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Surama ry

Nono of the existing methods of measuring thrust boundaries is suitable
for usc with the new high performance aircraft, A new tcchmique is therefore
proposed which is acceptable for supersonic aircraft and which will also
nave many advantages over existing methods for use with subsonio typese.

Sane data on drag due to 1ift can also be obtained wthout the need
for thrust measurement.,

Prelimdnary flight trials on a subsonic aireraft proved very satisfactory,.
No major difficultices are anticipated when the technique is applied to super—
sonic aircraft,
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1, Introduction

The thrust boundary, which is the liwmit set by the avallable thrust to
nomal acceleration that can be applied in a steady turn at constant height,
will remain a most important performance criterion for military aircraft in
the supersonic categary.

The exicting methods of measurancnt roquire either a lengthy flying
programme or an indirect approach utilising certain assumptions on the
variation of drag duc to lift,?»2 Either of thesc approaches is likely to
be unsatisfactory for supersonic aircraft, particularly for interccpiors
with limited endurance,

The method proposed here effectively gives o direct measurement of the
turning perfomance while avoiding the main drevbacks of the existing methods.

Yhile the technique is thought to be especially applicable for supersonic

aireraft it is in many respects prefcrable to existing methods for subsonic
types,

. The tests reported here were made on a subsonio fighter in oxder to
obtain practicel experience of the technigue snd to assess the relative
acouracy of performance dnta obtained in such turns caupared with levels,

2e Notation

X nett thrust 1b,

D aircraft drag 1lb,

Cpo drag coefficient at zero lift.

Cp total drag coefficicnt,

W aircraft weight 1b.

¢,  lift coefficient.

S gross wing area sqg.ft.

8 speed of sound at sea level f£t/scc.
(Oo density of air at sea level slugs per cu.ft.
P relative ambient pressure.

8 relative ambicnt absclute taperature.
M lach muber,

v true airspeed, ft/sec.

%% Longitudinal acceleration £t/ seo?

n normal acceleration 'g' units.

dh rate of cliwb £t./secs

dt

N engine speed r.p.no.

S The existing methods

3.1 The darect method. The direct methad of obtaining thrust
boundaries by actual measurcrent in turming flight at individual Mach
numbers is not practical for modern high performance-aircraft.
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The flying technique for this is difficult as the pilot has to maintain
both Mach mumber and height accurately constant and also control the gradual
increase of nomal acceleration up to the point at which the altitude can no
longex be meintained, I[n additicn, of course, this has to be done under
the physical discomf'orts of hiph nomal acceleration, An alternative technique,
that has heen used, is to put the aircraft into turns at a given Mach rumber
and at selected nomal accelerations and to neasure the rate of clinb or
deacent: the thrust boundary at each Mach mmber then being obtained by

interpolating for zerc rate of climb, This technique is also difficult to
cxecute,

Apart from these piloting difficulties of the direct method, to cover
the required range of speed and height for o high perfomnance aireraft inll
be most expensive in flying hours and cerbainly for a superscnic interceptor
with its limited endurance it will be prohibitive,

2.2 Accelerated level methods

Method 1
3.2.1 For a turbo-jet engined airoraft, the tnrust boundarics can

be obtained by making aceelerated level runs over a coammon Mach rumber range
at two heights using the samc value of £T= o This method, in addition to

ve
certain practical linitations requires asswptions vhich can not be justified
for supersomio aircraft, Thesc points will be discussed later.

With the usual assumptions on drag due to lift we may write:—

Cp = GDD +<’OCD2) GLZ where “0Cp is a function only of Mach mumber,
fOCL ’bGL

From which moy be cobtoined
D= FNT I B <_1}i)2 where Aol GDO and BD(:E_C}_D_ and both are
P G P “DCL2
constant at a given Mach runber,
Since in level flight:

X = D + W dV
g dt

Then}l_:AMz+_]@ﬂ gﬁ[z + W_ av
P e \ P pg dt

Llso X = f( N, U neglecting effects of attitude on intake
P Ve
efficiency ond of Reynolds Number,

Hence for the two levels at different heighes (i.e. W velues) but the

P
same N , at any velue of M we have:
Ve
Bt 51}:[)2 + W_ 4V = constant, whure B'WW 1 _ . (rOCD) and is constont,
P g 4t e ”0(}1’2
Hence at each Mach mmiber W_ dV 48 plotted agninst [ nl 2, (n=1 of coursc
pg db P .
for the levels) anl the value of nii for vhich dV = O cbtained by linear
P dat )
extrapolations These are thus the valucs of ni for steady level flight at
P
the test ¥ and from them can be caleulated the valucs of n for any weizht
ve
and hﬁighto

/Theoou
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The basic asswaption of this mcbhod that "DGD remains constant at a
or?
given Mach rumber for an extrapolation of Cj, can not be justified for super-
sonic airoraft, In addition, with tne higher performance capabilities of new
aircraft, the effcet of changes of Reynolds rumber on thrust and drag can no
longer be neglected and to allow for this effect, extra infomation is
required which may not be readily available,

Scnme practical limitations of this methed are:

(2) with aireraft having high thrust boundaries, in order to
minimise Lixw extrapolation on Op it is necessary that one
accolerated level should be measured at an appreciably
greater height than the other, Such a height may well be
wmpracticable,

(v) the thrust boundary obtained is limited to the Mach mmiber
overlap of the two accslerated levels, If the levels have a
large height separation this may be a considerable restriction,

(¢} thore can be difficulty in achieving the same N ot the two
Ve
heightss Thnis can occur due to the difficulty of measuring
air temperaturc accurately with present instrumentation.
Idso, when the tests arc made at or near maximum cngine speed
at the first height, if the air temperature at the seccond
height is higher relative to standard than at tne first; then
JH. can not be maintained constant without exceeding the limiting
8
ongine spoed.

In view of the fact thot this method is limited to turbojet engined
airoraft only, requires unjustifiable assumptions for aircraft in the super—
secnic catcgory and has several practical limitations, it cean no longer be
regarded as suitable for peneral use,

Mcthod 2

342.2 iherc thrust measurenents are made or drag information is
already available tne thrust boundarics con be deduced directly fram acceler—
atcd levels at onoe helght,

Prom parn. 3.2.1 we have for a level acceleration (n = 1):i=

X = m2 + B (‘F!)a + W_ av

D 12 \p, vg 4t

end in a steady turn:-

X = 82 4+ B_ 9}1)2

P ue \ P

Thus at the same If and N , neglecting effects of attitude on intake
Ve

efficlency we have
a.(u)z (2 -1) = W av

M2\ P pg db
amln = [M2.1 SU+1
B%’ g dat
Thus if “©9CD  (p¢ B) is already known or is cbtained fram thrust
'_OCLZ

measurements, n can be detornined,

/Thisoon
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This method is very limited in scope however, the requirement of either
imowing “0Cp or of measuring thrust being undesirable.

B0 2

Also %o obtain the value of °0D from the thrust measurements during
“ocy,
the accelerated level it rust be assumed that r_t_}gg is independent of Mach
"OGL2
numbers This is known to be unjustified above the eritical Mach mmber.

La The new rethod proposed

This consists of ueasuring an accelerated level over the full available
gpced range at the required height and engine conditions followed immediotely
by application of normmal acceleration, still maintaining the height such that
a fairly steady ratc of loss of speed results through the speed range of
interest,

The thrust boundary can tnen be obtained by direot interpolation on
1ift coefficiunt at constant Mach rumber for zero longitudinal accelerations

Since all tne data arc obtained at the same height and at the some time
this direct interpolation, without any corrcction process, is possiblc,
involving no ossunpticns on drag and of offects of attitude on intake
efficiency, other than that of linearity over the mnge of inberpclation,
or on the effects of Reymnolds mumber on thrust or drag. Neither is there
danger for a turbo-jet engined aircraft of air terperature differences arising
between different sections of the noasurements: any error in toamperature
neasurcment wall now occur only as an error in the N to which the measured

Ve
regult is attributed and will not distort the thrust boundary obtained,

There is, of course, no restriction on the type of cngine or mixed
pover plant for which this methed is applicable.

It is corvemient to make the interpolation by plotting [ )* against

P

W _ 4V at constant I values as in para, 3.2.1, so obtaining the values of nf

pg dt P

at which GV = 0 and hence n for the sclected weight and test heights The reason

a4

for this is of course that in many conditicns this assunption of linearity is

virtually correct, In order to minimise errors in the conditions when “VCp
"DCI,2

is not constant with Oy at a given M, the deoeleration in the turn should

be kept as low as is conveniently possible so that the possible error due

to interpolation is small,

Ba Flight teats

Scme concern was felt initially about the accuracy of measurements that
could be achieved in turning flight. To check this, a comparison was made
between decelernted lcvels and decclerated turns under identiocal non-dimensicnal
conditions with a subsonic fignter, the only aircraft readily avajlable at the
time. The decelerated turns, of course, had to be rde with constant normal
acceleration, Although neither of these manceuvres correspond precisely with
those of the techniques proposed for thrust boundary measuremonts it was the
nenrest practical approach in which a fair couparison could be dravm between
level and turning flignt, Fram the piloting point of view the tums in this
case were probably more difficult as holding the normal accelceration strictly
constant is more difficult than just maintaining 2 fairly steady longitudinal
deceleration,

The results of fhese tests for bwo decelerated levels and two turns are
given in Fig, 1 as a plot of /Y 8V +W_ dh agoanst M, The tem W _ dh
pg dt ¥V 4t pv 4t

/WaSe e



Ead 7 -
was included to cover variaticns from the nominal beight due to piloting
inaccuracies and pressure error changes with speed, The normal acceleration

used in the turn was 3%'g' and the heights were approximately 35,000 ft. for
the levels and 11,000 ft. for the turns,

The Mach mumber range of the turns is limited in this case because of
the speed lost while transferring fram level flight at the speed appropriate
to the engine conditions to the steady turn at 3 tgt,

Fron the results it is apparcnt that good agreument is obtained between
the levels and turns and thot the degree of seatter is comparable, Thero is
no evidence here of Reynolds! mmber effects but such effects on the engine
are only normally significant at greater altitudes than these,

It is therefore considered that data obtained in the proposed decelerated
turn would also be of camparable accuracy fron piloting aspects with that
fran the equivalent level run.

The proposed method of neasuring the thrust boundaries was then tried
out on the same aircraft., A height of 25,000 f£t. was selected for the tests
ag this gave a reasonably high thrust boundary ie.c. 2.6 'g' maximm, which
even with the oxeess 'g! required to decelomte the aireraft, was within the
physical capocity of the prlot. Maximun engine speed was used, The results
are shovm in Figa, 2 to 5 inclusively,

Sasxe difficulty was experienced by the pilots in the initial practice
runs in achicving 2 snooth deceleration in the turns as the thrust boundary
varied with the decreasing Mach nmuiber; the tendenay being to decelerate too
quickly, Although it was not tried, it wns considercd that a longitudinal
accelerometer, visible to the pilot with a mark on the dinl oorresponding to
a predetermined desired deocleration would be most helpfuls

The results obtained were very satisfactory; tho sentter botween runs
being relatively small, Two pilots 2id the flying for these tests and in
order to demonstrute bimi epproxiantely the sane degree of accuracy was
cbtalined by both, their results are shown separately.

A1l Hussenot recorders were used for all this works

Ge Drag due to 1ift

Although thrust measurement is not required, even without it sone data
on drag due to 1ift oan be caleculatel, This only involves the asswumption
that thrust is uneffected by incidence, vhich is usually justifiable over the
incidence changes involved,

Tnese calowlations hnve becn made here to denonstrate this point and in

Fige 6 o plot of TYA{ D0p \ v M is shom. It con be seen that up to
Dot 2

M = 0,775 therc is corme 1y little scattor, For M = 0.8 hovever, owing
to the very mwll accelerations and decelerations the value of T¥ A/ 700p
becanes unreliable and is not therefore shovm. This unreliability i
not also reflected in the amalysis of the thrust boundary as the intercept
of the W « &V gﬂ)z line on the abscissa is not particularly sensitive to

pg 4t \p
changes in the value of &V .

at

It may be noted that the calcoulated drag ohange is that due to a change
of laft coefficiént only at constant Mach number and Reymolds muiber, The
data are therefore directly camparnhle with similar wind turmel drag
moasuramenta cbtained with incidencd only voarving. If the results are
interpreted as here, in terms of a drag faoctor TrA /OCp\, then this value

01,2

/correspondses
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corresponds strietly to the local mean slope of the Cp - CL2 curve and if

this relation is in fact non-linear, caution rmst be observed in gencralising
the results,

If desired of course further turns could be made with differing
decelerations or with some acceleration to cbtain data at intemmediate Cp
valucs,

Tw Discussion

As the instrunentation required consists only of records of airspeed,
altitude and normal acceleration and a knowledge of the aircraft weight, these
tests could be made at an early stage of a prototype's flight trials,

Por o turbe—jct engined aireraft meaguraicnts at one altitude can be
gencralised to other altatudes very simpl;y'3 ipnoring tne effect of Reynolds!
runber variations. It 18 recamended however that with the high performance
aircraft of the future onwhich such veriations can hardly be ignored that
it would he advisable to mike measurcuents ot two well separated hoights above
the tropopause and to interpelate between than,

The work shown here has already demonstrated that for an aireraft of
this limited performance thc technigue i1s satisfactory and certainly preferable
to any previously suggestod.

No supersonic aircraft hns yet been available to try out this method but
it is not anticipated that any wmojor problem will be encountered when the
opporbunity docs occcur,

Tt 1s possible that another limitation uay be cncountercd with high
perfomance aireraft when nmcasuring the thrust boundary s.ge. the stall or
buf'fet boundary, lack of longitudinal control to attain the thrust boundary
or a pnysical limitation in normnl accelerailon of the pilot. If these
linits are reached before the thrust boundary is attained tnen of course the
thrust boundary itself is of no practical significance., This tochnique
proposed will denronztrate which limit is attained first and also its magnitude,

\With certain aircraft, particularly if a rocket motor is fitted, there
may be imadequate fuel to complete the accelerated level and the decelerated
turn in one flight, In this casce the remnedy mny be to do the test in two
parts; on the first flight decelerating fram half way up the Mach range
and on the sceond dececlerating from the top speed to half wy, also eliainating
as rmch as possible of the low speed end of the accelerated level.

If for any rcason particular doubt is felt about the intcrpolation on
a linecr basis beween the points obtained from accelerated level or
decelerated turn, then en intecrmediate point could be obtained fram an
accelcerated turn which will help to indicate more clearly the nature of the
reletionship. Buch a situation could occur if the decelerated levels were
mnde too rapidly so that a large interpolation wes required.

8. Conclusions
L new technique for measuring thrust boundaries is proposed. It requircs
a relatively small amount of flying time to carry out and involves no major

assunptions in the analysis,

Some data on drag due to 1ift can also be obtained without the nced for
thrust measurcment.

Preliminary flight trials on o subsonic aireraft proved very satisfactorys

No sericus difficultics are anticipated wnen the technique is applied to
supcrsonic aircraft.
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