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Surmary

Specif ic air range has becn measured on the iLshton Mk,1 at high altitude
using differing techniques. A4 ‘quasi-level' procedure consisting of runs at
constant spced involving a small rate of climb or descent is recammended far
perforimnce measurement s near the optimum range conditions and any speed
below about m = 1.2, Optimum spceific range far the Ashton is cbtained
at the theoretically predicted conditions for en alrcraft cruising below
its drag critical Mach mumber, i,c, moximum R, P.M. and m = 1.2; increase
of air temperature reduces this specific air range by about 137 per 10°¢,
Some evidencs on scale effect on specific air range during a long range
flight is chovn; this 1s lakaly to be more importont for a long range
bomber, From handling aspects flying manually in tho optimum climb eruise
conditions and at speeds down to m = 0,9 was quite practicable and confort-—
able but the static margin on this aircraft even at the zft c.g. was high;
1t wes therefarce not possible to assess a minirmum acceptable limit of static
stability for range flying. An Appondix derives ond discusses the conditions
for mximum specific air range, the argument being extended to the case with
compressibility drag effects.
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1. Introduction

The cruising conditions for optdrmm spccific adr range of turbo-jot
aireraft are well-known and may be shown to involve

1) oonstant Cp, {ncar to the minimum drag value).
/

2) Constant r,p.im. at or necar the maximum available

and 3) 4 consequent gradual increase in height as weight is reduced by
consumption of fucl, the height througiout boing near to the
ebsolute ceiling of the aircraft.

This 'climb cruise' technique has bean used opcrationally for some years, €Ze
by the Comet', and its practicability is well-established.

The tests rcepoerted here were made on an Ashton to obtain experience of
techniques of specific air range measurement at the low cquivalent air speeds
required for optimum range, to investigate whether any handling problems were
likely to arisc in the usc of the 'eclimb cruise! technigue for long cruising
flights near the minimum drag speed, and to dbtain evidence on any scale
cffects on specific air range during such a cruise.

The Ashton 1s a high altitude research aarcraft but is non-typical in
its range characteristics o current and future jet banbers in that moximum
specific oir range is obtained at a Mach munber below the drag critical value,

In an Appendix the theoretical conditions far maximum specific air
range are deraived and discussed, the argument being extended to the case
with compressibility drag effects.

2. Deseription of awrcraft

The oircraft used for these tests vas the first prototype Ashiton Mi,1
WB.490. It is a straight wing axroraft powered by four Nene turbo-jet
engines and is fully described in Ref. 2,

Deteils of aircraft loading, engines, test instrumentation and auto-
pilot are given in Appendix 1,

e Details of tests

3.1 Scope of teats

3.1.1 Preliminary calibrations. Prior to the main test programme
tests had been mde to establish the pressure error corrcction of the 1st
pilot 's pitot-static system and the speed corxrection factar far the balanced
bridge air thermore ter.

J3.1s2 Stabilised levcel specd tests., These tests were crranged
to give the high altitude specific air range up to the greatest possible
haighte Four nominal heights were used, 3,000, 35,000, 37,000 and 39,500 ft.,
the latter being the greatcst height at which suitable level speed runs
apoearced possible. The stabilised level speed and fuel consumption were
measured over the availsble specd range at the corresponding values of W/p,
based on the aireraft weight with half fuel (62,900 1b.). 4t each W/p
value runs werc mde ot meximum continuous r.pem. (11,700) and taon with
r.p.m. reduced in stages until a stabilised level condition could no langer
be maintained,

These flights were mnde betweon 9,4.52 and 2645.52 without any engine
clenge oxr magor work on the sircraft intorvening,

/343
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J.1.3 Climb cruisc teosts, In order to obtain data on fucl
consurption and handling using the standard 'climb cruisce! technique, full
ronge flights werc made at consternt nominnl m values of 1.0, 1.1, and 1.2
followed by shorter runs 2t m = 0,9 and 4, 3. During all these runs N/ /G
was meintained constant at the value (13,500) corresponding to maximum
continuous r,p.m. (11,700) and standard air tamperature (-56.5°C).  Instru-
ment readings were taken at 10-15 minute intervals and cssessments made of
the conifort and suitability for long range crulsing in tilesc condations using
both manual and auto-pilot control, Thesc tests were nnde between 18 and
27.6,52 and froa Appendix 1 it will be seen that one engine change was made
between the level speed tests and these, -

* Thesc tests were all made using the mid c.g. position (4ppendix 1). A4t
a later date the sane conditions were ropeated using’ the eft permissible take-

off c.g. t0 assess the hendling cheracteristics an this cose.  Brief longitudinal
stability measurenents were also mnde at the twe c.g. positions to obtain the
appropraste stotlc margins.

Zelel Quasi-level speed tests. A further £light was mode on 1.4.53
to measure the effect of change of r.p.m. on range at constant speed. Three
values of r.p.m. spanning the maximum cruise value were used, at a speed
corresponding spprofimately to m = 1.2, These runs were short 'quasi-levels!

made as detailed in para.3. 2, 3.

There were three further engine chonges between the climb cruise tests
and this flight,

3.2 Testv procedure

3.2.1 Stabilised level speed tests. The required 7/p value was
obtained on cach run by selecting o test hadlght appropriate to the cstimated
adrcralt weight at the end of the run, bascd on the 'gallons gone' indicatars
and the rate of fuel flow, Por this purposc a teble of altimcter reading v
gallons gone was used far each W/p value, 4t this height and the rcquired
r.p.m. the specd was alloved to stabilise, sbout 5 minutes being generally
alloved to ensure this, and the condations then maintained for about o furthar
L minutes while recards were taken, consisting of several auto-~cbserver shots
and readings of fuel flow and air temperature.

3e2e2 Climb cruise tests, Clirbs to the inatial heighit were made
at the best climbing speed given by firm's data (210 knots A.S.I. at S.L
reducing by 2 knots per 1,000 ft.). The height to commence the cruisc run
was estiwated taking into account the aircraft weight and the value of m used.
The r.p.m. required to give the standard value of N/ /6 was obtained from
charts relating N to air thermemeter reading and speed; a check was kept
on the air thermomctor reading throughout the flight and r.p.m. were adjusted
as necessary. Constant m (i.c. constant Vl/ﬁ) was maintained wsing a
table of A.S.I. v gallons gone far each m, rcducing A.S.I. as necessary
according to the fuel consumed; it was found that an A.S.1. reduction of
about 2 knots cvory 20 minutes was required.

Throughout cach run the auto-obscrver was operated at intervals of 10-15
minutes, pcriocds when condations appeared fairly steady being chosen. Readings
of thae flowmeters and of the air thermometer werc also taken.

V'
The value of \:Ed' used to estimate the required 4. S.I. values was
¥
derived from the drog measured in the level speed tests.

3.2.3 Quasi-level tcsts. These were short runs (20-30 minutes)
made with r.p.m. and A S.1. selected as above to give the desired N/ /8 and m
values, Estimates of the corresponding heights were made on the basis of
brochure thrust data and the drag mcaswed during the climb cruise tests.

/Bach run..
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Bach run vas started ncor this height at this A S, I. and r.p.n. and the latter
two maintained constant; the obscrver plotted hoight agoinst time during the
run to find when the aircraft had settled into a steady climb or deseont and
to check that this was of ihe required order (3 100 ft./min,). VWhen this
had been estublished the auto-~observer was switched on, running at 10 second
intervals end ohscrvations made for 15-2 minutes, including visual readings
from the flowneters and olr thermometer.

L. Results and mresentation

cor é?::t" orrections applied to observations. The 4. 8.1, static pressure
error fieasured ab ground level was virtuolly constant at +1 knot through a
speed range from 120 to 240 knots LS. 1. at a reon weight of 63,000 1b. It
is thus unchenged vhen extrapolated to high altitude by the method of
£ B B. Res/24Y nssuning the Glauert law; this was supported by some
check mecsurements by radar tracking at 37,000 f4.  Thas correction ard the
cerresponding altimeter correction have been epplied to all the results.
Pitot pressure error waos zcro cover the some speed range.

The speed carrection coefficient for the knife edge element balanced
bridge air therrometer, mezsured at 10,000 £t., was 0,77 end this factor wms
epplied throughout,

The volumetric fuel flows measured by the Kent flovmcters rere converted
to mess flows using a fuel density deduced from the measured fuel temperatures,

Engine thrust was estimated in the usual way from the Jet pipe single
pitot readings assuming o final nozzle effective area derived fram the naker's
test bed colibrations.

L,2 Stakilised level speed tests, Table 1 gives the basie corrected
observations from each run and the corresponding 'non-dimensional' parameters.
Fige1 gives the level speed data as a corpet plot of Yoy X and o

/o /° P

F v N
p/e /e
E > are alse plotted against ..N__. in Pigs.3 and L

X /o /o

respectively. Fag.5 presents the fusl consumption data of Fig.2 in ferms

and Fig.2 the fuel -consumption as Thrust {X/p) and specific

fuel consumpticn (

of engane inteke conditions

E v N which reduces deviation between
Py /o, VB
different hexghts due bto ram effects and 13 a more suitable form for inter-
polation or-limited sxtrapolation; for these data an inteke efficiency of
80, was assumed to deduce pq from p end V/ /6. Mean volues from each of the
climb cruise runs snd the gquasi-lcvel runs are also plotted in Figs.2-5 for
comparison of the engine perforronce in view of the engine changes which
ccaurred between the teats.

In Fig.6 the resulting specific air range is plotted as

W v
62,900 F
welghts while the scales give the actual specific 2ir range v E.A.S. in lnots
ot the mean weight of 62,900 1b.; & scale of m is 2lso shown, The individuval
points are given and faired curves far the four nominal heights derived from
the faired curves for Figs.t and 2, Also shown for comparison is the curve
at madmun cruise r.p.m. obtained from the cdlirb cruise and quasi-level tosts;
tho method of derivation of this curve is explained below.

{
v Vi Jiz-‘;& . In this form the curves are applicable %o all

/In Fig,7..
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In Fig.7 the drag deduced from these rusults is plotted as

D . w2 2 :
Va2 (- OD) v V. h (°’~CL ) and the calculated best stroight line through
i 1

the points given, Thais lainc corresponds to

Cpy, = 0,023, c = 1,067

and Ving \/-6'2-"‘9'9'9 = 121 knots  (V in 1b.)
"

The minimum comfortable cruilsing speed for level flight at the mid c.ge and mean
weight was asscssed during the 35,000 £t, tcsts at sbout 130 knots I.A.S. (1.6
about 1.4 x Vpg); lowoer specds wore considered unacceptable for cruising because
of the continual longitudinzl adjustrents required to maintain steady conditions.
It may be noted however that in the tests at 30,000 and 39,500 £t. the lowest
speeds al which stabilised runs were considercd worth attaunpting was about 1.2
VmS whilst at the intermeodiate test heights, runs were mude down to about

1.0 V,

o3 Climb cruise and quasi-~level tests

e 301 Climb cruise tests. Detailed results from the three full
range flights at nominal m values of 1.0, 1.1, and 1.2 and from the sharter
rungs at m = 0.9 and 1.3 are given in Fig.8 vhere the variation of several
parameters throughout each run 1s shown agamanst weight, During the tests
r.p.m. woere adjusted with air taiporature to keep N/ /B constant amd A S.T.
with weight to keep Vi/ /W constant. The extent to which this was achieved
is shown in Pigs.8(c) and (d)., The remninder of the wrves show the variation
with weight of several of the rclevant non-dimensional parameters which would
be expected, if the standard divensional analysis rethed were valid, to remain
sensibly constant, Departuwe from constancy of any of these parameters may
therefore be interpreted as evidence of the effect of Reynolds number changes
during the runs, which are ignored in the conventional amlysis,  Their
significence in this respect is disaussed in parea.b. 3. In Fig.9 volues of
X/Vi2 are plotted againcs We/Vik frow which, with the climb correction of
Appendix 3, :D/Vj_2 («« Op) wes obtained for comparigon with the level speed
data of Fige7. .

Le3.2 Quasa-levcl tests., The variation of range with r.p.m. at
constant speed is shown in Fig.10 wherc the results from the three queosi~level
runs at m = 1.2 arc plotted as W v . N . The range figures have

: 62,900 F /e

been corrected toc a level £light basis, i.c. zero rate of c¢limb, by the
method of Appendix 3, The measured rates of climb were of the order
60-90 ft./min.

From the slopc of this line the variation of speecific air range with
r.p.m. or air temecraturc may be deduced for arowwd the optirmm corditions.
/n increase in air tompersture of 10°%C (corresponding to a reduction in r.p.m.
of 310) results in a loss of 120 in specific air range at about the optimum
conditions of 11,700 r,p.m. and m .2 1.2. Decrcasc in air temperaturc
produces a corrcsponding gain,

Lol Comparison of all specific cir range data. Corparisons of the
results from the level spoed tests with those from the clirb cruisc and quasi-
leval tests arc complicated by changes in aireraft drag which occurred during
the tests period, ~The cvidence for these drag changes is given in Figs.7
end 9, based on thrust estimates from the jet pipe mngle pitot observations
and 1s discussed in Appendix 3.

To compare the specific air range data from o1l the tests the results
must therefore be presented corresponding to the same aireraft drag condition.
The level speed test drag has been taken as this datum end corrections epplied
to the other test results for the measured drog difference. The derivation
of the method and corrcetion details arc given in ippendix 3 fram which it

/will be..
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will be sccn that what has in offoct been done has heen to use the unmodified
engine perforrance data in the flight corditions as tested and associate them
with the datum drog to find the revased aircraft weight which would be
required,

The drag change between the level speed ard climb cruise tests corresponds
to an 8%% increase of CDy with no change in induced drag i.e. an increase in
total drag of the order of 5%  The rcsulting correction to specific air
ronge at the same N/ /B and M varies from about +3f at m = 0,9 to about +107
at m > 1.3 Corrections have also been made for the effect of the climb
torm to obtoin results directly comparable with the level speed data; these
carrections are also deseribed in ippendix 3 ard the effects of all the
carections made to the measured results are shom in Fig,11 wherc

W oy —= is shown for points befare and after carrection.
F Ve

h.5 Handling dwring clirb eruise. In general from the handiing aspects
ne serious criticisms were made of the suitability of the clink erulse technique
for long ronge flying with this aireraft over the speed range tested (m = 0.9
to 1.3) and at both mid and aft c.g. positions,

The appraximate neasured static mergins, both stick fixed and freec at the
mean weight over this speed range wore:

M:Ld ngo 0.13 -(.3.
APt cug. 0,08 T

It will be seen from ippendix 1 thet the c.g. moves farward as fuel is casumed
and no attempt was made cither on the range or stability cests to keep it
fixed,

The flying was shared by three pilots wip®summarised comments are given
bel uw,

Mid e, Ee

Manusl control. The aircraft was difficult to trim at all valuecs of m
but this seemed duc to the backlash present in the elevator traimmer circuit.
at m values of 1,0 and 0.9 the aircraft became considerably more difficult to
trim but here again, this sppeared to be mainly due to the backlash, Once
irimmed, havever, at any value of m from 1.3 to 0,9 the aircraft handling vas
satisfactory and flying on the climb cruise tochnique easy.

Auto-pilot control. At m values of 1.3 and 1.2 the auto-pilot was found
to control the aircrafc satisfactorily and the aireraft gained height at a
virtually constant A 8. I. reading, The speed was kept within + 2 knots.

At the lower m values, with the alrcraft trimmed and the auto-pilot selected.
the response did not seen sufficiently quick to maintain the trirmmed conditions.
The divergence became a long period oscillation which however could be damped out
by use of the pilct's control colwmn. This helped to stabilise the alrcraft
and avoided the use of the anto-—pilot controller, vhich usually resulted in a
never-ending chase for the corrcet conditions,

&Pt c.p.

Manual control. Before tests were commernced at the aft c.g., 2s much
of the backlash as posaible was taken out of the elevator trumer circuit.
This resulted in raking 1t fairly easy to trim the aircraft to the desired
conditions at 21l values of m. The aircraft could thercfore be flown using
the technique required for reasanably long periods wathout undue tiring of
the pilot.

Jiutco-pilot..
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futo-pilot control. Auto-pilot unscrviceability during thesc tests made
a satisfaclory asscsamat of its copabilatics difficult, However at the higher
speeds {m = 1,2 and 1.3) the suto-pilot appearcd able to control the aircraft
satisfeactorily aml could be cngoped reasonably quickly from the trimmed conditions.
Least useful evidence was obtained at the lower speeds (m = 0.9 and 1.0) but
its operation horo nppeorcd sotisfactory once engaged correctly though lhis
usually required scveral cttempts at trimming; initial attompts were usually
followed by fo1rly rapid speed increasc,

B Discussion

5.1 BSpecifie air ranpe datn, The level aspeed test results plotted in
Fig.6 show increasing scoiter as V/Dp is increased and Vi/ /7 reduced., it
the highest altitude at vwhich stabilised levol specd runs could be made vath
reasonzble success (W/p = 333,000) the results werc very indeturmincic; the
lowest spood at whidi stabilased runs werc possible at thias height and tae
lovest haight tested (W/p = 212,000) corresponded to chout m = 1,15, 4t the
two intermediate heighls however, donc by another pilot, swrprisingly low
specds werc roached, the lowest being m = 0,97 at W/p = 268,000 (Fig.6).

Alr conditions vere apparantly vory calm vhen these tests werc done and the
pilot very expericnced i1n this type of test but from previous cxpericnce it
had not been thought possible to obtain geuincly stabilised results below
about m = 1.1 and near this valuc only with considerable carc under ideal
conditions, It my be seon froa the drog plot of Faig.11 that these low
speeds yicld drag results apparently very consistent wath the other data;
usually considerablc inereasc of seatter is expected at such low spcoeds
because of the difficulty of establishing what the stabilased speed is,

In genoral however it is still considered tht stobilised level speed tests
at speceds below an m of about 1,2 arc likely to be lengthy, reouiring great
carc, and the results less rcelinble than at hifher spocds so that more
ropeats arc needed.

The data obtained from the climb cruisc tests on the other hand cxtend
down to m » 0,9 with little morc d&ifficulty at thrs than at higher spccds.
The curve obtained at max, continuous r.p.m. 1s the range cnvelope and the
absolutc maximmun specific air range is thus obtained at cboutm = 1.2 and a
W/p of 34;,000, This range volue is some 4 higher than the best actually
measured on the level speed runs slthough it would appenr that paven good air
conditions, level speed runs could have been made at this condition; when the
level speed tests were done however it did not oppear mrofitable to attanpt
runs at a higher W/p than 333,000, It may be obscrved also that there are
apparent discrepancies shown in Fig.b between these haghest altitude level
speed runs and both the ¢linb cruisce and the remaaning level specd data,
€age the 14,700 r,p.n. lanes obtoined fron the latter sets of data appear
to be reasonably consistent with cach other but not with the highest altitude
level spued date,

The clirb cruisc results have beon subjected to increases varying from 5
to 157 to obtaan the comparison data for Fig.6, as shown an Fig.11., These

corrections, though large orc however comsidered quite valad given the corrcet-
ness of the test measwawonts.s It will be scen from Fige8 that the climb
crulsc obscrvations show conzaderable scatter an any onc run with somowhot
inconsistoent trends in some cascs. Thosc curves arc narce fully discusscd
below but hare we nny note that the specific range data of Figs.6 amd 11 are
derived from the moan of the values on each run and some scatteor 1s eovidently
%o beo expecteds Near tho optimun valuc however the data oro veory well
supported by the quasi-lovel results.

The climb cruisc runs were made primarily for the long range handling
asscssment ond the performance rmeaswraients made, usually single observations
at intervals of 10-15 mins, whon comditions oppeared stcady, would not be
cxpected to yncld as accurate performionce data os the quasi-level runs for
which conditions vere naintained very steady for a jeriod of about 15 minutes
whilst continuous rceords were %nken (every 40 sccs.): the quasi-level .
technique 15 recommanded for parformancece measurancnts nt speads below in
generel about m = 1. 2.

/5.2,
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5.2 Hendling on climb cruisc flights. No scrious difficulties attribut-
able to the cruisaing tcehnique were encountorcd throughout the speced ronge
m > 0,9 to 1,3 at both mid and aft e.g. positions, Flying manually the only
diffioulty ppeared to be associnted with backlash in the elovator trimmer
circuit making scourate trimiing to the required spocd difficult; when the
backlash was reduiced for the 2ft c.g. flights, flying was made ecsicr despite
the rcduced static nargin, The cssessaont with auto-pilot controlling wms
somewhat inconcluzive partly from recurrent unserviccability and portly becouse
of the low-powcred servo~motors fitted (ippondix 1),  For these reasons the
tests gave no dircet assessment of the suitability of auto-pilot control in
long renge cruising flights. Therc appears to be no reason however, givon
a corrcctly functioning end matched auto-pilot systenm, why any difficulty
should arisc.

These results were to be expected from the high stick frec static margins
at both c.g. positions uscd, For elimb eruisc flying wherc spced 1s required
to be neintained steady and not height ag, dAngconstant height eruising the
relation of the speed to the miniumm dra /ég irrelevent and the mein require-
ment is that the longitudinal stobilidy should be sulficient to cenable the
speed to be mointained steady without undue effort from the pilot., It is
to be expected that there will be a minimum static mrgin bclow which manual
control will be unconfortably tiring but this stage 1s by no mcans reached
on this aireraft cven ot the aft c.g. ~here the static margin is still about
0.08 1n cruzsing flight conditions.

The high stotic margine in crulsing flicht for the Lshton result from
the destabilising cffeet of mpince thrust on this cireraft, Firm's stability
tests at low altitudc on this aireralt and on the Tudor 8 of similar configura-
tion indicate that at the aft ¢, g. 2t similar .S I, volues the stebility is
about neutral using clisb r.p.a. (12,100), this being o determining factor in
fixing the aft ldmat, Wath reduetion of thrust hovever the ncutral point
moves aft and the cruising thrust at altitude 1s about a third of the sea
level climb value,

5.3 ZEvidence on scole offcet from clinmb cruise tosts., 43 bas been stated
the most accurate performonce data at low n values are to be expected from short
'quasi-level! runs at neor the stobilismed conditions with frequent suto-observer
records to establish the rate of climb or descant ncouratoly. The best ovidence
on scalc effect during long rangc flights would thus be obtained by a scrics of
such runs at several weights covering the available wiexght renge, all at the
same m and M, Such tests have not beon mado bub similar ovidence is provaded
by the series of cbscrvations talen throughout the clinb cruisc flichts though
by their mturc these results cantain nore scatter than is desirable for the
purposce  Tho geoneral trends should howevor be shom and the infercnces to
be drawm from them arce considered herc,

In Pig.8 values of the various peremcters arc ploticd to show their
variations throughout cach £flight using the olimb cruisc technmique. 1/ /8
erd Vi/ /W arc nominally constant through each flight, the actual variations
being shovm in Pig, 8{c) ond (d). o should thercfore expect, if there are no
Reynolds mumber effects prosont, thot all $he other non-dimansionol perameters
would al so not show a systemtic variation. The cvidence provided on scale
effoct is shown in full in Pig, 8 and the following points may be noted,

(a) vy/ ,/ﬁ has been kept constant at o moderate Mach nurber vhich does
not very appreciably; D/W should therefore be constant. In the strbilised
cruise conditions X = D + a small climb term; X/¥ will therefore not be
affected by any scole effect on engine performance. Any veriation in X/
not attributable to Vi/ /A7 clrmges is thorefore evidence of non-stabilisation
of flight conditions or of scalc effcct on drag. Such variations moy be
expected at the start of each run if the haight chosen does not carrespond
vo the selected r.p.m. and speed oid may cceur in the cowrse of o run due to
chmging atmospheric conditions e.g. wind gradiemts (the distonce covered in a
range flight was spproximatcly 1,000 mllcs%;. The apparent tendency o X/W
to mncreasc slightly through somc runs might therefore be interpreted as scale
cffect on aireraft drag but may be affected by atmospheric variations.

/(b)..
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(b) Seelc effcet on enginc perforrance should be shown up direetly by a
steady variation of X/p and/or ¥/p /6 with rceducing weight (i.c, increasing
altitude). There appears to be a slight tendency for X/p to decroasc but
this is barely significant, Similerly P/ /6 shows & general tandency to
incroase but by o variable amount on each flight, The speeific consumption
F/X\/é (the ratio of the two previcus paramcters) roflects both those chongos
and shows a genoral tondoncy to increasc slightly - appraxiuetcly 37 over the
full vecight range.

(c) W/p tonds to £all on cach Flight but by differing amounts, This
paramcter reflects the variations in X/p and X/W and so the variations might
be considored as resulting frou scoale effects on thrust end drog vid th possible
contributions to verying X/D from varying wind conditions.

(d) The nett effect of these varintions on the range is showm by the
poremeter WV/F in Fig,8(1), This suggests a possible reduction of the rango
parameter by up to about 8, over the full weight range though the ratc of
fall-of £ is by no meons uniform.

It 15 shown an Jppendix 2 that at a stablliscd constant m, if the drag
does not change with Re, 7 e dD
inerease in ¢ (i.e, in F/X /0) of about L: and a rcduction in X/p of about 27
which would result in a mexirmum reduction in range paramctor tlroughout o
flight of 5.. Where the WV/F values indicato a greater fall-off rate than
5+, 2t must be ascribed to scale offect an drag or to non-stabilised flight
conditions duc eithar te the initial wrong sclection of height, or to
relatively suddcen changes of atmospheric conditions (changing of T Dele

has accompanied any change in air $amperetwc to ueintein a constert N/ /6 ),

. The results indicatc at the most an

The maximum weight ratio on these runs wos about 0,79 and the groatest
height change about 5,000 ft. For a long range borber the woight and height
changes in a flight might bo appreciably greater then thesce with consequent
groater offccts of Roynolds number chrnge during the run on specific air range.

6. Conclusions

1« Long range flights in tho Jshton by the climb eruilsce technique were
quite practicable using manual control apart fron difficulties vhich arose from
backlash in the elevator trimmer circuit, The statie margins were high however
in all cascs (0,08 at the aft c.g.) amd difficultics mey arise in aircraft with
low static longitudinal stability., J4uto—pilot control should present no diffi-
cultics but the systan tosted was unsatisfactory for a sultable assessrent to
bc made,

2, Maximum specific air range for the fshton is obtalned using maximum
availeble r.p.m. and a specd corresponding tom = 1,2, This is the theoretically
expected condition for an aircraft for which the correspoending Moch nmunber is
below the drag crifical value,

3. A change of 10°C in air temperaturce resulted in a chonge of 1% in maxX.
specific air range, increasc of tamperaturc rcducing renge.

L, Llthough apparently satisfactory stabilised level speed measuranents
have hoen made at specds ncar m = 1 it is rocommanded in gercral that performance
neasurcments at specds less thon about m = 1.2 should be obtained by !quasi-
lcvel! tosts.

5  Owing to s=cale effects on cngino perfamance end aireraft drag the
'nen~-dimensionalt specific air range foll by the order of 5-8.: during a range
flight, The corrcsponding weight ratio was about 0.8 awd the offect is likaly
tc be greater for a long range batber with o preater proportional disposable
load =nd conscquert preater heipght increasc during a sortic.

/References, .
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Lireraft weight, 1b.
Ingine speed, reDelt
Truc airsnced, kots
Equivalent airspced = v /o~ , kncts

Theooretical value of cquivalent airspeed for minimun dran'
"below dra g critienl Mach nurber

Ratio of Vi to Vi.a

Mach number

Iu;mbient aar pressure, lb./sqin. & 147!

lmbient air tcmpera’curicl,: % = 268

imbient air:density - 'slugs/cu.ft: L 0.002378 = p/e
Intake air pressure, 1b,/sq.in, & 1.7 |
Intake air ’tempera‘cure, %k * 288

Total fuel consumption, 1lb./h‘r.

Total nett thrust, lb.

-firecraft drag, 1b.

Engine syeeific fucl conswmption = F/X, 1b. fucl/hr./1b. thrust

Value of drag cocfficicnt obtaineél by lincoi c:lctrapolat:.on o,
Cr, 2 0 of cwrve of Cp against Cr,
- - @Cp.
N. /4w Ch e 'efficiency factor!' = 1/ -4 é—-z' , vihere
A is aspeet ratio

VV/F, non-dimensional specific air range parameter, .
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Table 4

Levs). Speed Tost Data

HE N I T o™ 1
Run| Height Wef. t 5 EI !:Air ?{gt Thf'ust W N v F X § "‘v |
No.| rt. b Bl g?{rp',lb/hr w, | » | B|RIpAl B,‘“ 3
1 | 27855 | 69600 | 11680 | 229 zlg'é?’é?.lzow PeT15 1313100 13430) 391 | 20000 187101 L0456 | 212
2 {28360 | 68500 | 11645 | 225 | 226418200 | 5952 | 2147001 13130 389 | 290001 18660; 0458 | 21+
3128605 | 67450 | 11420 | 217 | 225317450 | 5532 | 213800] 12920| 378, 26680 17530| ,04B1 | 205
L | 28710 | 66500 ! 41215 | 205 | 2254|6930 | 5018 | 211800i 412670| 358} 24950 15970} L0483 | 195 ¢
5| 29140 | 65600 | 11010 | 150 | 2253 6180 | 4531, | 213000] 12100] 336} 22690] 14710] L0158 | 182% ]
6| 29630 | 64750 | 10800 | 172 1 2255 5600 | 4108 | 214700] 12210] 369 21000] 13600} L0501 | 167
7129990 | 63750 | 40575 | 1504 225%] 5080 | 3676 | 245900 1196C| 274 {19380 12380] ¢ SkBL. | 148
8| 27930 | 70000 | 14745 | 233 | 225 | 8720 | 6336 | 215600] 13250] 396] 30330] 19050} 0kt | 2143 |
9128210 | 68200 {11295 | 214 | 2234| 7320 | 5396 { 212600{ 12820 369| 25880] 16800} 40481 | 201
10 | 28680 | 67900 { 11040 | 196 | 223 | 6510 | 4822 | 211500{ 42550] 344} 23520] 15330} ,0L92 | 185%
11| 29120 | 66500 { 10800 | 182 | 222 | 5860 | L318 | 245500 12300] 323| 216401 14000] .0510 | 174}
12| 2933C | 64900 | 10605 | 1684 222 | 5410 | 3982 | 216000! 12080] 301} 201 50| 430201 , 0514 | 164
131729715 | 62000 | 1042C | 151% 221 | 4990 | 3650 | 2065G0} 11900} 274 18980) 42150 40475 | 151

Nomdnal W/p » 268,000

14} 32665 | 68650 | 11705 | 1924 225% 6870 | 4975 | 262000] 43240| 368] 29610] 18980 L0516 | 180

151 32820 | 67450 | 14625 | 18 226%' 6540 | 4797 | 259000] 431001 352| 283501 16410} ,0512] 1733
16] 32995 | 66600 | 11400 | 175 | 224 6120 | L4452 | 2580001 12900 338| 26820] 17220{ 0518} 167

17 33155°| 68700 | 11690 | 2014 217 | 7490 | 5222 | 268400 13190] 366] 32000] 20100] 0408 | 188

181 33685 | 67500 | 11620 | 155H 2153 6870 | 5005 | 270600, 434:30] 382] 31860] 20050 ,0546 | 184

19| 34090 | 66650 | 11445 | 182 21454 6280 | 1645 272000%3200 360] 29650| 188LC| L0525 473

201 35420 | 65650 | 11230 | 174 | 2154 5800 | 4230 | 272000 12980} 347] 27800; 17500 .054 | 167

21} 34860 | 64950 | 11050 | 160 | 214H 5280 | 3838 2752.0! 12626] 324 25920116250 , 0546 | 455

22 34945 | 64000 | 1uBD | 13 21).&1 LB6U | 3076 | 2724001 12550 275| 239801 14772| L0510 | 132

33430 | 69300 | 11675 | 202 216%' 7160 | 5170 275000; 134705 392{ 32720; 20480 .0523 | 188

33730 | 67800 | 14330 | 186 | 216 | 6150 | 4550 | 272000! 13085] 364} 26540] 16260] L0551 | 174k

33620 { 66900 | 11085 | 174 | 2158 5640 | 4118} 267000, 12820f 336] 26020 164,30] 0547 | 163

RIBIEIS

33970 ] 65500 | 1940 | 154 | 215 [ 5180 | 3848 | 267000] 12670] 3061 24.370] 15600 L0535, | 14BE

27| 34315 | 64800 | 10755 | 120 215} 4665 | 3.4 | 266000 12140} 2031 222701 14050{ J0463 | 118%

281 35280 | 61700 | 11320 | 1731 248} 5760 | 4212 267000t 13000} 353. 28690 18240) .0524.1 171

Naminal W/p = 294,000

8

35350 | 68400 | 11724 | 169 | 228§ 5960 | 4474 | 296700, 13140! 345 29000| 18110} .056 | 159
30| 35750 | 67250 | 12026 | 1784 2273 €480 | 4532 | 297600; 13500} 366] 322001 20050 .0539 | 168
3| 36165 | 66400 | 11795 | 1604 231 | 5830 | 4020 | 259000 13170] 340! 29350] 18100| L0552 | 156
321 36515 | 65600 | 11642 | 1h7 1231 | 5340 | 3694 | 300200} 12970] 345 27350’ 169000 ,C551 | 144
33| 36640 | 64950 | 1432 | 1274 251 | k925 _ 340 | 298000; 12760] 274] 25260} 15650] L0513 | 125
34| 37190 | 62700 | 11442 | 1208 231 1 4730 | 3304 | 29€4,00] 12790, 262' 25000! 15620, L0495 | 120%
35| 34980 | 69250 | 44720 {493 [ 211 | €auo w922 | 295300, 13680! 3901 31001 21620f L0536 | 1798
36| 35u0 | 6830 | 11275 | 173 [ 2133 5700'1_51_6_3 ; 296302113095 354 288501 18150, . 0576 | 162%

Jeontad



Table 1 contd.

4

in the recovery factor of the air thermomgter type used here
with increased altitude which if present on these teats would

result in these air temperatures being slightly under estimsted.
This would not affect eny conclusions drewn here but would
require small adjustments to some of the parameters as tabled
and plotted whaich should be borne in mind if these figyrss are
usad for other purposss,

Ta | F [ )

hp ¥ N | VR JAlr jFuel | X W f vl ploxl e B
Run| Height | Weight | R.P.M. | ASI, tenp1flow Thrust} = l e | eS| & ,g L
No| ft. | b, |. kte.| K Nb/hr P /8 Ve )RB P Tl A
37 | 35585 | 67100 | 11105 | 158%} 291 |53100 | 3354 29@005 12975; 326] 27220 [17090f ,056 | 150
38 [ 35810 | 66000 | 10975 | 146 1210 {5020 | 3644 293000'12860 302{ 26100116160] .054 | 140
39 | 36010 | 64300 | 10910 | 1303/ 210%|4730 | 3456 |287700| 12760| 274 2475015450} L0508 | 127%
40 | 36860 | 62750 1 11310 | 160 [215 |5215 | 3BL8 | 2920000 13100| 339 28100[17900] ,056 | 157
41 [ 37460 | 61850 | 11150 | 146 [2thk14925 | 3486 | 292100 12930] 312| 26950{16460] .0539 ] 145

. Nominal W/» = 333,000 |,
42 | 37980 | 67700 | 11700 | 168 |211 15860 | 4188 }333000] 13670] 365} 33640} 20540} L0576 158
L3 | 38470 | 66300 | 11605 | 1574|210 {5560 | 3903 | 334000] 13525 316] 32500{19840] L0566 150
44 | 38600 | 65600 | 11505 [ 154 (211 |5360 | 3796 | 3320001 13u40f 339! 31670{19220] ,0566( 148
NOTE: Subssquent tests o othor awreraft have indicated a slight fall




ippendix 4
Details of aireraft relevant to tests

1« Looding

The e jority of the tests were mude using o iad c.g. position, some
repeats being mdc with teke-off at the oft permissible c.ge linmid, Tith
consurption of fuel the c.g. nored forward, Totol fucl capacity is 3250
gallons, The loading details arce suamrised in tho following table,

i Weight C.G, position - u/c down
_Iooding condition 1b. Ins, aft of dotuws |, S.25C.

LIt limit ' - 95, O 28. 20

Farword limit : - 79.0 I 16,95
T34 c.g. Take—ofT 76,220 BB.2 TS|
of tests 411 fuel pone 50,125 80.0 | 17.60 |
f’li"t Ca g. T&ke-'off _ ?8,220 9500 T 28'2 —,
of tests A1 fuel pono ~| 52,125 | 90, 5 25,0 |

Raising the undercarriage moves tho.c.g. forward 1.6" (1.1,. S.1LC.)

2. Engine detailg

The agines fitted wore Nenes Mks.5 and 6, the differcncc bobwoon the
merks being only in the positioning of the gcearbox to enable thom to be
mounted in pairs,

The appropriate limitetions were as follows:-

Rating R.P. M, Time limit Jet pipe tanperatbure
mins limitrtion

Take—of f 12,400 15 720

Mox, Intcrmediate 12,100 30 680

Mnx, Cruise 11,700 Unlimited 620

Idling 2500 + 100 10 550

Scveral engines were charge during tho trials amd tho epgine nusbers with

dates fitted are given below: -

Stert of tests N.5.52 22, 9,52 0.1.53 234kea 53
Lo 30.5052 "22. 9052 _m|1053 "23.’-]—053 -506053

P, 0. 32 32 13 13 458
P.I1. L7 471 471 9 9
S, I, N L61 150 150 150
S\ 04 10 W77 K77 477 477

The fuel used throughout was AVIUR.

3«  Auto-pilot

The aircraft was fitted with a Smith's k.9 snto—-ilot, This is an all

electric gystem providing 3-axis control., It differs fundamentelly from
previous Marks in that it functions on a 'rate/rate' principle, ss cpposed
to the more usual "displacerext" principle.

4 full description of the 1k.9 auto-pilot is given in ref.3. The fact

thet 1t will control the aircreft at constant incidence mokes it theoretically

suitable for use in the 'clinb cruise' range flying technique.

The installation was given normal servieing with repeated checks and
adjustments if recessary before flight use, It was unrepresantativo of a
service installation in that the sorvomotors were limited to an output

/torque, .
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torque of 30 1b. ft. to meet alrcraft stressing requirements in the event of
a 'runaway', vhilst 1t was understocd from I...P., RA4.E., that motors of

66 1b, ft. targue would be required to rizke the comtrol roprescntative of
that for a modern bomber,

4e Tost instrunentation

The majority of the instrumcnts used in theso tests werce comtaincd in
an automatic observer using an F,24 camera,  The relevent instruments wero:

Clock

Framre counter

AS. T,

Mtimebers - 2 off

Engine speed indicators - L off

det pige tomperature gauges - 4 off

Jet pipe pitot difforential presswe gouges - L off
Gallons gone vecder countcrs = 4 off

Pucl terp, gaupes - 2 off

The /.8,T. and altimoter werce connected to the fairst pilet's pitet static
systen together with the static side of the Jet pipe pitot differentinl vrossure
gauges,

The first pilot's system consisted of a pitot head on the nort side of
the alrcraft just forward of the cockpit vith a static vent on the port side
of the fusclage,

The fucl tanperature elaments were located in the fuel lines forvard of
the cngine main bulkhcad and within 4~5 ins. of a coriustion chexber, and
dcoubts arose on their rcliability but on repositioning the clerents in the
fuel line in the undercarrisge bay, the readings appeared to be unaffected,

Further instrursnts were on the flight cbserver's pancl and read visually.
These instrumonts were;-—

(1) Balanced bridge thermometer - the M.O.k kmife-edge elcment was
Placed under the port wing abocut 10 ft, outboard of +the cngine
nacelle,

(2) Fucl flowmeters. 4 off. Of the Kent type with a range of
120‘-1%0 goplh.

411 the instruments were calibrated at cbout monthly intervals during
the test period.



Appendix 2

Notes on conditions for optamum speeific air range for
turbo-jet exrcrafi

1. General

From the usual ‘non~-dimensional! relationz Tor turbo-jet aircraft
perfarmaonee we have, assuming no scale offects,
];fl_z\_{. ’ l{ 5
L \\\/6 P

a‘[.—,-l

ﬁ =

/

hig ) and _‘.E——- = f2 ; -_IF... ’ l\\\
/8 IVCRVEE
whence the non-dimensionsl form of specific eir range may be written as
W, E .Y L B / n Vi )
. e = —— ’ L
F p /B » /% VIRV

. : - . N v i v
any two of the intcrdependent varianbles y —= (or M = -+
75' /5( )y 5! and =
(or m) will therefore definc tho flight conditions indlwling the range parametor,
WY
B =» —
iy
T v Cr
NOW R = -ﬂ = g = E’-—E P e s . 00(1)
R el (w4 CD

Note that this assumes X = D. For the climb cruise at constant YW/p,
X exceeds D by a small clinb tcrm of the order of 1-2.; the offccts of this
may be ignored in considerations of range technique.

2, Tithouwt commressibility drag coffeccts

2,1 In this case we assume GD o CDZ + k CL2 vhere CDZ and k are
constants and thus find
e ‘—'--1
X Cp 2y Cpy Vi
N k (m+ ; vhere m = —_—
it L w2
Vi o v
also V = = _— e oL ml= a)
v i
Hence from (1)
o W m
R (2,2 ey P ¢~
c ' Jp o+ 1/n :
T Ix n
orOC, "_ [ ] - T ————— -uotou-.-v(Zb)
c P (m2 + 1/:112)3/2

Notc that of /@ is the 'non-dimensional’ form of specific fuel consurption

and is independent of air temporature far a given ¥/ /6 and V/ /0
(or m and W/p or X/p).

2,2 If we now assume as a simplifying epmroaximation that specafic
consumption is independint of thrust and speed the usual velues for optirmun
m may be deduced.

/Thus. .



e dAppendix 2

Thus fran 2{a) we have at constant :/p, i.e. constant height for a given
weight

&R . j-mh'

R v 1113 N
cm 1+ ni

n
1 + mb ' R

Thus optimum specific range at a given height and weight is cbtained when
o l'-ﬁ = 1,32 or at the haighest possible speed 1f the thrust for this is not
available,

Note that

(i) a 10/ change of speed from the optiram reduces spocif:"m range
by only about 27 for a less amd 1% far a grenter sweed.

(ii) Cruising 2t constant height at the optirmum speed {or any othor
constant m) resulfs in increasing specific range as fuel is consumed, since
v oo 4 .1
T W72, but al=o requires decreasing speed, since V of- W2, and decreasing
ropem. (X o ). If speed is maintained constant specific range still
increaccs with weight reduction but at & decreasing ratc as m increascs above
the optimum,

(iii) Since, at constant m, R <~ Vil/p greatest specific range at any

constant m is cbitained at the greatest possible height 1,6 using maximum
pormissible rop.m.; ecuation 2(a) docs not however tell us directly which

combanntion of helght and speed gives the absolute umximum speeific air range.

From 2(b)} we have at constant X/p, i.c. constant r.p.m. if air tomperature
is constant and thrust is indgpendent of specd,

(% + 1/u2)5/2 R on 1+ m

Thus optirmm specific range at a2 given r.p.rie is dbtained when

n o= &3 5 1,19,
Note that

(i? & 10,5 change in m (or EA.S.) from *the optimum reduwces range by
about 27

(ii) Height will be reduced as speed inereases (form > 1).

(iii) Cruising at constent r,p.m, end air tanperature at the optimum
spoed (or any constant m) WV/F is constant so that spocific range, V/Fed i
and inecreases with woight reduction at twice the rate for the constant
huipght case; in this casc W/p is constant so that height increascs
continuously but thc true airspecd ranains constant in the stendard
stratospherc since Voer m. 574 . B
\! P

(iv) Since X/p increascs with r.p.m. at a given specd and air tempera-
ture the absolute rexdmum spocific air range is obtained ot the masinmm
permissible r.p.m, and o = 1,19,

(v) Since eny 'non-dimensional! performance parameter may be expresscd
as £ (N//8, m) the cffoct of o change in air twmperature, /\ T,, in the
specific range at constant r.p.m, and n {e.g. on the absolute maximum valuc)
is cxactly equivalent to a change in r.pem., /\ N, such that
AW =-4 A\ T4/T,; dincreasc of air tauperaturc thus reduces the maximum
possibkle specific range.

/Thus. .,



2 Appendix 2

Thus summarasing the conditions for maximum range in cruising £light when
the asswwpitions rede above are relevant we have

(a) WV/P must be raintained at its maximm velue os weight falls; this
involves kecping W/p or X/p, and m at thorr optimum velues.

(b) These optimmm velues arc cbioincd with X/p a maximm i,e, maxirum
possible rip.m, and m = 1,15,

(¢) Heigit thercfore inecreases as weight falls,
() I...8. is reduced as weight £alls to keep Vi/ /W constent,

(e) Mach mmber and hence true airspeed remein constant in the
standard stratogphere,

() o©p and thus incidence rawain constont as the weight falls so that
the required cruising conditions can be suitably moimbained by an anto-pilot
controlling at constant attitude,

(g) The actual valucs of specific aar range and Mach nurber so obtained
will dcpend on edr tamperature, both being reduced by en increasc of taupera-
ture.

2.3 In a practical case where specific fuel consumption varaes with
r.petie and speed, and thrust at a given r.p.m. 2lso varies with speed, the
above deductions on the optimum condition may be slightly modified.

Thus from 2(b) we have

SR & ¢ 1§ (2 - ni¥) o
—— = = e O o 2 -
R c 2 X%p 1 4 mr m

J. at constant m, range increnses with increased X/p provided

dEZB 30] ~
s 309 P;vc__O.S

The wvaluc of this derivative for o porticulsr engine may be derived from
the firm's performance data; it is invariably positive and usually of the
order 0,2 to 0.3 at mx., cruise r,p.m. at typical eruising specds so that
moximun range is in practice usually obtained at the maximum available r.p.m.

A

The best spced for range (at constant r.p.m,) is then given approximately
e - i
_2§.2..__h_l- mY ¥, fer 2 |V o)

1+ m | C oV 2 X eV iy

Estimates made of theso derivatives for several current engines at max.
cruise r.pems gave valucs of thco optimum m varying between 1.1 and 4.2,

by

3¢ VWith compressibility drag offecis

4 detailed general investigation of the offeets of comprossibility would
be unprofitable without gencralised data on the variation of drag vdth Mach
number, However making some sinplifying assumpiions some indication of
the probable of'feets can be shown.

C
From (1) i L /B G

R:".“:’a 1‘-{. g -,

c Cp © Py

L]

JIf wo..



Le Appendix 2

If we represent drag with compressibility by Cp = E. CDy vhere Cng
is the subaritical drag cocfficicnt at the same CL and B is a function of
Mach nwber only, cqual to wnaity below the drog cratical Mach nunber, g,
then, 2goan assuming constant specific conswuption

Thus for any constani Mach number optimum spocific range is chtained at the

maximun value of .g.I.‘._ i.e. when m = 1 (this result is spplicable of course
S

below and 2bove My).

. Mote that with this type of assumption on the offect of compressibility
on drag, where the proportional increascs of prafile and induced arag are
the same for a givea s, this optamm Gy, (or Vy4/ A7) 2% constant ¥ is
ingependent of M. With other (and more rcalistic) assumptions this would
not be so and the concept of 'minimum drag speed' used here and the signifi-
cance of m would become ambiguous for M —» XM,

The optimum Moach muwber is then obtained vmen M/E 18 a meximum or

€ & _
E am -
, 2

If we write & = 1+ K (M-24)) forM > M
Then ,I;f %ﬁz L 2R (M - 1) ;-

) L r

1+ K (- 3,)

- 2
S dgpt® = MYT & 1/K
. . - 5.2
R O R

Thus as K - wom o0, }’Eop't: —= M, ond Eopt —> 1.

L typicel value of X to reprcesent the start of the drag risc for a
current swopt-wing aircraft would be about 20,

Taking Mg = 0.8 we get Mgyt = 0.83 and Hepy = 1.019, i.e. an opbimum
Mach number of 0,03 above the critical snd o compressibility drag increase of
sooul 2. giving on increasc of range of about 2/ over that cbtained by crulsing
at the oritical Mach nunber.

We chould thercfore expect that unless the dreg inerease with Mach number
18 very gradual the optimum range Mach nunber would be only slaghtly above
the drag cratical dMach number.

In proctarce variations of cengine specific consumption vdith tlrust and
gpced vall agean slightly modafy these results (tending gener=lly to reduce
glightly the optimun Mach nunbor).

It may b. obscrved that the optimum specific range value thus obtoaned
1s effoctaively an ebsolutce optimum for the airframe and is obtaincd at a
perticuiar height and thrust (for a given weight).  Specific range is not
in this case incrcascd by providing greater thrust but only if the particular
thrust required can be provided vath a reduced specific consumption.

Thus the valuc of the product Mu(L/D)pax (whore (I/D)nqyx 18 the sub
critical valuc) for an airframe may bc rogarded as a figure of merit far its
range cepobilitics since 1t is closcly proportional to the maximum possible
specif ic air range cbtainable at a given weight with ongines of a given
speeif’lec consumption,

/For a..



De Lppendix 2

For a mven airframe-cngine combination the optinum range condition
requires a perticular ¥/ /6 value and if this can be maintained if the air
temperature rises, without exceeding the engine limitations, then the actual
spccific alr ronge will be independent of temperature.

lie Scole offcets on specific air range

It has mo far becn assumed that the usual non-dimensional relations are
applicable over the full weight ronge of tho aireraft i.c. that VV/F is a
function only of any two of m. i, N/ /@, U/p, [This results from thc onglae
performancee relations X/p and F/p /6 = fns (N/ /6, K) and the cssumption
of mn sircraft drag of the fom Cp - fn (CL, M) giving O/p = fn(m, M).

In practice Reynolds numbor {or helght) 1s a further veriable 1n each
of these rclations. 4t h.gh altitudes the perfamance of twbo-jet engines
falls off with increasing altitude below that +hich would be predicted from
the usual non-dimensional relations ot lower altitudes so that the thrust
is lower and tho specific fucl conswmtion is highor; the rcducing Reynolds
nuber as haight is increascd at constant speed tends also to rosult in an
increasc in profile drag. The mett offect during a standard climb cruisc
will be a reduction in the range paramcter WV/F with weight reduction shich
may be quite mnrked for a long range aircraft with a large disposable load,

This effect must be measured in flight by tests at the ovotimum conditions at

at least the highest and lowest possible weights.

/éppendax 3



appendix 3

Corrcctions applicd 4o results for drapg
and rate of climb &ffercnces

1. Reasons for corrcctions

Corrections have beea required to the test results in mescnting the
specific air range data on a comparable basis fa the following rcasons.

(a) Changes of drag occurrcd diring the period of the trials, which
gpanncd 2 minor inspection and several ongine changes; wherc comparison is
required betvoon ronge data therefaro the results have all been presented
as corresponding to the drag mensured in the first series of tests, the
level speed tests.

(b) Part of the programme cangisted of stabilised level speed runs and
Part of clirb cruise and quasi-level tests 1nwolving a small rate of climb,
The measured specific air range wall cvidently be lower in the latter cases
for the same carspeed and cngine speed; allowances have therefarce been made
to thesc results to 'correct' tham to a level spced basis for direct comparison
with the level speed teats,

2o Drag correction

2,1 liethod of correction. In adjusting the data to correspond to a
dafferent drag to that of the test 1t 1s desircble to moke the adgustment at
the same engine conditions so that the measared engine data are used unchanged.

This involves keeping ¥/ ./6 and V/ /0 constant es the drag is changed;
thus X/p and F/p /2 will also be unchanged and hence pV/¥. The carrection
required 1s 1 cffoct thercefore to aircraflt weight so that in the new drag
configuration the same speced is obtained for the same thrust i,e. corrcctions
arc required to W/p and hcace to Vl/ﬁ and WV/F, i.c. to the spceific air
range at the same weignt.

A smnll dncidence change ray thus bo involved end the only assumption nmade
is that thais and tae dif ferences responsible for the drag diange do not affect
the engine inbtoke cfficiency and haice the engine performance.

Thus X/p end Vi/ /5 (= ¥/ /B) arc unchanged hence slso X/Vi° and
D/Vs? { = Cp).

The measured cngine data can thus be easily associated with any given
aircraft drag when the Cp - Op relation 1s given (or if compressibility effects
are present if the datum drag is given in the form Cp=f (Cr, ¥) since the
observed engine data give Op and ¥)., This method has been applied to the
presert results o obtain correction factors to Vi/ /W, W/p and WV/F.

] 2
Thus from Fig.7 giving VIAE (<. Cp) v .E;_z (=€ GLZ) for 21l the
i i
o w2l | w2 ]
test results we read off | —| , the zcectual test wlue, and | — | ,
| ovilh, vyt
“ O L ¥ ¢
the datum (lovel spcod test) value, for each test value of —22- snd obbain

Vi
the ratic of these, r

/Contd-
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i.Ce '.'4‘2 r 1,’2
Vit o Vit
Vi LV
— = T Lo
L ﬁ_ c 3 "o
T | 1 i .
¥ > p= | ¥ since i ag unchanged
! P R SRR P
_— S e .
g s p2l N since pV  is unchonged.
_1‘ e B a B

2.2 Ilpplication to rocsults, In Fig,9 values of X/V:,_2 corresponding
to the readings taken throughout cach climb cruise vhen conditions wore
opparertly stoady (i.e. gonorally omitting the first few readangs of cach
run before, the rate of climb scttled to a fairly steady value) are plotted
apainst ‘TZ/V (nominally constant for each run), The calculated best
straight line through thesc points is given and on allowance applicd
corresponding to subtraction of the calailated extra thrust requircd for
the small rate of clamb (abog‘t; Gy co ﬁara. 3.2 below) to obtain the
corresponding line for D/V v This linc has been roplotted
in Fig.7 for cormparison mtn the 1evcl specd test drag; a drog increase
corr08pondlng to an increcase in Chy of 8. vith no change of induced drag
is scen to have occurred betwoen the two scts of tests. Also plotted in
Fig.9 arc the values of X/‘Vlz obtained on the guasi=level tests but
corrected to the rate of clinb corresponding to the climb eruiso condltions
g’se?c para,3.2) to show darectly the drag chonge between these two sets of

ests,

That these changes are gemuine drag changes and not duc to a chango in
the mingle pitot v thrust relation is suvported by the thrust v ongine speed
plot of Fig,2 vhere therc cre no signs of such systamtic discreponcied in
the thrust values as are shown by the drag data.

The correction factor r hns beon ob‘lé‘a:mod Eor cach set of ¢lind cruise
points by taking the mean wvalucs of 32 ond W far each run and
correcting the formcr for the moon,, rate of c-.lm.b :,ﬁo give D/Vs2, These
are thus the values of D/V4? and ( /V 12 (v /‘V ) is cbtained from
the best linear relation of D/Vy /4 ll- for “I:he level speed tests

given in Fig.7; similar correc't:l.ons werc obtained for the three quasi-level
points,

The effect of these corrections on the range picture is shown in Fig,11
where WV/F v V3/ /W 318 shown for the points before and after correction.

The correction foctor r varied from about 0.8 at m = 1.3 to 0,95 at m = 0.9
so that the corresponding corrections made to spocific air range veried from
about 10, %o 3. increasc.

e Climb correction

3¢1 Correction to level flight corditions. For any run wherc rate of
¢limb, v, and thrust are neasured the drag may be cstimated from

D:X-W%

To correct the results to level flight at the scnme speed and height we
thus have

Thrust correction A X = - 9 %

/Pucl flov. .



3. Appendix 3

Fuel flow corrcction 'A F = ¢. /\X vhore for o, the spcoafic fuel

consurption, we can use the measured value, F/X or on estinate from the fim's
perfarinnce data,

= |
- AK ! :)-%J where ;?,2(. mey be
= v

u

R.P.iL. carrection A\ N

estimated from firm's data

AR AT Ax Lx
R F X

LR ] - or —
F

Correction from a slow e¢limb to level flight conditit_ans at the same speed,
weight and height thus invelves an increasc in the specific 2ir range and a
decereasc in rep.in.

A further correction to bring the r.p.a. back to the test value or to

the nominal test velue moy be made af | . ° R 15 known cxperimentally;
R ST | m

the quasi-level test reosults as plotted in Fig.10 give this derivative far
tho present case and have been uscd for this purpose,

3e2 Corrcetion to climb cruise conditions. To corrcet level speed or
quasi-level run rosults to the c¢linb cruise condition (C—L, N/ /'9' constant) we
must first derive the corresponding rate of clirb, Vos ond use tho above
process to correct to v = vy instead of v = O.

Wo have for the clirb cruise

i . d.] F o ; ;
— = constant; o = - 3200 1b./sec. where F may be the measured

fucl flow (in 1b,/hr, )
. dp ay

=

L . ¥
at at - p 300 T P

dh dh . W
) [rmiay o — l e — LA
Ve m i 3 0 3600

Llso P =5 - g dh vhere P, ¢ » 8 b are in consistent wnits

L
oG o 296 x107 o o065 10k, &
dp o P

S Ve s T.66 0. % £t./50c.
D

&706690\3'%

= 5.76 ¢ % in the standard stratosphore

For the standard climb cruise at constant Cp and N, D/W and c are
constant so that v, is constant throughout /cruising flight in the standard
stratosphere,

Honece also the propartion of power cxpondod on ¢l imbing romains constant
throughout the cruise,

Thus power to climb = Wvo = 5,76 ¢ X ft. 1b,/scc.

Total pover = 1.69 VX ft. Ib./scc. (V in knots)
s, COlimb power _  3.he
Total powrcr v

vhere ¢ is in Ib,/br./1b. thrust
V is in knots
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