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\ Summary

Measurements of pressure error at altitude have been made by flying
several aircreoft in formation wath o reference sarcraft whose airspeed
system had previously been calabrated by radaer,

Tests made show that analysis by comparison of indicated airspecds
{comparison of differences between static end total head pressures) gives
more consistent and reliable results than pressure altitude comparison
(comporison of direct measurement of static presrure). A4n accuracy of
+ 1% knots in measurement of pressure error is obtained using the ‘'speed
comparison mcthod!, whereas the inadequacy of present sltimeters can lead
to errors of up to + 3 knots in pressure error,

Consideration is being given to the use of a better instrument than
the usual altimeter, for direcct measurement of pressure to improve the
accuracy of the eltitude comparison method; and to the use of a fly past
technique, to enable routine pressure error measurements to be made at
speeds cbove the speed range of the calibroted airoraft,
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1. Introduction

‘ Test? werc regquired to measure pressurc error at altitude by flying an
a;rc?aft in formation with a reference sircraft whose airspeed system had
previously been calibreted. The purpose of these tests was to assess the
sultability of the test method, ond to estimate the sccurncies of two methods
of measgrement, pressure altitude comparison (comparason of direct measurement
of stetic pressure) and indicated air spee. conpariscn (ecorparison of
differences betwecn static and totel head pressurcs), A check was also made
at low altitude, for comperison with results of the zneroid method,

The reference aircraft used on these trasls was a Meteor L whose oressure
error had been established at low altitude by the aneroid method and at high
altitude by the rader tracking method., Brief trials were conducted with three

sircraft:-  Vompire Mk, 3, Sea Hornet 21 and a Hastings 1 (the latter ot low
2ltitude only).

The calibration of a test aircoraft by formstion flying must be limited
to the meximum speed of the reference sircraft unless a "fly past” technique
is used in conjunction with altitude comparisons. It 1s proposed to
investigate this as an extension to the formation flying riethod reported
here, and this emphasises the umportance of the ecouramcy of pressure error.
measurements by the al¥itude comporison method.

2. darcraft airspeed systems

2.1 Meteor F. Mko4 Rd.438, The reference aircraft was a standard
Meteor k4, but having as extra another independent pitot—siuztic system connectad
to a Mk.8B leading ecdge pitot=-static head mounted near the sturboard wing tip.
For the period of the tests with the Vampire, the storboard pitot-stetic heed
was mounted on o non-standard strut fitted for snother investigation and this
system was not used, Two 4,8.I.'s, two altimeters, and o clock were contained
in an aubo—observer silusled an the ommunition hay: one A S.I, and altimeter
was fitted to each pitot-static system.

2.2 Vampire Mk.3 VV.190, This was 2 standord Vampire 3 except that it
was fitted with a Goblin 4 engine, The airspeed system was connected to a
Mk, 8B pitot-static head mounted on the lending edge of the port fin, An
auto-observer containing an £,8,1., two altimeters and a clock was fitted in
the ammnition bay. & full description of o Varpire 3 is included in Ref,1,

2.3 Sea HornetMk,21 VW30 This aircroft wes a standard Sea Hornet 21,
the airspced system being connected to a Mk. 8B pitot_static head mounted on
the leading edge of the port wing near the tip., Reclevant instruments in the
auto-observer were 4,S.I,, altimetcr and clock., A full description of thas
airecraft is included in Ref, 2.

2.4 Hastings Mk,1 TG.503. The 4.8.I. and altimeter system was connected
to s Mk.8 pibot head mountcd beneath the port wing ond to interconnected
R.A,E. type static vents situated on cither side of the nose of the fuselage.
Relevant instruments fitted in the auto-observer were 4.8.1., altimeter and
clock, 4 full description of this aircraft is ancluded in Ref, 3,

3. Scops of tests

The ground level pressure error correction of each sircraft was measured
before the calibration trials by the formetion method cormenced, The
static pressurc error correction was obtained by the stendard A, & AE.E,
aneroid method snd the pitot pressure crror correction by comporing the
pitot pressure with that of a venturi pitot head.

Pressure orror meosurements by the formation method were corried out
at two sltitudes. At & moderately high altitude to measurc p.c.c. at
altitude, end at 5,000 £'t, to choeck the aceuracy ond relisbility of the
method, as the results from the flights at 5,000 £, would be expected t?
egree with the results obtained by the anercid method, The tests at alkitude
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served also to check whether the chenge in p.e.c. wath altitude ogreed with that
estimated from the ground level results using the method of Ref, L and

assuming the Glauert law, Braef checks were made for interference effects in
the tests with the Sea Hornet and the Hastings,

L. Test procedure

Both aircraft climbed to the test altitude togethor, being in V,H,F,
contact from taoke-off. The auto=observer clocks were synchronised on the
climb by taking samultaneous single records,

In these series of trials the role of 'leader' circraft in the formation
wes given to the less manceuvrable aircraft of the two, At test altitude
the leader aircraft started his run, end when stobilised on speed and height
gave the signal for the second sarcraft to formate., The two aircroft
formated at the same level, with the wings of the following aircraft abreast
of the toilplane of the leader aircraft., The lateral distance between tail
t1p and wing tip of the two aircraft was approximately 4 Meteor scmiwspans,
&1l runs, with the exception of two runs with the Sea Hornet,were carried
out with the following sarcraft formoting on the starboard side of the
leader aircraft. The run commenced when the following aircraft was in steady
formation and was held for about three minutes, ot the end of which peried
cameras werc switched off and a new run at the next speed commenced, The
clocks were synchronised agein ot the end of the flight.

5. Methods of analysis

Two methods of measurement were used; comparison of airspeed indicator
readings and compariscon of altimeter readings, 41l results were corrected
to a standard weight for each particular aircraft, this correction was very
smail, of the order of + 1 knot.

5.1 Speed comperiscon method, The mean A.S.I, readings, V., corrscted
for instrument error, for each run, were obtcaned from the aubto-observer
f1lm records of both aircraft,

The 4.8,I, total presswre error correction of the test sircraft was
deduced by comparing the mean 4,.8.I. reading of the test aircraft with the
"Rectafied air speed™, Vs of the reference aircraft,

5.2 Altitude comparason method., The mean altimeter readings,
correoted for instrument error, for each run, were ovbtained from the auto-
observer film records of both sircraft,

The altimeter pressure error correction of the test aircraft was
obtained by comparing the mean altimeter rcoding of the test alrcraft with
the true pressure altitude as indicated by the reference seircroft, From
this data the A.S.I1. static pressure error correction was obtained by the
method of Ref. L

The A,S.,I. total pressure error correction could then be obtained
by =dding the pitot pressure error correction obtained from other trizls,

6., Results

6,1 Pitot Brror Measurements, Piltot error ressurements were made on
all three sareraft up to the Max., Mach No. reached on these trials, In all
cagses the pitot error was negligible.

6.2 Pressure error measurements of Vompire 3. Tests were made at two
heights, four flights being carried out at 35,000 ft. and five flights
at 5, OOO ft,, the speed range at both heights was covered fully, The
Meteor led the formation on all flights nade.
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In calculating the results both methods of snalysas were used; replicate
results by the altitude comparison method were obtained by fitting two
altimeters in the auto-observer of the Vampire. Pressure error correction
measurements obtained from tests are shown plotted in Pigs. 1,2 and 3,

6.3 Pressure error measurcments of S.a Hornet, This oarcraft waos
available for two flaghts only, one of which was made at 5,000 ft., the
other at 25,000 ft, The Sez Hornet led the formation on both flights maode.

On both flights carried out, a constriction in the pitot line caused
misreadings of the A.8,I.'s, This error was not discovered until after
both flights had been made, so that no speed corparaison results were obteained

on this aircraft, Results have been deduced using the altitude comparison
method.

The two andependent pitot-static systems of the Meteor provide two
separate pressure error corrections using the altitude comparison method,
thesc corrections are plotted an Fig., 4.

During the flight at 25,000 £%£., the reference aircraft was flown on
cither side of the leader sarcraft tc determine whether the proximaty of the
lecader aircraft had any effect on the readings of the to 4.5.1.'s of the
reference aiwrcraft, As can be seen from the following table no significant
differences between A,S.I. recdaings wos obtoined., The small change in Ve
from the port and starboard heatis noted in para. 6.} is not apporcnt hore,
but different patot-static heads had been fitted for these tests,

Meteor T.4.3. Readings.

Posation of
Run |[following 4.3, I, Reading, Knots Vp. knots

aircraft Port system |Starboard system |Port system |Starboard syston
1 Starboard 198 198% 199 199
2 Starboard 233% 236 237 238
3 Port 198 1955 199 199
L 1Fori 2332 . 235 257 237

6.4, Prcssure error measurements of Hastings. Due to other commitments
on this aireraft only one formation flight was possible, This flight was
carried out at 5,000 ft, with the Hastings leading the formation. Formation
positions were es those mentioned in para, 4.

Measurcments of the total pressure errnr correction were obtained from
both pitot—static systems of the Metcor. Both methods of analysis were used
in ecaleulating the pressure error correction; the results ore found plotted
in Fig.5.

On this flight it was found that the A.S5,I. and altimeter connected
to the port pitot-static system of thc Meteor were giving highe? readings than
the 4.8.I, and altimeter connected to the starboard pitotwstatic system,
The difference in the 4,8,I,'s wos of the order of 2 knots after correction
to reetified airspeed, To provide a check on thesc discrepanciles between the
prtot-static systems the Meteor was flown alone over the some speed range,
rcadings of &,.S,I's and altimeters being taken, The results of the two
flights were collected together and enolysed statlstica}ly using the
Iinelysis of Veriance", From this analysis® the following results have
been obtoined:-

(a) There was a significant daffercnce between port and storboard 4.8. L.
readings of the Meteor whether the aircraf't wes flown alone or in
formation with the Hastings.

(b) The éifference in 4,8.1. readings was significantly reduccd when the
Meteor was flown alone, thus showing o significant interference cffect

due to the proxamity of the Hostings. )

;:§&nalysis due to AJK. Weaver,
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(¢) The differences in A.S.I, rcadings varied with speed when the Meteor
was flown in formation, but did not vary when the Meteor was flown alone,

These differences are, in pressures {(with 954 probalality lumts):-
Metcor flown alone 1.1 + 0.45 1b/sq.ft, (1.0 + O,k xts, at 155 kts, ;
(0.7 + 0.3 xts, at 235 kts,

Meteor flown in formation 1.3 + 1,0 1b/sq.ft, at 155 knots
1ncreasing to 3.3 + 1,0 1b/sq.ft, at

235 knots.
(d) The interfercnce effect on the Meteor, varied with speed from
0.4 + 1,1 2b/sq.ft. (0.4 + 1,0 knots; at 155 knots increasing to
2.8 + 1.1 1b/sq.ft, (1.6 + 0.6 knots), at 235 knots,

7. Discussion of results

7.1 Suitability of techmaque, The technique as used on these trials was
satisfactory, but 1t 1s recammended that, 1f the following aireraft 1s equipped
with a leading edge pitot-static head, 1t formates such that 1t's prtot head
18 on the opposite side and at lcast two semi-spans {of the larger aircraft)
clear of the leader aircraft, This precaubion should avoid any appreciable
interference effects. .Jith this technique, 1t 15 not possible to measure the
pressure error correction of aircraft faster than the reference aircraft using
the speed compariscon method, but the altitude comparison may be used in
conjunction with a "fly past" technique, The techraque also has the disadvantage
of requaring the service of two aircraft and two palots. The present series ghve
no recliable guide as to the extent of the latter drawback as 1t had to be fitted
1n with more amportant tests on both aircraft, If the method were uscd as a
routine the calibrated aircraft would have to be kept available for this work.

7.2 Pressure crror mcasurements., The only conclusive results obteined
from these trials were those obtained from the tests made with the Vampare,
Several flights were carried out at each of two altitudes and the speed range
wag covercd fully, From these flights a comparison of the accuracy and
reliability of the two methods of measurement and analysis have been made,
Results obtained from the other aircraft have been used to substantiate these
COMpPrYrLsoNs,

Fram results obtained, the speed coamparison method was found to give the
more reliable and consistent results,

The Vampire speed comparison points plotted in Fig, 1 show very good
agreement between flights at both 5,000 ££. and 35,000 ft. Overall scatter
at Loth heights is about + 1% knots, the accuracy of the low level points
comparing favourably with the p01nts obtained by the anercad method, The
accuracy of the Vampire tests is borne out by the speed casparison results of
the Hastings test, good agreement being shown between the results obtained by
the anercid method and results from the formation flight (using results ocbtained
from the starboard pitot-static system of the Meteor).

Results obtained, from the Vampire, using the altitude comparison method
are plotted in Figs, 2 and 3., These results show that this method gives rise
to a larger scatter than the speed comparison method, This scatter was a
variation vetween flights, scatter between runs on a flight Peing small, It
w1ll also be seen that though one of the altimeters gave a pressure error curve
agrecing with that obtained by the aneroid method, the other altimeter produced
a curve lying about 1 knot below the aneroid points, The flight to flight
variation 1s much worse on altimeber A than altimeter B, The large discrepancies
ovtained on two of the flights at 5,000 £+, on altimetsr A must be due to errors
in the altimeter, and not to a change 1n pressure error as all the flying at
5,000 ft. was carried out on the. same day,

/jtlllii'l'.
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A brief statement on errors in altimeters and their likely effect on
pressure error correction is given in Appendix 1.

This shows that the inadequacy of altimeters can lead to errors up to
+ 3 knots in p.e.c. depending upon the altimeter used, and shows that improve-
ment in pressure meagurement arc very desirable,

Results obtained from tests with the Hastings and Sea Hornet, using the
altitude comparison method, though inconclusave, do to some extent bear out
the results cbtained from the Vampire,

7.3 Variation with height, Examination of the pressure error curve of
the Vampire, Fag, 1, shows good agreement over bthe range M = 0.58 - 0,75,
between the pressurc error corrcction measured at 35,000 ft, by the formation
mcthod, and the pressure error correction estimated from the ground level
pressure error correction by the method of Ref, 4, assuming the Glauert Law,

7.4 Interfercnce cffects, It would be expected that the anterference
effects on either aircraft would dopend on the value of Cr/Aspect Ratio
gspan loading for the other and the dastance between the two, measured in,
%;Qoviz
say, semi—-spans of the second aircraft. These were as follow during the tests
to check interference.

A/C formating with Meteor CL/Aspeqﬁ Ratio |Distance in sem1 spans

Hastings 0,076 - 0,175 13
0.125 and 0,476
Sea Hornet (two values only)

Interference on the Meteor was perceptible with the Hagtings but not
with the Sea Hornet.

Thus 1t would seem that for valueg of C/A an this range (up to 0.2)
interfercnce may become significant at distances less than, say 2 semi spans
of the interfering aircraft,

8. Conclusions

The tests made show that the formation method 15 a convenient method of
measuring pressure error at hagh altitude, the one drawback beang that i1t 18
not possible to measurc pressurc errors, using thc speed comparison method,
at speeds higher than the maxaimum speed of the calibrated reference alrcraft
Thas drawback may be overcome by using the pressurc altitude comparison method
in conjunction with a 'fly-past' techmigque.

Results obtained from this series of tests shows that the speed comparison
method gives more consastent and reliable results than the altitude canparison
method., This 1s due to the i1nadequacy of present altimetcrs and shows the
difficulties likely to be encountered in the 'fly-past! method, as this method
relies on altitude comparison. Comparison of results gbtained by the altitude
and speed canparison methods show that wherecas the speed camparison method gives
rise to a scatter of + 1% knots, lag and drift errors of available altimeters
can lead to errors of up to + 3 knots in pressure error correction, but these
may be reduced by selcction of altimeters with small lag errors,

The pressure error correctron of the Vampire measurcd at high altitude
by the speed camparison method shows good agreement with the value estimated
from the ground level anercid results by the method of Ref, 4, assumng the
Glauert Law to apply.

Interferonce effects mAy bLoecoms noticeshle i either atcoreft is less than
2 sem~gpans from the other,

/9.--...-.-



9.

(2)

(b}

10.

Further developments

Consaderation is being given to:=-

The development of a fly past technique for routine performance tests
at &, & AE B, for speeds above the speed range of the calibrated
girecraft, It can only be used in conjunction with comparison of
altimeter readings.

Using o better instrument than the usual altimeter for direct
measurensnt of pressure.
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Appendix 1

Altimeter BErrors

The main errors in altimeters may be defined as follows:-

(a) Lag Lrror. The difference between altimeter readings at a given
pressure, with a vibrated instrument, the calibration being made
firstly with descending pressure and then with ascending pressure,
(Note. The lag appears to be a function of the mechanical design
of the altimeter and 1s not appreciably affected by the speed of
calibration).

(b) Hysteresis, The instrument error, after elimination of lag, due
to its i1mmediate past history.

This 18 a change in altimeter reading at a fixed applied pressure,
followming a change in pressure, It appears that the rate of change
of altimeter reading approaches zero after about 40 minutes on
current British test altimeters,

(¢) Long Term Drift., The change in instrumcut error which occurs
during the 1life of the instrument; after lag and hysteresis errors
have been taken into account,

Information obtained from the calibration of a sample of 50 altimeters
shows that lag is approximately a constant pressure error over the height
range of the altimeter, Calibration of the altimeters fitted in the Vampire
for these tests, show that the lag in Altimeter B 1s much less than that in
Altimeter A, the approximate mean lag errors being:-

Mtameter A 6 1b/sq,ft. (90 ft. at 5,000 £%, - 250 ££. at 35,000 ft.g
Altimeter B 2 1b/sq.ft, (30 ft. at 5,000 £5. - 80 ft, at 35,000 ft,

Drift errors shown up by the calibrations vary from + 20 ft. at 5,000 ft,
to + 50 ft, at 35,000 f't. on both altimeters, From comparlson with other
altimeters 1t appears that, from lag charactcristics, Altimeter B 1s a
particularly good altlmeter whereas Altimeter A i1s a bad altimeter, the average
altimeter having a mean lag of approximately 4 1b/sq.ft.

The altimeter fitted in the reference Meteor (port system) was an average
instrument having a mean lag of 4 1b/sq.ft. (160 ft. at 35,000 ft,),

Using the mean calibration to correct the altimeters, the following
maximum total errors could be obtained: Altimeter A - + 65 ft. at 5,000 ft.
and + 175 £t, at 35,000 ft., Altimcter B -~ + 30 £t, at 5 000 ft. and + 90 ft.
at 35,000 ft. These errors converted to a final pressure error correction in
knots at different speeds and heights arc shown in the following tables:-

5,000 ft, 25,000 £,
Brror in P,E.C. kts, ' Error in P.E.C. kts.
4] trmeter | 200 kts, 400 kts, AT tameter (200 kis, 270 kts,
A + 3.0 + 1.3 A + 3.1 + 2,3
B + 1.4 + 0.6 B + 1.4 + 1.0

It should be noted that the altimeter crror results in an error in A.8.I1.
i1ndependent of altitude at a given A.S,I. The percentage error ain A,S8,I.
increases a8 A,S,1. decreases and is therefore likely to be more important
at high altitude,

These values are caleulated for camparison of an altimeter reading with
a correct pressure height, if two altimeters 1n Gifferent aircraft are neing
compared these errors may be increased,

/Ifl.‘.Oﬁ..
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If the altimeters in the airrcraft under test and the standard arrveraft had
both had lag errors comparable with Altimeter B the scatter of the results
would be expected %o have been reduccd and this standard should be obtained
if possible., 1In a sample of 50 altimeters only 6 were found to be up to the
standard of B so that for routine tests when a number of aircraft have to be
dealt with at a tame the obtained results are probably realistioc,

In comparing two altimeters, with the same 1:medinte past hastory, the
difference in hysteresis errors should be negligible as the errors will be of
the same saign and of approximately the same order, However drift and hysteresis
crrors are masked by the lag crror whach is the damnating error in altimeters,

The altimcter errors are consistent with the scatter obtained from the
formaticn results using the altitude comparison method, the formation results
being in most cases within the limits of the maxamum errors quoted., These
results are of special intercst, as the altitudc comparison method must be
used 1T a4 complete calibration of an aircraft faster than the reference aircraft
is required, Improvements i1n pressurc measurcments for these and other tests
are therefore very desirable and are being investigaeted,
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