % x Lpy2 when the flaght calabra-
tion was conpared wxth the R A E long tube static head calabration.

The flight calibration 1s tne first absolute static head calibrabion

that has been obtained since t csts on the N, P,L, wharling armin 1912,

av) It is notknown to what extent the twailing static head can
be used an the transonac region.
aircraft

It as felt that should a suitable

becone available the head should be tried at transonic speeds,
and af successful should be used for a fundamental investigation of
position erpor at these Mach nunbers.
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