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SUMMARY

Longitudinal and latersl stability derivatives have been obtained in froe
flight from oight 1/12-scale models of the TSR2, at Mach numbers between 0+7
and 1+4 and Reynolds numbers between 7 end 15 million, T

The measuremonts indicete some loss of longitudinal and lateral stability
at transonio spoeds, and the loss of yaw stiffness n. is shown to be dependent
on CL. At supersonic speeds the sideslip derivatives 6v, n, and Yo diminish

continucusly with increasing Mach numbor.

Tho aerodynamle effocts of a sudden engine fellure were produced at
B = 1+3 on two models, but the responsc was nogligible. The sideslip derivatives
n, and y, wero considorably reduced at transonic speeds by flying with a simu-
lated i3le ongine.

Four of the models autorotated after lateral disturbancos. Some of the
characteristics of this bechaviour have beon determined from tho flight records
and by simulating the motion on an analugue computer.

*Replaces R.A.K. Technical Report No.65253 =~ A R.C. 28056
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1 INTRODUCTION

The TSR2 was a military strike aircraf't designed to operate at transonic
speeds at very low eltitude and at supersonic speeds at high altitudes. It had
a2 thin delta wing, large ail—moving tail surfaces, and a long body contalning
two turbojet engines, most of the fuel and the war load.

Extensive wind-tunnel tests (for examplo, Refs.?1,2,3,4) wero carried out
while the aircraft wes being designed, but no dynamic stebility measuéements
were obteilned and the effects of tunnel constraints and support interfercnce on
sone of the statiec steability measurements wore uncertain. There was no
experience of conparable configurations on which to draw, and therefore a
complomentary programme of frec-flight model tests was undertaken, to determine
some of the more important dynamic stability derivatives and to chgck tho

tunnecl measurenents.

In particular thore wore two static stability characteristics sbout which
further informetion was required. The transonic tunnel tests had shown the
pitching-moment derivative o, to be dependent on the angle of incidence as well
a3 on Mach number. /[t thesc spoeds the uncertainty of the tunnel measuremonts
wos at its greatost, and the reel magnitude of the incidence effect was obscured.
At supersonic speeds somo of the tunnel tests had indicated an unexpectodly large
reduction in the yawing=moment derivative n, with inecroasing Mach number. Tﬁis
gavo rise to some anxiety, because it implied a neecd to increase the artificilal
directional stiffness provided by the autopilot. MNore stringent oporational
restrictions would then have to be imposcd if the autopilot should fail.

P

One aspeet of tho dynamic behaviour of the aircraft ot supersonic speeds
which proved impossible to oestimote satisfactorily was the offect of tho sudden
failure of one engino. As well as producing asymmetric changes in thrust and
drag, this would cause yawing moments duc to intake shock movements and spillage,

and might produce scvere loeds on the aircraft.

The free-fligﬂt tests wero plamncd in two groups, in which the principal
objectiveos were respoctively longitudinal stability measurements et Mach numbers
up to 1'5 and laterel stability measurements at Mach numbers up to 1:8. The
test schedule is sot out in Table 1. The longitudinal-stability models wore
flown at different 1lift coofficients, to provide a measure of the dopendence of
m, on the angle of incidonco, and two of the lateral-stability models were
equipped with a device to simulate engine foilure. Tho experimental technique
ims, essontially, to disturb cach modol at scveral different Mach numbers and

to moasure’and analyse tho rosponse to each disturbance. The oscillatory motion



of the models was influenced by aercdynamic and inertia cross-coupling, but
usually these effects were important only at the largest amplitudes. When the
analysis was confined to moderate amplitudes it was gererally possible to
treat.the longitudinal short-period oscillation and the Dutch roll separately,
and thus to evaluate the derivatives associated with uncoupled motion. This
method yielded values of the normal~force and lateral-force derivatives zZ,
and Yy the rolling-moment dorivative Gv, the pitching and yawing stiffness
derivatives m and s and the rotary damping derivatives in roll, pitch and

w L
ya D

s (mq + mﬁ) and n_.

The models were not dynamically similar to the éircraf% and their roll
behaviour was adversely affected by inertia cross-coupling. If the rate of
roll cxceeded either of the uncoupled oscillation frequencies it increased
roepidly until the model settled into a very fast, stable autorotation., At
the highest Mach numbers the smallest practicable lateral disturbance induced
autoretation, so the high-speed tests had to be abandoned and all measurements
were cornfined to Mach nucbers below 1+5. Even at these Mach numbers auto~
rotation was not entirely avoidod, and altogether four cof the eight models
autoroteted during at leoast pert of their respoctive flights. - Thorefore,
although the object of the tests was to measure stability derivatives, the
opportunity was taken to analyse the autorotation and to compare its measured

characteristics with calewlations.

The models were flown at R.A.E. dberporth between February 1962 and
February 196L. Mcasurements of the stability derivatives were obtained within
the range of Mach numbers between 07 and 1+4 2t Reynolds numbers, based on

the mean chord, between 7 and 15 million.

2 DESCRIPTION OF THE MODELS

241  Geoometry

Eight models were built, to a common scale of 1/12. The first was
intended primarily to prove the launching techrigue, the flight bchaviocur and
the instrumentotion. Tis geometry differcd from that of the aireraft in
several details ard, for ease of manufacture, its construction was slightly
simplified. The remaining seven models represented the external goometry of
the aircraft, and ere illustrated in Figs.] and 2. The only details omitted
from the models were the boundary-layer diverters at the intckes, and small
excrescences such as fairings over flap hinges. The horizontal dstum of the
models corresponds to the Horizontal Fusclage Datum of the full-scale aircraft.

The essential characteristics of all the models arce given in Table 2.



The aircraft had movable centre bodies at the intakes, to enable the
intake mass flow to be matched to engine requirements under varilous flight
conditions. The model centre bodies were fixed in a position representing the
aircraft configuration at M = 2. The flow through the models was regulated by
choosing a tailpipe cross=section area which would choke et supersonic speeds
and allow the intake to run critically, i.e. with the conical shock on the lip,
at ¥ = 2. At the lower Mach numbers of the free-flight tests the shock system
would have been forward of the lip end some spillage must have occurred. The
models carried a pyrotechﬂic flare inside each tailpipe to facilitate visual

trocking from the ground.

The tail swrfaces were fixed, with o small differential angle between the
two halves of each tailplane. A mean angle was chosen for each model to produce
the required longitudinal trim; the differentisl angle, which was less than holf
a degree, cnsured that the model porformed a barrel roll about a ballistic
trajectory and did not stray outside the safoty limits of the range.

2e2 Construction

4lthough the models were geometrically similar to the aircraft they were
not intended to be dynamicplly similar. Construction was simple and sturdy, to
produca modecls that were as nearly rigid as possible. Each model was built
around a cast magnesjium-alloy box, which occupied the space between the ducts
and hold most of the instrumentation (Fiz.2(d)). A vertical aluminium-alloy
plate projected forward from the box and formed a load-bearing spine through
the forward part of the body (Fig.2(e)). The parts of the rear body which
carried the tail loads were cast in magnesium alloy, but the more lightly
stressed parts of the ocuter walls of the ducts and the forward part of the body
were moulded in resin-bonded glass cloth, with local reinforcements of metal.
The wing and tail surfaces were machined from solid aluminium alloy. All joints
in the ducts were sealed. The sides of the forebody were detachable, apd this
enabled lead ballast to be attached to the spine of the complete model to adjust
its c.g. position (Fig.2(e)).

3 EXPERIMENTAL TECHNIQUE

The models were launched from the ground and reached their maximum velocity
in about 3 seconds (Fig.é). The booster rockets (Fig.2(c)) were detached when
they stopped thrusting and the experimental measurements were made while the
modéls were decelerating in froe flight. Doundary-layer transition was allowed

to oceur naturally.

r



3.1 Pulse rockets and engine-failure simulator

Every model was equipped with 18 or 20 single-shot pulse rockets in the
forward part of the body, attached to the central spine (Fig.2{e}). They were
fired at predetermined times through ports in the body skin, downwards to
excite the longitudinal short-period oscillation of the model and sideways to
excite the Dutch roll. The firing sequence,which was gensrally different for

each model, was accomplished by means of a sequence switch driven by & clock.

In each of the first five models the clock was started by an inertis trip
actuated by the initial acceleration of éhe model, and the firing circuit
included two arming switches that were closed by sustained longitudinal
acceleration. Thus threce components were designed to functaion only af'ter the
model had left the ground, when it was too late to remedy a failure. After
model 3 had suffered a clock failurc in flight and its replacement, model 5,
had flown without a single pulse rocket being fired, the firing system was
changed. In each of the last three models the entire firing circuit was
duplicated, and both clocks were started by ramote control before the model
left the ground.

Twe of the models, Nos.4 and 7, were equipped with a device for simulating
the sudden failure of one engine in flight. This consisted of a perforated
door, freely hinged to the inboard wall of the starboard duct. The door could
be retracted completely by swinging it forward into a'recess in the duct wall,
where it was secured by & spring c¢lip. The medel was launched with the door
retracted and, at a predetermined time, an explosive actuator was fired to
release the door from the clip and push it out of the rccess. Then the kinetic
pressure of the air flowing through the duct slampmed the door into position
across the duct and held it there for the rest of the flight. The door was

near the maximum cross-section of the duct and produced 50 per cent blockage.

5,2 Instrumentation

Every model carried a radio-Doppler transponder to provide measurements
of velocity, and standard R.A.E. 465 Mc/s telemetry cquipment to provide
measurements of pressure and acceleration. The ranges of measurement are set
out in Table 3. None of the instrumentation was duplicated, but in the first
three representative models (Nos.2,3 and 4) two normal accelerometers were
installed at the c.g. One had a range of measurcmon% chosen to cover the pre-
dicted maximum accelerations; the other had a high range to cover the larger
accelerations associated with autorotation., The positions of the accelerometers
in the individual models are set out in Table 4 and a fypical arrangement is

shown in Pig.3.



Analysis of the Dutch roll requires a knowledge of the amplitude and
phase relationships between the roll, yaw and si&éslip components. Therefore,
in eoch of the models equipped to measure lateral stability (Nos.k,6,7 and 8)
the three lateral accelerometers were matched to have the same response
characteristics, so that corrections for instrument phase lags would be

simplified.

In the first six models the instrumentation worked well, but in the last
two modols faults oceurred in the data channel telemctering angular acceleration
in roll. In model 7 it failed completely half a second after the model left the
ground, end in model 8 it developed an intermittent fault which caused sudden
changes of signal frequency to occur when the equipment was jolted by the firing
of pulse rockets (Fig.4). However, subsequent laboratory experiments enabled
the intermittent fault to bo diagnaosed, end its effects were corrected during
analysis of the data without any appreciable loss of accuracy.

Fig.4 shows part of the record of tclemetered data from model 8. Apart
from the fault on the roll acceleration channel, this is a good example of the
kind of record obtained from all the modols and 1llustrates the flight behaviour

clearly.

3.3 Pre-flight measurements

When each model was ready to fly its weight, c.g. position and inertia
choracteristics were measured. The moments of inertia about three axes through
the c.g., parallel or perpendiculer to the geometric datum planes of the model,
were measured by suspending the model on two wires of equal length and swinging
it as a bifilar pendulum cbout each axis in turn. Corrections were applied to
account for the mass of the wire attachments., The upper ends of the wires were
attached to a beam which could be held at any angle. The angle between the
principal axis of inertia of the model and its horigzontal datum plane was
measured by finding the inclination of the beam, and thus of the model, at which
the period of oscillation of the model in yaw wes a maximum. The product of

inertia was then calculated.

3.4  EBxperimentol accuracy

L

‘The models were tracked from the ground by radar, synchronised kine-
theodolites and a multi-station radio~Doppler system. Thus there were several
ways in which histories of the position and velocity of every model could be
obtained with considerable accuracy. The uncertainty in the velocity measure~
ments arose almost entirely from the corrcetion for wand veloeity, and is about
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*10 ft/sec. The local speed of sound was ccleculated from radio-sonde measure-
ments of air temperaturs, and is accurate to within *1 ft/sec. The resultant

uncerteinty in Mach number is therefore about 20°01.

Mozt of the uncertainty in the experimontal values of m, ond 3z is due
to the uncertainty of measwrement of the longitudinal short-period frequency.
This was about *2 per cent, ond the rcsultant uncerteinty in m, is about
h per cent and in z_ about 6 por cont. Tho damping of the short-period
oscillaticn was measured to within *10 per cent, and the resultant uncerteinty

in (mq + mﬁ) is gbout *20 per cent.

The lateral derivatives that were evaluated from vector diagrams depend
on the amplitude ratios and phase angles betwecen the component oscilletions
of the Dutch roll. The ratic of the sideslip amplitude to that of T was
determined to within about *2 per cent and the corresponding phase angle to
within about i% degrce. The remaining amplitude ratios were measured to within
about *5 per cent and the phase angles to within *3 degrees. The resultant
uncertainties in the derivatives arec, epproximately, Ep 12 per cent,
&v *6 per cont, n 18 per cent and n, *L per cent. The uncertainty in the
values of Yo obtained analytically is gbout *6 per cent, like that of Z e

In general the lineer normel end lateral accelerometers were off'set from
the roll axes of the models by distances of the order of an inch (Table 4).
As a result they recorded linear zccelerations induced by the oscillations in
roll as well as by those in pitch and yew. The accclerations due to the
rolling motion were generolly less than O+ig, and since this is smaller than
the uncertainty of measurement of most of the accelercmcters the flight

measurements were not corrected for this effect.

Three of the models carried a longitudinal accelercmeter with a range of
5g and an uncertainty of measurement of 0-05g. At Mach numbers near 1+4 the
retardation of the models was about 2+5g and the uncertainty of measurement
was thus about *2 per cent. At Mach numbers noar 0°+8 the deceleration wes
about 0+5g, s0 the uncertainty of measwement was about 10 per cent. The
drag of  the models without longitudinal =zccelerometers was obtained by
differentiction of the radio-Doppler velocity measurenments with-generally
similar uncertzinties. At transonic specds, where the rate of change of drag
was the greatest, the radio-Doppler measurements wero -probably slightly

inferior to the zccelerometer measurements.
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In calculating the uncertainties12 in the results présented in this report
it has been assumed that crrors which occurred in the flight measurements werse
independent of each other, It should be emphasised that these are the maximum
uncertaintios associagted with individual numerical velues, The errors in the™

curves drawn through all the daie are likely to be much smadler.

& FLIGHT BEHAVIOUR

L Autorotation

Beforc the tests began the responses of a model to pulse-rocket disturbances
werc calculated with the aid of an anslogue computer, using aerodynamic data for
M =16, It was found thet whon the model c.g. was within the range of sircraf't
c.ges positions a single lateral pulse rockot could initiate a stable autorotation.
The risk appeared to be e¢liminoted by moving the c.g. forward, and accordingly
0ll the modols were ballasted to bring thearr c.g. positions Elose to the mean

quarter-chord point.

The first three models were-launched at lMach numbers ncar 1°5, Model 1
rolled rapidly af'ter a lateral disturbance, but it recovered and flew on
normally. Since the wing of the first model hed a surface formed by a number
of flat faces, the rapid rolling was attributed to an asymmetric flow scparation
from one of the ridge lines. This judgment scomed to be vindicated when the ]
second and third models, which had the corroct wang soctions, did ﬂbt autorotote.
However, model 4 wns launched at M = 1+8, and the disturbance which it received
when it shed its boostor rocket started an autorotetion which persi;ted for the
rest of the flight. This suggested that the behaviour of the first model had
been due to cross—oouﬁiing effects and not to & local flow separation. Furthgr
calculations, of the effocts of combined lateral and longitudinal disturbances,
showad that the autorotation of both models was sccountable in terms of their
known aerodynamic and incrtial characteristics. DMNoreover it became cleer that
if boostor-rocket scparation had not caused model 4 to autorotate a single
lateral pulse rocket at 1 = 1+7 would have done so. Therefore attempts to
measure latoral stability at the highor Mach numbers were abandoned and the

four remeining models were all flown at Hach numbors below 1.5.

In order to reduce stall further the risk that these models would auto-
rotaée, the mognitudes of the pulse-rocket yawing moments were held below the
leas£ values calculated to cause autorotation. In spite of this two of the last
four models autorotated (Nés.é and 7) but only at subsonic speeds. A full

account of the calculations is given in the dAppendixs
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The initial development of the autorotation waes extremely rapid, with
angular accelerations in roll up to 5000 deg/aecz. At the same time the angle
of incidence increased to 10 degrees or more, and there were corresponding
increases in the normal acceleration and the drag. The high drag caused the
speed to fall very rapidly: for example, model 4 decelerated from M = 1+8 to
M = 0°8 in 3 seconds. The first model in the series was the only one to recover
from autorotation, but it 4id not accurately represent the aircraft and its
rates of rotation differed from those of the other models. Three of the fully-
representative models autorotated, at rates that were at least an order of
magnitude higher than that of the intended barrel roll and were roughly pro-
portional to Mach number. Some of the characteristics of their motion are

discussed in section 6.3,

4.2 Gereral behaviour

Because the models were all forced to roll continuously, their flight
paths approximated to ballistic trojectories (Fig.5). Models 4, 6 and 7 fell
short of the rest because they lost speed very rapidly when they autorctated.

A typical Mach number history for one medel is shown in Fig.6, and the variation

of' Reyrnolds number with Mach number for all the models is showm in Pig.7.

When they were not autorotating, all the models rolled slowly in the
intended dircction (Pig.B8). Apparent differences between the rolling
effectiveness of the control surfaoces on the indavidual models are accountable
in terms of the small omounts of twist, within tho prescribed tolerances, which
occurred in the wing and tail surfaces dwring mamufacture. The roll behaviour
of model 5 differecd somewhét from that of the other models? and its rate of
roll dhanged sharply ot about ¥ = 0+97.

In spite of their forward c.g. positions 211 the models experienced a
proncunced transonic change of longitudinal trim. This was severe enough to
excite a short-period oscillation (Fig.}B) or to modify the motion if the model
was already oscillating (Fig.39).

It proved very difficult to excite a pure longitudinal oscillation., The
pulse rockets were all offsct from the model centre lines and even when they
were fired downward in symmeirical pairs they usually produced both a longi-
tudinal and a laterzcl disturbance, probably beccusc they failed to synchronise
perfectly. Fortunately the amplitudes of the lateral oscillations excited in
this way were usually not large cnough to affect the longitudinel motion

gignificantly through cross-coupling.

’
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Evidence of cross~coupling appeared in the records of the motion excited
by booster separstion and by the lateral disturbances. The Dutch roll that
followed e lateral disturbance was always accompanied by a longitudinal
oscillation, which diverged at first as energy was fled into it from the lateral
motion (Figs.4 and 39). Sometimes the waveform of the roll oscillation was
distorted, but usually this was significant only at the largest amplitudes
(Fig.4). The longitudinal oscillations were more strongly damped then the
Dutch roll. This enabled the lateral oscillations to be analysed when the
contribution to them from the longitudinal motion, through eross—coupling, had

become negligible.

5 METHODS OF ANALYSIS

Be1 The equations of motion

For the purpose of analysis every flight wns divided into & sequence of
convenient time intervals during cach of which the acrodynamic derivatives, and
thus the Mach number, were assumed to be constant. Usually the intervals betwsen
the firing of suocossive groups of pulsc rockets wero appropriate but at transonic
speeds, where some of the derivatives changed rapidly with Moch number, shorter

intervelas had to bo used.

The assumption of a constant Mach number allowed the motion to be regorded
ns having only fave degrees of freedom. This motdon is doscribed, relative to
body axes, by the classical equations of aircraft motion which are set out in
the Appendix. The cquations have becn simplified by neglecting the very smell
acrodynamic derivoetives; these include all second derdivatives and 21l accelera-
tion dcrivatives except Me For flight simulation on the analogue computer
the 8vw cross~coupling torm and all the inertia cross—coupling torms were
retained, but thoy were nct taken igto cecount in tho analysis of the flight -,

records. The longitudinal analysis™ was based on the assumption of a pure

longitudinel motion, ond thus spocifically excluded cross-coupling offects.
6,7

The lateral motion was analysed by means of voctor diagrams™’", which can
represent o domped cscillation only when all components of the motion have the
same froquency and demping fector, Therefore tho c¢ross—coupling terms could
not be handled and wers, hecessarily, assumed to be zero. Most of them were in
fact extremely smell ond their omissicn from tho analysis is unimportant.
Omission of the aerodynamic terms in &vw and n o By have introduced small

errors, and these are discussed in section 5.3.
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5.2 TLongitudinal motion

The longitudinal short-period oscillation was analysed by using the
method evolved by Voepel specifically to suit the requirements of free-flight
model experiments. The analysis is set out in full in Ref.5, and leads to the

following expressions for the deravatives and the manosuvre margin:

iz a2
m, = - ;: (mn1 t) (1)
z, = = %;: wi_’ D1 (2)
(mq+ mﬁ) ~o- i.B(zw+ 2% 7\1) (3)

- (1)

A1l the necessary information was obtained from the records of normal
acceleration. When longitudinal and lateral oscillations occurred simultanecusly
it was sometimes nocessary to begin the anelysis at the second or third cycle,
after both oscillations had damped sufficiently to make cross-coupling

ingignificant.
Additional waluwes of z,, werc cbtained by plotting CL against a.

53 Lateral motion

The principal method of evaluating the lateral derivatives was to solve
the equations of motion graphicelly by constructing vector diagramsé’?.
Supplementary volucs of n, and some values of y, were calculated by methods

analogous to those used to obtain m and z from the longitudinal motion.

The telemotered dete provided histories of the angular acceleration in
roll p, the lateral accelerations at the nose, c.g. and tail, and the dif-
forential pressures induced by sideslip on the probes fixed in the noses of the
models. The flight rccords were analysed to determine the frequency and
damping of the Dutch roll, and the omplitude ratics and phase relationships
between the component oscillations in sideslip, roll and yaw. The & vector was
chosen arbitrarily as the reference to which ell amplitude ratios and phase

angles were related.
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. The characteristics of the motion in yaw and in sideslip were determined
from the lateral acceloration measurements. Although sideslip measurements were
provided by the prdbes'in the mbdel noses, the amplitude and phase angle of the
sideslip oscillation were obtained with greater accuracy from a vector solution
of the kineﬁétic equa%ion

V e
o, = E(B+I‘) . . (5)

The roll and yaw oquations each contained three unknown derivatives, ond
these had to be reduced to two before vector solutions could be obtained.
Therefore estimated values of the derivatives that contributed least to the
Dutch roll, namely Gr and np, wore used. The voctor diagrams (fig.27) ﬁhen .

yielded valuegs of &P, 6v, n, and n e

The terms coupling the lateral and longitudinel motions can be represented
by veétors that rotate with respect to those represcnting the uncoupled motion.
A qualitetive indication of the relative importance of the;G coupling terms, and
of the errors introduced by leaving them out of the enalysis, is obtained by
superimposing -the circles swept out by the coupling vectors on the diagrems of
the uncoupled motion. The relative magnitudes of the coupling terms, and thus
the sizes of the circles, change continuously as the oscillations demp out.

Two of the largest coupling terms, calculated from values of the coupling
derivatives obtained from wind-tunnel tests, are representged in this way in
Fig.27. Thoy are shown at an instant approiimdtcly half—way betwecn two -
successive disturbances, when the longitudinel oseillation had damped to about
15 per ceﬁt of its initial amplitude and the lateral oscillation to about

60 por cent. Although these coupling terms are not insignificent it is clear
that their omission from the cnalysis has not introducod gross errors into the

results.

The side-force derivative y, ™s cvaluated in two ways, by plotting Cy

agoinst 8 ond by moans of the expression

-

T o2
v 5 TV %2 D2 * (6)

This is ahalogous to equation (2) ond was derived8 in o similar wey, taking
account of the freedom in roll.

Some additional values cf n, were obtained by moans of an expression

9, .

derived by Thomas and Neumark
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e 7)

i
n = '-g(u) 1:)2-':—'8 .
v Hy n2 1, v

All the necessary experimental data were obtained from the records of lateral
acce}aration; the 6v term was small compared to the frequency term and was )
obtained accurately enough by using estimated values of 6v. The values cf n,
given by equation (7) agree closely with those obtained from the vector
diagrams, because both methods derive from the same equation and both take
some account of the freedom in roll. In practice, different errors and
uncertainties were introduced becauge the experimental data were manipulated
in different woys in the two techniques, and the results were affected slightly
by the values chosen for n_ in the vector diagram and for Sv in equation (7).
Nevertheless cquation (7) enabled n, to be calculoted when there were not
enough deta available to construct a vector diagram, or when the record of

roll acceleration was of poor guality.

The oxperimental results were not significantly affected by the steady
relling motion that was imposed on every model for the soke of sefety. Its
contribution to inertia cross-coupling was negligibly small and its associated
sideslip angle, induced through the derivative np, was too small to be detected
in the flight records.

S« Adgustments for diff'erent c.ge. posaitions

The values of m and n in this report have been adjusted to relate to a
common axis position at 0+262 ¢. This is the c.g. position of model 8, which
provided the most reliable data. The adjusted values were obtained from the
original measurcments by means of the relationships

Ax '
m = In -~z
o T Pu T ®)
Ax
n = n +=73 . (9)
v vy s v

The values of 2. and v, for these expressions were read from the smooth curves

in Figs.15 and 32,

)

The measurcments of the damping derivatives (mq + m&) ord n_ have not
been adjusted, and cach volue relates to the c.z. position of the model from
which it was cbtained.
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6 DISCUSSION OF RESULTS

In Figs.15 to 32 the free~flight measurements are compared with cofres-
ponding date from other sources, sultably adjusted to o c.ge position at
0+262 ¢c. 'The static derivatives are compared with wind-tunnel meaaurem;ni_:s1
obtained.from a model with feired intokes. The dynamic derivativpé_aro compared
with.estimates1o, which were calculated by theoretical matho&s pht'
incorporated as much information as possible from th& wind~tunnel tests.
Inevitably some judgment wos used in combining theories approp;iﬁ%a to different

ranges of hMach number,

6.1 Longitudinal stability

Many of the longitudinal oscillations were accompanied by lateral
oscillations, This scldom affected the short~period frequency but the transfer
of gnergy betweon the twe modes often had a gignificant effect on the longi-
tudinel damping. ALl measwrements offectod by cross-coupling have been rejected,
and thus there arc fewer points on the damping curve (Fig.13) than on the fre-
quency curve (Fig.12). Vhero relinble damping measurements were not ava;léble‘
the reduced frequency (Fig.14) was ¢aleulated from the daomped frequenc& measurg-
ments only, with very little léss of acecuracy because the frequencies were so
high.

The two methods ugcd to evolunte 2 have produced resqlts that support"
sach othor very well (Fig. 15). They define the curve cle&rly at subsonic and
supersonioc speeds, although at transonic speeds they axro rather scattered.’ 'At-
Mach numbers around O- 9 the measuroments appcar to 1ie on two' d1st1nct curves,
but this may be fortuitous. Only one curve hes been drawn through the data; its
o?dinates were calculated from those of the mw and Hm curves, whlch'are-com-
paratively well defined at transonic spcods (Figs.1§ and 18). Tho transonic
loss of Z. s indicated by the majority of the free-flight mcasurements, does not
appear in the wind-tunncl moasurcmonts and there is insufficient evidence to

show its cousc.

The m _ curve (Fié.16) reflect; fhe shape‘bf the frequency curves, because
n 12 relatod to the square of the reduced freqdency. At Mach numbers between
Q- 8 and O- 9 the measurements from model 2 lio consistently above those from
model 8 and thus conflrm, at least at low 1ift coefficierts, that m is a

functlon of GL at transonic sreeds.

Measurements of rotary demping in pitch (m + mw) are confined to Mach
numbers below 13 (Fig.17). At low suporsonic speeds they confirm the catimate O
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but at subsonic speeds they indicate a constant level of rotary damping

generally slightly greater than the estimate.

£.2 Lateral stebility

The amplitudes of somé of the Dutch roll oscillations, especially those
of model 2,?were'very'sma11 (Fig.19). *Vhile their frequency could be measured
satisfactorily it was sometimes impossible to measure the dampiné. Thus there
aro fewer experipeﬁtal points on the damping curve (Fig.21) than on the

frequency curves (Figs.20 aﬁd 22). -

There 1s a pronounced trough in the frequency curves at high subsonic
speeds, with & minimum value at sbout M = 0°96. Betwsen this Mach number and
M = 1+25 the measurcments from models 2, 6 and 8 lie on three quite separate
curves, vwhich differ by amounts that are too great to be caused by the dif-

fercnces between the model inertias and c.g. positions.

The amplitude ratios and phase rolationships between the oscillations
in sideslap, roll asnd yaw are plotted in Figs.23 ond- 24, The vector diagrams

were drawn from the actual experimentel data, not from the smoothed curves.

The experimental values of ﬂp.and n (Figs.28 and %0) confirm the
estimates10 at subsonic speeds, but at supersonic speeds both derivatives are

larger than the estimates.

T}:ze;experimental curves of the three sideslip derivatives have several
features in common tFigs.EQ, 31 and 32). They 211 show o marked change in
level at transonic speods, and at supersonic spéeds they tend to fall as the
Mach number incrcases. At transonic specdé there 15 & more or less severe
trough in all the curves,‘with a minimum value at about M = 0+*9. These
variations in the sideslip derivatives are probably associated with variations
in fin effoctiveness, but it is impossible to deduce from the frec-flight
measurements whaé the cause of the troughs moy be. The corresponding troughs

in the wind-tunnel curves zre much smallcr.

The n, curves (Fig.31) reflect the pattorn‘of the frequency curves, and
at Mach numbers between 0°*9 and 1+25 the reosults from three models lis on
widely separated 1inés which indicate o progressive leoss of n, with 1ncreasing
lif't coefficient. The rela?ionship betweoen CL and n. is not lincar. These
measurements show that, within the range of l}ft coefficients covered by the

free-flight tests, n, 1s extremely sensitive to G, at transonic speeds.

L
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£.3 Autorotation

Three of the fully-representative models autorotated (models 4, 6 and 7)e
Their weights, moments of inertia and tailplane settings differed slightly from
each other, but the characteristics of their autorotation were surprisingly

consistent.,

The mean raté of roll was roughly proportional to Mach number and was of
the order of 1000 degrees/sec (Fig.B&). When pulse rockets were fired they
excited oécillatlons that were superimposed on the rolling motion. Sometimes
the pulse rockets checked the autorotation momentarily, by reducing the rate of
roll and the angle of incidence, but the models always reverted to autorotation
(Figs.33(b) and 36). The oscillations in roll, pitch and yaw that were excited
by the pulse rockets were all coupled together, at a frequency slightly less
than double the mean rate of roll (Fig.35).

Normal-force and sidc-force coefficionts during autorotation are plotted
in FPigs.36 and 37. The highpst levels are associated with the fully-developed
autorotation; the troughs in the curves show the temporary cffects of pulse=~

rocket disturbances,

The analogue computations pre&iéted the mean rates of roll adequately
(Pig.34) but thoy indicated frequencics of oscillation asbout the mean rates
that were roughly half those measurcd in flight. Analytical treatment of the
cquations that wore set up on the computer; with some simplifying assumptions,
showed that in fact two frequencies are possible at any Mach number. The higher
one corresponds to the actual frequoncy measured in flight and the lower one to
the analogﬁc solution {Fig.35). The factors that detcrmine which frequency
oceurs in a particular situation were not investigated. The roll oscillations
that occurred in flight were damped (Fig.33) whereas those indicated by the
computer were undamped or davergent (for example, Pig.51(a)). This difference
p?obably occurred beéause the equations were linearised and related to a con-
stant flight velocity, whercas the actual motion was non-linear and the flight

speed was falling rapidly.

The dynamic behaviour of the aircraft cannot be inferred from the model
behaviour because they were not dynamically similar. Therefore, following the
autorotation incidents on the models, the roll bohaviour of the full-scale
aircraf't was re-examined throughout the flight envelope, using an analogue
computer. The same equations were used for the aircraf't as for the models,
with the latost aerodynamic data. These ¢calculations indicated that the air-
craft would not get into an autorotational motion from any likely flight
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condition. This result should be reliable, because the onset of model auto-
retation and the resultant rates of roll were predicted correctly by the same
procedure. .

6.4 EBffects of simulated engine failure

The sudden failure of one engine in flight was simulated in model 7 by
partially blocking the starboerd duct at M = 1°295.(see section 3.1). The
blocking device remained in position for the res% of the flight and thus
permitted measuremont of some of the effects of flying with one engine out.

When the duct- was blocked the model was still oscillating slightly after
separating from its booster rocket. The only immediate effects of the sudden
blockage were an extremely small change in the lateral trim and a barely
dotectable increase in the amplitude of the lateral oscillation (Fig.39).
There was no longitudinal disturbance or change of trim. A%t Mach numbers
below 1+295 the longitudinal stability remained the same as that of the
symme trical models (Figs.40, 41, 42 and 43) but the lateral stability was
significantly worse. Although the damping of the Dutch roll was not affected
(Fig.44) the transonic losses of n, and ¥, Were more sovere and were spreoad
over a wider range of Mach numbers (Figs.45 and 46). Unfortunetely none of
the other lateral derivaéives could be eveluated because of the failure of

the angular accelerometer used for the roll measurements.

Spillage from the intake would have increased as soon as the duct wes
blocked, and would have become progressively greater as the Mach number
decreased. This would have affected the flow over the rear body, particularly
if the spillage air scparated from the sharp 1lip of the inteke, and could have
brought sbout a loss of fin eff'ectiveness. _Onl& flow changes affecting the fin
could have caused simultancous changes in Yy gﬁd n, of the kind measured here.
There is nothing to.show why these effects wero confined to Mech numbers betwsen
08 and 1°25 or why the tailplane, and thus the longitudinal stebility, was not
similarly affected. It must be reﬁémbored that the intake geometry was fixed
in these tests. The effects of an actusl engine fallure might be alleviated by
altering the intnks geometry, but the complex nature of the intake flomﬂ1 makes
this impossible to predict. It secms likely that the adverse effect of spillage
on the latera} stabllity will be greater at higher’angles of incidence, because
then more alr will spill ‘over the top of the intakes to affect the fin.
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6.5 Duct flow and drag

Tﬁe only measurements that were made in the ducts were the static pressures
at the maximum cross-sections and at the ends of the tailpipes. The ratio
between these two pressures served to indicate whether the tailpipe had choked
at supersonic speeds, Measurements were made in both ducts in the first five

models but only in one duct in the other three.

The measurements established that the tailpipes wore invariably choked
at supersonic speeds, but they also showed that there wore considerable
differences between the prossure ratios in the indivadual ducts (Fig.h?).

These were far too large to have been caused by the small differences in duct
gecmotry allowed by the dimensional tolerances, and they suggest that there
were major differences between the internal flow patterns. These could have
originated at the intakes. The forebody boundary layers were not diverted, and
in passing through the intake shocks they may have thickened or separated in
different ways. From so0 little information it is impossible to determine, even

roughly, how the internal drag may have been affectod.

The curves of total drag for six models are plotted together in Fig.48.
A11 the models trimmed at different lift coefficients and the drag measurcments
therefore include differcnt amounts of drag due to 1ift and trim drag. They
alse include unknown contrabutions from the internal drag of the ducts, and in
any case they are subject to some uncertainty of moasurement (see section 3.&).
In view of the uncertain gquality of the drag measurements a drag breakdowvn has

not beoen ettempted.
7 CONCIUSIONS

In general the longitudinal stability measurements support the tunnel
measwrements and the estimates, but there is an unexpected drop in z and m
at transonic speeds. At supersonic speeds the estimated fall in rotary damping

(mqf+m%) with increasing Mach number is confirmed.

There are scveral notoble differences between the lateral stability
measwrements and tho corresponding estimates and tunnel measurements. At
subsonic speeds Cv and y, are significantly lower than the tunnel measurements,
and at supersonic speecds ZP and n, ere considerably higher than the estimates.
The three sideslip doravatives Ev, n and Y, have several features in common,
of which the most important are a pronounced drop at transonic speeds and a
steady fall with increasing Mach number at supersonic speeds. Both these
effects are consistent with losses of fin effectiveness, At transonic speeds

and low 1ift coefficionts the n, measwrements show a remarkable sensitivity to CL‘
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The transient effects of a simulated engine failure at M = 1:235 were
negligible. With one engine duct partially blocked the longitudinal stability
remained unaffected, but the transonic loss of lateral stability became more
severe and was spread over a wider range of Mach numbers. These effects must
be associoted with the inereased spillége from the intake, and are likely to
become worse ot highor angles of incidence.

Some of {the models autorotated after laternl disturbances, and their
behaviour was investignted by means of an analogue computer. The accuracy with
which the computer forecast model behaviour indicates that the conditions
causing autorotation of the full=scals aircraft can be reliably determined in
the same way., Since aircraft with most of their mass distributed lengthwise
are particularly prone to outorctation, future free-flight tests of such
configurations should slways be preceded by a thorough investigation of their

dynanic behaviour,
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Appendix

ANATCGUE COMPUTATION OF THE EFFECTS OF CROSS-COUPLING
CN THEE RESPONSE OF THE MODELS

by
A. Jean Ross, Fh.D.

A.1 Introduction

As described in this Report, the experimental technique was to disturb
the free-flying model from its eguilibrium flight path by a series of pulse
rockets fired at intervals, so that the stability derivatives could be cbtained
by analysis of the resulting response. The first analogue computation was done
beforeuthe flight tests began in order to determine- -

(1) whether the proposed pulse rockets were of sufficient thrust, and
suitable duration, to give disturbances of suf'ficient magnitude for acourate

measurement,

(11) +the time required between the firing of successive pulse rockets to

allow the coscillations to decay, and

(1ii) the effects of any cross-coupling of the longitudinal and lateral

modes.

Since the models had the majorazty of their mass distributed along the
fuselage, and therefore small inertia in roll, their behaviour in roll could be
oexpected to be lively. In fact, it was found that the rate of roll could,
under somo flight test conditiéns, become large enough to cause the model to
sutorotate, and the cross—coupling problom became the primary one. A fowrth
objective of the computations was addod.during the course of the flight tests,
to determine the maximum disturbance, due to separation from the booster rocket
or due to tho pulse rockets, for which the model would not autorotate, so that

the remaining experiments could be plenned to avoid autorotation,

A.2 Equations of motion, and data used in the anaelogue computation

It was assumed that the variation in forward speed following a disturbance
would be small for the first few seconds, so that the equations of motion
appropriato to five degrocs of froedom (v, W, P, 4, r) were used. The inertia
crogs—coupling terms were all retained {including the product-of-inertia terms,

since wind-body axes were used) and the aerodynamic cross~coupling arising from
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the rolling and yawing moments due to combined incidence and sideslip were
also considered. For horizontal flight, at very small 1ift, the equations of

motion become :~

v _ m (¥ _ _®
VeT+ g ® pSV[V Pv*r} (a1)
w m (% _ v
Znvy*t % < pSV{V q‘”Pv} (42)
Y,e B8, IS Yy ® = i - (3 - 2
b, e, Boal Trl T grofidy 2 {ap - (B~C) qr-E(pq+#)}
pSV s
e {(A3)
m 24 me -ﬁi.ym 3§-+ = L {B4 - (C~4) rp + E(Pz-rz)] (a)
wV w_ 2 q V mB 2-
Vv pSV ¢
Y.n B rs A = ] L (A- -3
an+np e pSV2s {Ct - (A-B) pq + E(ar-p)} (45)

where the notation is that of the Royal Aeronautical Society Data Sheets, with
62 = ¢ for the longitudinal stability group. The dot represents differentiation
with respect to truc time, and the disturbance is represented by the
"ecoefficients" Ygo Zg etc, The equations have to be rowritten for use on an
analogue computer, and a short-hand notation was introduced for the quotient

of the dimensional derivative and the mass (or moment of inertia),

e
Vo - pSV
Iy = "% q
sv°
L' = =& . gV s
v v A

where a minus sign is introduced, if necessary, to make all such quotients
positive. The full list is given in the list of symbols, which also gives the
definitions of the various inertia ratios, following the suggestions of Ref.13.

W v
= and %

For convenience, we also write a and f in place of v 7

respectively. In
the required form we have,
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- — - - '

g = Z&% + Q=B + ZB (46}
- -7 - ' A

A Y8 + pa - r+ Y} (47)

bl - - ] - 1 1 - ] - [} - 1 : )

p = Lvﬂ Lpp + er va op LE go bx gr + ex(pq-+r).+ LB (48)

g = ~-Ma~-M &-1Ng ; b; pr - e'(pz-rz) + M! (A9)

w W, q Ng g - ¥p
’ - N'p = N'yr = N' af = - ot{qr-o '
Pos NP -Np-Nr-N_ of=b pg-oler-3)+1y (a10)

The rolling moment due to aileron, Lé E , is 1ncluded to represent the
esymmetric elleron sotting necessary on the froe-fllght models for flight path

control.

Equations of similar form have been 3tudicd analytically, after some
simplifying assumptions have bcon made, 6.g8. in Refs.14,15 and 16. Whon the
disturbances arc smoll, tho product torms may be noglected, so that the equations
scparate into the two famaliar groups, cquations (46} ana (49) giving the
longitudingl short-period oscillation, and equations. (A7), (A8) and (410}, giving
the lateral modes, usually two subsidences and the Duteh-roll oscillation.

Next, if a constaent rete of roll, P, 52Y, is-imposed on the system, -then with
w, v, g and r assumed to be small, equation (48) dotormines the now variable
aileron input, and the remaining four egquations may aga}n boe lineariscd; for
modorate roll rates, the character of the response is similar to that for~

P, = 0, with two distinct oscillations corresponding to the longitudinal short-
period and the Dutch roll, but with'frequencics and dampings dependent on j
However, if P, is groaﬁer than the lower of the natural freguencies of the two
uncoupled oscillations, (the "eritical®™ roll rate), then the motion becomes
divergent. These different typos of response also arise when tho rate of roll,.
is varicble, and ottains large magnitudes so that the equations can no longer
be lincarised.  The longitudinal and latoral cscilletions are no }onger sinu-
soidal, and if p increoases beyond the critical roll rate, the response will
diverge from oscillations abQut zoro to oseillations about the non-zero steady

state values, i.e. cutorotation.

The first analogue computations wore basod on estimates and wind-tunnel _
measurements of the derivatives, summariscd in Ref.17; and calculated model
inertiaes. The estimnted change of yawing moment due to sideslip with incidence
was small at low incadences, and so n_, wos takon to be zero. As rovised valuss
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of some of the derivatives became available from the free-flight tests, and the
inertias could be measured on the complcted models, the new information was
incorporated into the later computations. However, the changes made were not
significent as regards the character of the response, and the values used for
the results shown in the figures are given in Table 5. A4 constant height of
5000 £t was assumed. ‘

Various checks werc made to ensure accuracy of the responses. The
frequencies and dampings of ithe uncoupled longitudiﬂal aﬁd lateral oscillations-
were calculated for each case considered, and were compared with those obtained’
from anelysis of the computer results for the cases in which the oscillations
separated, as in Fig.49(b). For the responses which were oscillations about a
non—-zero steady state, it wns possiblé to.compare with the approximate steady
state values (as deraved in section 3 below), and also to reduce the magnitude
of the input until the oscillations separated, and then check these responses.
The frequency and damping of the longitudinal and lateral modes, the epproxi-
mate steady state values, and the approximate frequency of the coupled
oscillation, for the examples shown in the figures, are given in Table 6. A .
comparison wos also made with results from a digital computer for one example,
and although theore wero'slight differcnces in magnitude and phasing of the
coupled motion, the agreement was thought to be satisfactory; the differences
were probably due to small errors in the potentaiometer calibrations on the

analoguc conputer.

A.3 Analytic opproximations

The frequencies and dampings of the uncoupled longitudinal and lateral
modes were cbtained "exactly" from the linear simultancous differential
equationsg. Soma of the properties of the coupled motion were also derived by

making approximations to the coupled equations, os follows.

fa3.1 Steady states

Since the simultaneous eguations obtalned by putting the accelerations
and applied forces and moments to zero in equations (AS) to (A10) are non-
linear, it is possible that non-zero solutions oxist. This was demonstrated

5

1
by Pinsker -, who derived an approximation for the steady rate of autorotation,

neglecting 2ll the damping terms except Z0 mq and 6p. Thomas and Price16
retained all the usunl derivatives in their analysis, which was for equations
referred to prineipal inertia axes, and the corresponding calculation for the

present equations referred to wind-body axes is given below.
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The non-linear simultancous equations to be solved may be written in the

form

i -

zw g * Py ps = 9 (411)

- 1 -

P as Yv BB‘ = rs ' (A12)
? ¥ - 1 - 1 - - t

Lv ﬁs * I'p Py’ Lr g "% Py 9 % va %s Bs * bx 9 Ts (413).

M'a +H'q =b"p r + e p2 = o' r2' (A14)
w 8 q °s y s '8 y 8 )

1 - - N1t - r
Nv_Bs I\p_ps Nr Ts bz Py 45 e 9 Tt va % BB. (415)

For a first opproximate solution, the torms written on the R.H.S. of
equations (A13) to (A15) were neglected, so that q  and r_ may be substituted
from equations (441) and (412). The condition that the three resulting equations
sho?lq be compatible, when considercd as linear simultaneous equations in o,
and BB, leads to the solution P, = 0 or to the biquadratie,

[ t L] - t -t ]
[b (b Lp+exN) e (bz L!, eer)]

2 | ) 1 ! 1 1 ! ] 1 1 1
pSI;(MW b ¥ Z)(bz Lp+ ey N)+b (n? Ly +Lg NP)

t 1 t N [] - M1 ] t 1] 1
* ey (Lv N -N! Lr) Mq (LP Nr+NP‘Lr)
1 2t t at t 1 t -t [
* ey Iy Ibz Li -y N'+¥! (1:,Z Ll -ey Nr)}]

1 T 1 ] ) t ] t 1 t ¥ t —-—
(M +Mq zw) in Nv+NP L} +Y! (L N +Np Lr)] = 0. (an8)

+

It has been shown15 that motion about the smeller critical roll rate,
pcri;’ is unstable,- and divorges to the larger rate, Pge The corresponding
steady wvalues of a g? B', Qs Tgs MAY then be obtained. iAn ottempt was made to
derive & now valuo of Py from equatlon {A14) by numerical iteration, but the
procoss was found to bo divergent whon tho terms on the R.H.S. of oguetions (A13)
to (A15) wore slsc included. However, tho approximations are sufficiently * °
accurate to usc as-a check on - the analogue computer results, and to give a guids
to the criticcl rate of rcll., For the models undor consideration, the roots of
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equation (A18) are very close to Phillips' approximation‘m'

constant roll rates, fN"r and '\/-M‘:v, which define the stability boundaries of the

for the imposed

motion, (see Table 6).

A.3.2 Frequency of coupled oscallations

The equations of motion for small perturbations a.bout‘ the non-zero steady
states are obtained by writing a = o, * a'y, B = Bs + B' etc. in equations (26)
to (410}, and may be linearised by neglecting second-order terms in the
perturbations a', B' etec. In his treatment, PI&:Lll:i.pss“’L obtained the
frequencies for the constrained motion, p = P, = const, a, = {38 =q =T = o,
and neglecting damping terms, obtained the stability quartic

L 2 1 ] 2 t 1 1 f ..
D¥ + D I:Mw+Nv+po(1+by bz) + (M) - by po N) ~b, p .

At the steady state, Py = Py ™ ’M;{/b:}, and so only one non-zero frequency

results,
1
2
[ ' (1 +b + E") + N‘;] . (£19)

For the autorotational state, (i.e. the roll rate is no longer controlled) the
stability polynomial is a quintic,

ll" 2 ¥ 1 1 1 ' 2 ! 2
D {:D +D ‘:MW+NV+0,8(LV+ o va) + ‘1-|-'b‘Y b, +a b by P,

l l 2 2 2
t ' t t t - 1 t '
+MwN+a(L+aL Y+ M p (b a b)+Np(2bb b)

X ¥y 8 ¥y
2 L 2
t t ] 1
+ a.S(Lv+ a va) by(1 +bz) P * P (by b_+ a bx b >} (£20)

where again the damping terms have been neglected, but the aerodynamic coupling
term, L;rw, retaineds The bi;lzadre.tic factor has two non-zero roots, one being
near Phillips' approximation =, and the other remaining finite when the
approximete steady stete values of a and p, are substituted. The numerical

volues are given in Table 6 for some of the flight conditions considered.

L.k Response calculations

Aot Response to applied lateral disturbance

It had been hoped that the free-flight tests would extend to a maximum
Mach number of about 1+8, but 1t was found that, with the model weight and
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inertias, and the aircraft c.g. position, the Dutch-roll oscillation was .
divergent, and so tho first analogue computations were for M = 1+6. The model
was assumed to be ballosted to bring the c.g. to O+4h ¢, i.e. the aft limit of
the aircraft c.g. The response to a pulse rocket with a thrust of 140 1b wt,
firing for 007 sec (represented by a square wave input) is shown in Fig..49(a),
as engles of incidonce and sideslip, and anguler velocitios. The applied yawing
momont, NB’ corresponds to the maximum moment arm possible in the model, and a
small rolling moment, LB, due to the offset position of the pulse rockets, is
also included. It is scon that the response is violent, and becomes an undamped
oscillation about non-zero velues cf the linear and anguler velocities. The
critical roll rato, obove which the motion diverges to the higher steady-state
velue, is of tho order of 20 rad/sec, and the approximate stecady-state values
are in good agrecment with the ancloguc computer results. The frequency of

the coupled oscillation, 4*8 cycles/sec, corresponds to the lower frequency
given by equation (420) of 5+3 cycles/sec, rather than that given by

equation (A19), or the larger root of cquation (420). Vhen the applied yawing .
moment is halved, {the critical roll rate is not attained, and the longitudinal
and lateral medes soparate (sce Fig.49(b)}}. Tho periods and dampings are in
satisfactory agrecment with those calculated for the uncoupled oscillations,
although it is Qifficult 4o measurc the damping of the longitudinal mode

accurately from tho size of response obtained on tho computer records.
¥ 28 3y

"

Since a roduction in pulse rockeot size wns impracticable, it was decided
to move the c.g. of tho model to a position further forward. This change,
together with tlo incroased incrtiacs measured on & model, led to satisfactory
responses, although tho resulting change in critical roll rate is negligible
for the c.g. peosation finelly chosen. Howover, with the decrease in the pulse-
rocket yawing moment arm, and increasc in yaw inertia, the initial rate of yaw
is redudod, which leads to smaller anglos of sideslip, cnd so to-smaller rates
of roll (from the I torm). The responscs shovm in Fig.50 arc for the
derivatives corresponding to those cbtained from the free flight experiments.
Analysis of tho separated oseillations (i.c. to the right of the arbitrary
dotted line in the P and § responses) again gives results in ronsonable agreement
with those for the modes considored independently of each other. On the basis.
of thesoc rosults, ond similar ones for M = 1+2, it was decided to fly tho.models

with their c.g. at about 028 c.
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Aok.2 Response to applied longitudinal disturbance

The responses to pulse rockets fired to produce square wave inputs of
1lift and pitching moment, of duration 0°07 seconds, were obtained at M = 12
and M = 1+6, with the model rotating at a rell rate of 1+75 rad/sec (100%/sec).
The cross-coupling terms have little effect, the roll rate remaining small,
and so the analysis of the longitudinal response of the free-flight models
could be expected to be straightforward.

A.Lk.3 Response to "separation" disturbance

The fourth frec-flight model flown in.the test scries began to autorotate
directly aftor it had separated from its booster rocket, and so a further
investigation was made using the analogue couputer, to see if the motion could
be explained in terms of the cerodynamic and inertia characteristics of the
model. The first three models had been launched at ¥ = 1+5, but the inatiel
velocity of the fourth model was appreciably higher, which probably accounted
for the difference in behaviour. However, the disturbances applied to the
model at scparation are completely random, (due to the complex flow about the
rocket motor and slight misalignment of the mounting), so that a check was
needed on the possible behaviour of futurc models. From previous experience,
it was known that initial peak angles of incidence and sideslip immediately
after separation could be of the order of ¥3° to *4,°, and the response to
disturbances of such magnitude wos first investigoted, for the particular

case of model 4.

The magnitudes of the applied pitching and yawing moments MD and Nb
(square woves of 0+05 sec duration) were chosen so that the uncoupled responses
in @ and B gave initial peak valucs of about L° (0'07 rad), see Fig.51(c).

The responscs were then rccorded for all the combinaticns of signs of the
simidated scparation disturbances. The constant rolling moment due to the
aileron setting was also included, to give 2 steady roll rate of 100°/sec

(= 175 rad/sec). It was found that the motion became oscillatory sbout non-
zero velues of the angular and linear velocitics if the scparation disturbence
caused initial positive o end positive B, wherecas with a and g both negative,
or of opposite sign, the disturbance damped out satisfactorily within about

one second. Examples of each type of .responsc are shown in Figs.51{a) and (b)
for M = 1+7. The critical roll rote is again about 20 rad/sec, and the
approximations to the steady state values are shown in Fig.51(a), where the
two sets of responses show the effect of the & term. With & __ = O, the

oscillation about the steady stato is divergent, and the approximations to tho
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steady state volues are good, but with &vé = =0+, the final angle of incidence
is reduced, and the responses, particularly that in ﬁ, indicate -the. presence of
an sdditional mode of reolatively long periocd. Two othor oscillatory modes are
present in both sets of responses, but the one with the higher frequency damps
out, so thot it does not seem possible to analyse it. The frequency of the
residual oscillation may be obtained from the response in p (or p), giving

63 c&qlga/sec with 3vw = =0+4, and 5'9 cycles/sec with avw = 0. .For the
corresponding -approximate values obtained from equation (A20), the value of ag
indicated by the analogue.results was used from Fig.51(a), (since the approxima-
tion to o was derived noglecting L&w) to give the frequencies listed in

Table 6%, , The analog?e results arc again close to the lower of the pair of

approximate values.

Having demonstrated that the autorotation due to disturbances at ssparation

at M = 1+7 is predictable using the equations of motion given in equations (46)
to (A10), the calculations were repeated for separation at M = 1+4. .The magni-
tudes of the applied pitching and yawing moments were voried, until o limiting
condition was found. With zero pltching moment, the yawing moment was incpeasad
negatively until autorotation occurred, the limiting peak angle of sideslip
being about 0-09 rad (= 5°). This is outside the range previously observed on
free~flight models, and so the magnitude of the yawing moment was decreased so
that Bmax = 4°, and the limiting pitching moment was then found. For an initisl
peak engle of incidence of about 0-05 rad (= 3°), outorotation oceurred if' the
aileron moment was put to zero, while the disturbance damped out normeliy with
the applied constant roll rate of j'75 rad/sec, Similar limits on a;ax and

ﬂmax woro obtained for the simulation of 2 modol ballasted for the c.g. at the
leading edge of the mean chord (O E). Doubling tho inertia in roll was found

to alloviate the problom, but this was impractical for the actual experiment.
‘However, in the light of this information, the mounting of the model on its

booster rocket was slightly altered, to ensure minimum separation disturbance.

Al Limiting pulse-rocket disturbance

A lateral pulse-rocket disturbance at ¥ = 1+7, of proﬁosed test magnitude,
was also shown by tho computer to causc autorotation, and so it was decided to

restrict the remaining model tests to & maximum Mach number of 4°+5.

=*1though <:t,S is greatly reduced when va is included, it was found that the -
term ag (L; + o L;w) arising in equation (A20), eveluated using the analogue
value of.as, is very close to @ L; evaluated with the approximate value of a.s

80 that the change in frequency due to 8vw is small. .
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Tt was then felt advisable to determine the limiting applied disturbance
for satisfactory response at M = 1-4. The weight, c.g. position and moments of
inertla of model 4 were retained, but revised values of some derivatives were
used. The sign and magnitude of the yawing moment were varied, and scme of the
results are shown in Fig.52, The maximum positive yawing moment was found to
be about 700 1b £t (see Fig.52(a)), and, as expected, the magnitude of the
negative yawing moment which leads to near-critical roll rates is smaller.

With zero rolling moment, the limit on Ny 1s about -480 1b £1 (Fig.52(b)).

This data was used to decide on the firing sequence for the lateral pulse
rockets in the remaining free-flight models. Those mounted on the port side
shead of the c.g. were fired first (positive yawing moment) and the starboard
ones during the later subsonic phase of flizht. In the event, the negative

mements did cause autorotation on two of the models at subsonic speeds.

A.B Comparison of computed and flight results

Since the estimates and wind-tunnel meééurements of the derivatives are
gersrally in fairly close agreement with those obtained from the free-flight
tests, the frequencies and dampings of the uncoupled longitudinal and lateral
oscillations as measured from the analogue computer results and in flight also
agree well (c.f. Figs.4 and 50). Of more interest is the comparison of the
autorotational characteristics. The variation of the mean roll rate has been
obtained from the models which autorotated (fig.ja) and agrees well with the
analogue results at M = 14 and 1+7. Né analogue computations have been done
for subsonic speeds, but the approximation for the steady roll rate,
equation (A18), (which slightly overestimates the experimental and analogue
results at supersonic speeds), gives pg = 720°/sec at M = 0-7, based on
estimates of the derivatives10. Although a little below the experimental
value, the approximation indicates a similar variation with Mach number to that
obtained experimentally. The frequency of the coupled oscillatien present in
the experimental responses at subsonic speeds is close to that given by
Phillips' approximation14 at M = 0°7 (see Fig.35) and the ratio ps/w = const,
indicated by equation (419), is substantiated. (Bquation (A20) gives fre-
guencies of .3*9 and 0¢9 at M = 0°7). It is not possible to derive the experi-
mental freguencies at supersonic speeds, as Model L decelerated sc rapidly,
but it is interesting to note that the predominant mode in the analogue res-
ponses seems to be the one with the lower frequency, while the logical extrapo-
lation of the experimental curve lies close to the higher frequency, see
Fig.35. There is svidence of a higher frequency mode being mresent in the

analogue recsponses, e.g. Fig.51, but it does not secm possible to analyse it.



Table 1

SCHEDULE OF TESTS

Model

No. Purpose ?i;;hzf Flight behaviour ::Esgo' Measurements obtained
1 To check the design of the models| 2 Feb. 1962 | At M = 4+3 the first lateral 1256 Sufficient to show the
and the experimental techniques, disturbance set up auto~ to design and instrumen-
and to obtain some approximate rotation which persisted G+60 tation to be satis-
acrodynamic data. dovm to M = 0°8. The rost factory. A few values
of the flight was satis- of longitudinal and
factory and all systems lateral stability
worked correctly. derivatives were
obtained.
2 To measure longitudinal 26 Mar.1962 | Entirely satisfactory. 148 z ,m_ and (m -bmi)
‘o s . . . . . w w q
stabllity derivatives near Some longitudinal dis- to Ath. in addztion n
zero lift. turbances cxcited small- 078 A a » 10 adar s
amplitude lateral oscil- ~ ant v
lations as well as longi-
tudinal escillatiins.
3 As medel 2 but at 1ift 15 May 1962 | The pulse-rocket system 148 A few values of the
coefficients near O-1. failed after firing only to longitudinal deriva-
twice. 074 tives, and of n, and
Yy
L To measure the transient effects | 23 July1962 | The model autorotated through-{ 1-80 Trim, roll rates and
of 2 simulated engine fajlure in out its flight. A1l systems to oscillation fre- .
supersonic flight, and %o measure worked correctly. 033 quencies during auto-
the effects on the stability rotation.
derivatives of flying with one ,
engine. cut, near zero lift. . .
5 As model 3. 29 Aug.1962 | The pulse-rucket system failed 1+46 Drag, trim and duct _
completely. ’ to pressures only.
. - v - 0-75 .

114



Table 1 (Contd)

M%i?l Purpose ??;;hzf Flight behaviour Mg:gégb'l Measurements 9btained

6 To moasure lateral stobility: . 5 Dec.1962 | Satisfactory until auto- 143 .| All the required
derivatives at 211 speeds and rotation was sot up by a to measurcnents at
longitudinal stability deriva-: lateral distirbance at 036 Mach numbers down to .
tives at high subsonic speeds, M = 0+87. The autorotation 0-87. it lower Mach
near zero lift. y persisted for the rest of ' numbers, dato on

the flight. trim, rcll rates and
' oseillation fro-
. guencies during
cutorotation,.

7 5is model k4. 26 Mar.1963} The telemetry channel trans- 149 Longitudinal deriva-
mitting angular ncceleration to tives et all liach |
in rcll Peiled v sccond after 053 nurbers dowvm to 0°+8.
tho model left tho ground. A1l Only y, and n could:
?thur sys?cns.workcd correctly. be obtained from the
luterotation wns set up by a lateral motion
lateral d.sturbance at M = 08 - .
and persisted for the rest of

. the £light.

8 | To measure longitudinal 5 Feb. 1964 | An intormittont foult occurrod | 1-47 | All:tho rcquired
stobility derivatives at all in the data channel tele- to noasuremonts. No
speads and lateral stobility motering angular ccceleration Q74 data werc lest or
derivatives ot transonic in roll. /11 other systons degraded by the
speeds, near zero lift. vorked correctly and there was irtermittent fault

' no zutorotation. ) in'the tclemetry
- - equipment. -

e



Table 2

MODEL VEIGHT AND INERTIA CHARACTERISTICS

Moments of inertia were measured about axes through the c.g., parallel-and normal to the Horizontal Datum

.

Model number

Weight (1b)

c.g. position, as a fraction of ¢

Moment of inertia in roll, A (slug ft2)

Moment of inertia in pitch, B (slug ftz)

¢ (siug ftz)
(slug ftz)

Inclination of principal axes to horizontal
datun {degrees)

Moment of inertia in yaow,

Product of inertia, E

Inertia coefficients: i

S

e
200
0-257
0933
164663
17+515
0145

0-064
14104
1:205
o«010

2
201
0+264
0-948
174122
17860
0-148

o+

0063
1+097
1228
0+010

3

202
0260
0854
16777
17749
Q147

0-057
1077
1184
0+010

A
205
0-261
0:923
1716,
17940
0+149

0060
108
1176
0-010

5

209

0-247
0+920
17+626
18+382
0305

04059
1+092
14183
0+020

6

210
0+259
0-918
174168
17-895
0-148

0+056
14058
1146
0+009

7
202
0+262
0+9L5
17-089
17-822
0147

0+063
1-095
1-186
0+010

213
04262
0-953

17698
18+562
0+231

0+060
1076
1-172
0015

a¢
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POSITIONS OF ACCELEROMETERS

Table 4

The coordinates of each instrument are given in inches as follows:

.

x forward from the c.g. . .
. ¥ starboard from the model centre line .
) z downwards from the Horizontal Datum
Cosrdinate x ¥ z '
Model number 2 3 A 5 6 7. 8 4 6 7 8 L 6 7‘ o
Linesr accelerometers' 4 ' ' ’

Normal forward 17.25 | 17.21 | 15.25 17.21 16.1;8d 17.81 | 15,02} ¢ 0.91 o 0 1.38 | 9.13 | 2.09 | 0.10
Cago 0 ~9.06| 0 = 0,041 - 331§~ 0.09 |- 3.03 |~ 6.6} 0, 0.83] 0.89 ] 0,16 | 1.37 | 1.45 | 1.45
¢eg. (high renge) 0 -0.06] © - 0.4 - - - -1.29{ - - - 0.16 | - - -
aft =28.70 | -28.76 | -29.26 | -28,7; | ~26.92 | ~26.44 -25.73 ] =049 | 0,28 | =221 |~5.12 | 1.24 | 0.1k | 9.38

Lateral forwerd - = | %0 - | i6uB] 178 fa502f o j-0a9| 0o o |30 |1.u3]2.26]2.20
" CoBa 0 -0.06{ © = 9.0 - 1.59| - 0,09 |~ 2,03 | 1.22| 0.46f~0,80]~0.85| .16 | 1.15 | 1.63| 1.63
aft - - 2% -, |-27.r|-2n33]-27.735] 0 0 ' 0.16 | 2.34 | 0.06 |-0.65 |-0.32 0.57
| Longitudinal =150 |- 1,56 [+ 1.7, ‘- 1.54 - - - 0" - - ] - 0.16 | - - .
Anpular accelerometer l h '
Roll - - -12,627 - -13.26 —;2.33 12431 o " :-0.11 0 o O:L;B 6.65 1.45 0:
Nose probe (tip) 52.07 | 51,94 52.061 52,011 S51.11| £1.33) 50,92} - M- - - - - - d -

Le
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Table b

DATA USED FCR RESPONSES SHOWN IN FIGS.49-52

S =483 5sgft; T=1'587Ft; s =1+551¢t
Fig. No. 49 50 51 52
¥ ' 146 146 147 104
Coge O-4k ¢ 0:28 o 0-26L ¢ 0-264 ¢
W (1v) 186 202 205 205
A 1-07 108 0-923 0+923
B lug £42) 10+7 15-7 17416 17416
¢ 114 164 1794 17°94
E 0+352 0352 0+149 0°-149
¥, (b wt) mo] 1&01 ' - -, 200
’ for for for
Ly +35 0-07 +35 0-07 - ) 0:05
}(1b £t) Jrsec ' J’sec Jksec
N, - -408 -378 - -,
Y -0°375 -0+375 ~0+365 -0 398+
zw =142 .'1 42 -1 37 -1 +56%
£, -0+088 -0-088 ~0+083 -0-094
0 0 ~0<4 or 0| ~06
vw .
ap -0+175 ~0+175 ~0+172 -0+183%%
e 0+115 0-131 0+127 0-141
m ~0-342 =0-5L3 ~0+539 ~0575
m, -0 09 -0+108 ~0+099 -0+160
my -0 584 -0+505 -0 +69)* ~0-778
n 0093 0+156 04120 0+206*
0 0 0 0
vw
n 0+010 0+010 0-012 0-002
n =071 ~0+ 74 -0+719 -0+783
*Experimental free flight values.

**Confirmed by later experiments.




Table 6

CALCULATED CHARACTERISTICS OF THE RESPONSES

%

Pig. No. L9 50 51 52
M 146 146 17 14
Uncoupled motion
Longitudinal .
v, {e/s) 6:29 . 6:45]" 714 | . 6-02
c_12_ 1:23 1+59 1300, - 1027
Lateral
ve(c/é) © 268 312 3415 3+15
c% . 2+04 2+37 1:86 . 214,
Coupled motion
Approx. steady state
:pcrit‘ 20°2 |21-9 195 24 4,
N 198 214 | 19°0 20°5
V' S(rad/sec)
*pg 427 429 45+ 386
VM! 3945 44+ L48 381
wo
a ] 028 0436 029
- (rad)
SO 04067 0+059 0061
i ] 1465 1422 1426
. {rad/sec) .
o 1212 16+5 11:3
Approx. frequencies
S

Equation (A19) | 122 12+7 1130
Equation (420), Ll =0 >{c/s)i111:6, 53 12+0, 8:2 11045, 6+1
Equation {420}, (with J .

analogue as) 11+9, 8+0 {101, 61

I
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lateral acceleration of the c.g., 2s a multiple of g
moment of inertia in roll, slug ft2 ’
(C - B)/A- -

(c-a)/3

(B - 4)/C

moment of anertia in pitch, slug ft2

‘nooon

geometric mean chord of gross wing, £t
moment of inertia in yaw,'slug‘ftz

1ift coeff'icien:} - force 30 v%s

draeg oovefficien

number of cycles to half éﬁplituda

distance . of 10ngituéinal focal-point-from Cegs, 't
distance of laeteral focal!point from c.g., £t
B/A

E/B

E/C

product of inertia,, slug £t°

acoceleration due to gravity, £t/sec?
= .A/m82 i
B/mo 2 '

¢/ms?

E/ms?

= LB/pSVZS

Lp/psvsz

L /psvs’

L /pSVs

-va/pS§

LE/pSV?s-

rolling moment, 1b £

}olling moment’ due to pulse rocket, 1b ft

n

i1

= ;B[A .

3L/ap
-1 P/A
aL/ar
L I/A

3/ dv

-L v/A

il

[
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SYMBOLS (Contd)

= 37L/0v o = 2(L,)/ow
= =L ‘,/A
h's

oL/ E

= -Lg/A

mass of model, slugs
MB/pSVQE
2

M q/psmzs
M “/p 8ve

=2
M;?/pSc
Mach number; pitching moment, 1b ft

[{]

4

I

pitching moment due to pulse rocket, 1b £t

= MB/B

pitching moment due to booster-rocket separation, 1b ft
= M/3q

= =M /B

= am?gw

_MWKB

M/ 3w

—Mﬁ/B :

N/pSVs :

N’p/pSVa2

N_/pSVa®

N _/pSVs
N_/pSs
v

n

1

n

|

I

Yawing moment, 1lb £t
yawing moment due to pulse rocket, 1b ft
= NB/G

yawing moment dus to booster-rocket sgparaetion, 1b £t
= aN/ap

~N p/c

aN/or

-N /G

aN/av

N,/C

azN/av dw = a(Nv)/aw

“N_ v/c

1

n

]

4]
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rate of roll, rad/sec unless specified otherwise

o oo

. critical value of p
erit
applied steady rate of roll
steady-state value of p

pressure at maximum cross~section of duot

[¢]

L I - B ]
82 w
%

o
5

duct exhaust pressure

rate of pitch, rad/sec

Lo Bs ]

1]

steady state value of g
rate of yaw, rad/sec
steady-~state valug of r

H N
w

semi-span of gross wing, 1t

area of gross wing, £t2

time, sec

= w/pSV

sideslip velocity, ft/sec

forwaerd velocity, £t/sec

vertical velocity, ft/scc

weight of model, 1b

distance forward from the c.g., £t unless specified otherwise

W HW = g < 4 > taom

distance to starboard from the model contre-line, £t unless specified
otherwise

SR
] i
e

N
n O
<|;0 <3

side forece, 1b

T side forco due to pulse rocket, 1b

Yé/mv

3Y/av

v —Yv/h

z distance downward from the horizontal datum, ft unless specified
otherwise

B = B/pSV
2., = Z_/psv
Z normal foroe, 1b
ZB normal force due to pulse rocket, 1b
Zé
zw
Z'
w

PPl
“ou o

= ZB/mV

3Z/dw

—Zw/m

fl

0
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SYMBOLS (Contd)

= w/V = angle of -incidence, rad
steady-state value of a

" = v/V = angle of sideslip, rad

steady-state value of B

exponenfial index of longitudinel damping
oxponential index of lateral damping -

density ratio in longitudinal equations
= m/pSs = density ratic in lateral equatlons

frequency of coupled oscillations, cycles/sec

" frequency of the longitudinal short-period oscillation, cycles/ sec

froquency of the Dutch roll, cycles/seo
ailoron angle, rad |

air density, slug/ftj,

2rv, rad/sec

27§v1-r?d/se?

i

2R v, rad/sec

4
(w? + lf)a = longitudinal undamped natwral frequency, rad/seo

4

. 1 o
Swg + lg)z = laterel undampod natural frequency, rad/sec
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Fig.2. Photographs of the models
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Fig.2 (cont’d}. Photographs of the models
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FREE-FLIGHT MODEL MSISUREMENTS OF THE DYNAMIC STABILITY OF A SUPERS(RIIC
STRIKE AIRCRAFT (TSR2)

Longitudimal and lateral stabllity dsrivatives lave bsen obtained in free
flight from sight 1/12-scale models of the TSR2, at Mach mmbers botween
0.7 and 1.l and Reynolds mmbers between 7 and 15 milifon.

The measurements indicate some loss of lengitudimal and lateral stability
atl transonic Speeds, and the loss of yaw stiffness n; is shown to be

dependent on €, At supersonic speeds the sideslip darivatives y, n, and
¥y diminish continuously with increasing Hach mmber,
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Longitudinal and Iateral stability derfvatives Imve been obtained in free
r1ight from eight 1/12-scals models of the TSR2, at Mach mmbers between
0.7 and 1.}y and Reynolds numbers betwren 7 ard 15 milljon,

The measurenents indicate sgme loss of longitmiinal and lateral stability
at ransonic speeds, and the loss of y=p stiffness n, s shown ic be

dependent on €;. At supersonic speeds the sideslip derivatives ¢,, o, and
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Longftudinal and Iateral stabilfty derfvatives Mave been obialned In free
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The aerodynamic effects of a sudden engine fallure were produced at
H =13 on iw nodels, but tne response was negligible. The sideslip
derivatives nv and ¥y, were considerably reduced at transonic speeds by

flylng witn a simulated idle engine.

Four of the models altorotated after lateral disturbances, Some of the
cleracteristice of this bemaviour have been determined from the flight
records ard by simulating the motlon on an smlogue computer,

The aerodynamic effects of a sudden engine fallure were produced at
fi1 = 1.3 on two medels, but the response was negligible. The sldeslip
derivatives n, and ¥, vere considerably reduced at transonic speeds by

flyine with a simulated idle engine.

Four of the models autorotated after lateral dlsturbances, Some of tie
characteristics of this behaviour have been determined from the flight
records and by simulating the motlon on an analogue computer,

The aerodymamic effects of a sudden engine failure were produced at
M=1.3 on two models, but tne response was negligible, The sideslip
derivatives ng and ¥y, were considerably reduced at transonic speeds by

fiylng with a simulated idle engine.

*our of the models autorotated after lateral disturbances, Some of the
characteristics of this beraviour have been determined from the flight
records and by simulating the motion on an amalogue computer.
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