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SUMMARY

Values of the lateral stability derivatives Vyr By 4 and £ have

been measured on free-flight models of the Bristol T.185 for Mach numbers
between 1.2 and 2.6. These show that the aircraft should be laterally
stable up to M = 2.6, at least, although the free~flight results indicate a
somewhat smaller stability margin than estimates or wind-tunnel measurements.

Some additional data on Z and m. have been derived from the longi-
tudinal motion.
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1 INTRODUCTION

The Bristol T.188 is a single-seat aircraft, powered by two turbo-jet
engines, which has been designed for aerodynamic and structural research at
Mach numbers up to about 2.5. The general configuration is shown in Fig.i.

Although comprehensive wind-tunnel tests have been done on the design,
free-flight tests were also considered necessary in order to obtain measure-
ments free from the effects of wind-tunnel constraints, The 1/36th scale
model tested in the R.AE. Bedford 3 x 3 £+t tunnel! had its afterbody
considerably modified in order to accommodate the single-sting support and
the 1/12th scale model tested in the R.A.E. Bedford 8 x 8 £t supersonie
tunnel:3 and the AR.A. 9 ft x 8 £t trensonic tunnel’ was supported on
twin stings running into the rear of the engine nacelles,

The present paper describes a series of experiments conducted to
investigate the lateral stability of the design and in particular to measure
the stability derivative n, at the higher Mach numbers, This is of specisal

concern because the destabilising contributions to n, from the long forebody

and nacelles remain fairly constant with increasing kach number while the
stabilising effectiveness of the fin decreases with Mach number so that a
rather fine balance of large moments may exist a2t the upper end of the speed
range with the attendant risk of poor lateral behaviour.

The lateral-stability analysis of the free-flight tests was based on
the Dutch-roll oscillation and was therefore complicated by the presence of
three degrees of freedom, sideslip, yaw and roll, compared with, say, the
more simple analysis of longitudinel stability involving two degrees of
freedom only. Very little free-flight model work has been done in this
country on the lateral-stability problem; therefore the present investigation
was started rather tentatively with simplified models and instrumentation.
Because of this, some of the results from the first two models in the series
are not applicable to the full-scale aircraft but they are included here
because of their interest in terms of technique develorment. The third model
was more representative of the full-scale aircraft though differing from the
true configuration by having slightly modified body lines and trapezoidal,
instead of circular-arc, wing sections, These differences, however, are
expected to have only very smell effects on the lateral-stability character-
istics and the model yielded reliable stability data from which useful
comparisons with the wind-tunnel results have been deduced.

Although the aerodynamic results from this investigation may be of
somewhat limited interest, being appliceble to this particular aircraft only,
they do show, when compared with the wind-tunnel results, how important the
effects of sting supports can be. From the point of view of free-flight
testing, the programme has provided a valuable opportunity for examining the
suitability of several different, and in some measure independent, methods
of lateral-stability analysis. Vector methods and analytic methods have
yielded consistent results and tue effects of various approximations to the
complete Dutch~roll analysis have been investigated.

2 DESCRIPTION OF THE MODELS

All three models were to 1/12 scale and are illustrated in Figs.2-8;
their principal data are listed in Table 1, They were simplified for ease
of production by having the aerofoil sections modified from circular arc to
trapezoidal sections and the bodies reduced to circular cross-sections about
a straight centre-line. Some refinements to this simple layout were made on
medel 3 as described later. Wings and tail surfaces were machined from solid
aluminium-alloy and the bodies were fabricated from aluminium-alloy tube with
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brass and magnesium castings for the nose and tail porticns respectively.

To minimise the effects of aero-elastic distortion particular care was taken
in the design and menufacture of the body joints to make them rigid. The
nacelles of models 4 and 2 were made from standard aluminium alloy tube to
give an approximate representation of the nacelle design current at that
time. This has since been superseded.

Models 1 and 2 were identical apart from small differences in c.g.
position and moments of inertia, and the presence of the incidencq[yaw
probe on the nose of the second model. No provision had been made on the
first model for the deliberate excitation of the lateral oscillation but
the second and third models were equipped with 5 lateral thrust units,
'bonkers', mounted in the tail cone and timed to fire at 1 second intervals
after the model had separated from its boost motor. The positions of the
bonkers are given in Figs.2 and 3 and a photograph of the installation is
given in Fig.L(a).

The third model was intended to repeat the experiment made with model 2
but with the main features of the aircraft that were expected to effect the
lateral stability more accuretely represented. These were considered to be
the body side elevation, the fin aerofoil section and planform and the
nacelles. The body profiles of the models are compared with the full-scale
aircraft in Fig,5. The small side-area of the first two models is clearly
apparent, this was remedied on the third model by building up the body with
e wooden fairing to represent the cabin and, approximately, the centre-line
profile of the fuselage, The body camber was not represented since this
could not be achieved by any simple modification to the basic body and, in
any case, was not thought likely to have much effect on the lateral stability.
The moderate amount of body waisting on the actual aircraft was not
represented.

Details of the fin as used on the first two models are given in
Fig.7(a). These were relatively crude representations of the aircraft fin
and the results from the second model strongly suggested that the fin suffered
considerable loss of effectiveness below M = 1.8, possibly arising from flow
separation at the forward ridge line which is nearly sonic at this Mach number.
The fin for the third model was therefore made to the correct planform and the
forward ridge line was removed by building up the aerofoil section with an
eraldite fairing (Fig.7b). The aft ridge-line was also removed by working
it down to a smooth curve. The eng%ne nacelles on model 3 were the same as
those on the wind-tunnel models!»@22:4 and represented the nacelle design
for the Gyron Junior installation to be flown on the first full-scale air-
craft, The free-flight model nacelles were designed to have their exits
choked to give full mass flow at the intake at K = 2,0; details are given in
Fig.8. Each nacelle housed a megnesium flare to aid visual tracking by
kinetheodolites and high speed cameras,

The telemetry equipment carried by each model is summarised in Table 2.
The most importent measurements required for the lateral stability analysis
are the angular rates (or angular accelerations) about the yawing and rolling
axes, the lateral acceleration at the c.g. and the angle of sideslip. The
models were too small to accommodate existing rate gyroscopes or angular
accelerometers and so the necessary anguler acceleration data had to be
obtained from linear accelerometers suitably disposed about the appropriate
axes. The angular acceleration in yaw was obtained from two lateral
accelerometers mounted in the body, one near the c.g. and one in the tail,
and rolling acceleration was obtained from norimal accelerometers mounted
inside the centre body of each nacelle. The two normal accelerometers in
the fuselage were used for the longitudinal stability analysis.



Model 1 carried a transponder-Deppler unit to measure velocity but
this could not be installed in the later models because cf lack cf space
and so their velccities had to be derived from kinetheodclite data only.
The models were accelerated to their meximum velocity of about 3000 ft/sec
by a single solid fuel mctor. They were mounted in the pick—a-back position
as shown in Fig.(e) and separated fraa the beoost meter automatically at
all-burnt.

3 FPLIGHT BEHAVIOUR

Trajectory, velocity and liach nuxber curves feor all three medels are
given in Figs.9, 10 and 11. The small increases in maximum velccity on the
second and third models were achieved by keeping the model/boost conbinaticn
as clean and light as pessible. TFor reasons of range safety the models were
required to rcll at about one revelution per secend throughout their flight;
this was to ensure that they wculd keep within the desired safety area
should they fly at a high 1lift ccefficient. The roll was cotained by setting
a differential incidence of 10 minutes between the twe wing panels. The
rates of roll are pletted in Fig.13 which shows that the first two models
rolled at abcut the desired rate cver the larger part of their flight but
that the third mecdel rclled at a higher rate at the higher Mach numbers.

The main effect of the steady rate of rcll on the lateral behavicur arises
from inertia cress-coupling and the yawing moment derivative np sc as to

induce a steady angle of sideclip. The magnitude of the sideslip angle was,
however, always smell because the roll frequency was kept well below the

yaw and pitch frequencies s¢ that roll-pitch-yaw divergence could not cccur.
The way in which the side-Torce and sideslip fcllow the superimpesed rate of
rcll can be seen most clearly on model 3 at the higher lMach numbers
(Figs.13,1h,15). The effect of the steady rclling meticn cn the lateral
cscillatory mode should appear in the form of a perturbation at the frequency
of the short period leongitudinsl oscillaticn. Close exeminaticn of the
lateral oscillatery data failed to show any such effect and so the super-—
imposed rate of roll was neglected in the analysis fcr the lateral stability
derivatives,

Curves of mesn 1ift coefficient and incidence are given in Figs.16
and 17+ The values of the mean 1ift ccefficient for models 1 and 3 agree
very clesely and follow the trend of decrecasing CL with increasing

mean

liach nunber expected from the results ~f wind-tumnel tests., The behaviour
of medel 2, however, was quite different in that the mean 1ift ccefficient
decreased in several distinct steps as the velccity fell, finally trimming
cut at a small negative CL at subscnic velecities. The mest likely explana-

ticn for this is that the tailplane on Uhis model suffered some less of
effectiveness because cf lecal Tlew separalicns cver the fin, particularly
at the higher angles c¢f yaw at the beginning of each oscillation. The basis
for this argument is given more fully in Section 5. The only cscillation
that could be analysed cn the first mcdel for the evaluaticon of the stability
derivatives was that produced by the disturbance as the medel separated {rom
the beost mecters On the seccend medel the separation oscillation was analysed
and four cf the {ive benker-excited oscillations; one was of toc small ampli-
tude for accurate measurement, On the third model all five bonker oscilla-
tions and the separation oscillatien were analysed. A sample of the telemetry
record ig shown in Tig.18. Unfertunately on this meodel the twe ncormal
accelerometers in the nacelles, which were needed to cobtain the cscillatery
roll data, failed at the mcment of scparation.



L METHODS OF ANALYSIS

L1 Basic principles

For the analysis of the stability measurements the flight of each
model was broken down into a nurber of discrete time intervals during each
of which the velccity was assumed constant. These intervals generally
corresponded to the duration of the oscillation between the firing of one
bonker and the next, but somc oscillaticns were subdivided and analysed
over two intervals where there was a2 measursble change in the frequency of
damping characteristics,

The analysis was based con the classical ecquations of alrcraft dynamic
stability but only five degrees of freedom were ccnsidered because cf the
constant~velocity assumption. It was also assumed that the second-order
terms of the perturbation velocities were negligible and that there was no
aerodynamic cress-—coupling between the longitudinal and lateral modes.
Body axes werc used with the x axis along the body centre-line and all
instruments were accurately aligned with this set of axes.

The equations cf mction then reduce to

(a) The longitudinal set

A hd 1 "
t<—vv¢--q>+-é-CL(1-coS‘P)‘zw¥ = 0 (1)
* 3 W g W =
R LA AR A (2)

(b) The lateral set

[ AN
(X, Nl oy oo
t(v”'/ s Cpe-vy, 7 = 0 (3)

S/ by 52 b bo_, T
APy i - rwm L rwohy = 0 (%)
t(i s _ 5 2 b b v
t<lcfzv"“Epzv)‘nppzv‘nrrzv"nvv =0 . (5

Because of the complicated motion sbout all eaxes experienced by the models,
as illustrated by the telemetry reccrd (Fig.18) » the use of these simplified
equations requires some ccnment.

The primary cbject of the experimental programme was to mecasure the
yawing-moment derivative N and with the instrumentation available this was
considered feasible since n_ is one cof the dominant derivatives determining

the frequency c¢f the Dutch-roll oscillaticn. Considering the aircraft con-
figuration one would not expect large aercdynamic coupling derivatives from
the longitudinal into the lateral mode because of the moderate sweep, lack
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of dihedral, and attached-flow conditicns that should exist over the wing
for the very low incidence range covered by the testss For cxoample, wind-
tunnel tests! have shown that at ¥ = 2 the variations of n and. 6v with

incidence are less than 5% for the free-flight model conditicns.

The assumnption that the latersl motion is independent of the lengi-
tudinal oscillaticn looks reascnable in the first instance from examination
of the lateral-accelcromcter and sideslip records cf Fig.18. The lateral
motion appears to be a simple damped harmenic escillation practically
wnaffected by {he higher-frequency oscillation in the pitch-planc. This is
confirmed in that independent methods of analysing the lateral motien based
on these simplifying assumptions give consistent and reascnable results.

On the other hand the pitching metion is evidently strongly influcnced by
the lateral oscillation sc that the wave-form is compesed of at least two
superimpesed oscillations end the amplitude is not exponentially damped in
fact; it increases for the first few cycles. Standard methods of analysis
for the longitudinal-stability data carmot, thercfore, be applied, and only
approximate values of m and z have been obtained. But, since the wain

emphasis of the investigation waz on lateral stability, a more detailed
analysis of the longitudinal metion was not censidered justified. In the
following paragraphs several methods of lateral-stobility onalysis are
described. These have 21l been applied te the present tests for the
following reasons:-

(a) Some prectical expericnce was required cn the suiltability of the
various metheds of analysis for free~{light testing.

(b) The effects of various degrees of appreximation had tc be
investigated, particularly because cf the incomplete data recorded
{rcm the third model.

Le2 Lateral stability

Le2ed Analvtic solution (method A)

The instrumentaticn system yields direct measurements of linear
acceleration at various pcints on the model, angle of incidence and sideslip.
The various methods cf analysis adcpted to extract the aerodynamic derivatives
require this data in the following {crm:-

(a) Trequency and damping of the Dutch-roll oscillation.
(b) Amplitude rclatiecnships between roll, yaw and sideslip.

D IS ’ 39
(¢) Phasc relationships between roll, yaw and sideslip.

(&) Continucus curves of side-force and sideslip for two or three
cycles of esach cscillatien,

The angular acceleration in yaw was cbtained from the two lateral
accelerometers and the roll acceleration from the two normal accelerometers
in the nacelles. This latter pair of instruments was also responding to the
longitudinal oscillation and sc the queality of the data for determining voll
acceleration was not so good as that for ihe yaw accelceration,

A sample of the data for determining frequency and phase angle is given
in T'ig.19 and the collected frcquency data from all the models are plotted in
Fig.20 and again in Pig.21 in the form of thc non-dimensional lateral-—
frequency paramcter. Phase reloticnships for model 2 are presented in Pig.22.
The quality of the roll data relcvant to the cscillations at M = 1.55 and 1.9
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was such that the phasc comparisons, ¢§i" at these lioch numbers were con-

sidered unreliable and valucs from the mean curve werc token and used in
the analysis., The damping of thc Dutch-rell cscillaticn was cbtained by
drewing the best sct of parallel lincs through the log-plcts of the yawing
and rolling accelerations and the sideslip engles. A sample cf these plots
is given in Fig.23% and the collccted damping results are pletted in Fig. 2.
The amplitude ratios between the three degrees of frecdom of the Dutch-roll
oscillation were cbtained from the logarithmic demping pleots of the kind
shown in Pig.23.

Voepel5 has shown that the lateral set of equations (3), (h), (5) can
be solved in terms of the amplitude and phase relaticnships of roll, yow
and sideslip to yield the following expressions feor the more important
derivatives.

o~

! 5
s ka2 1o 7] [see cos dpl
n_ =& —9-<? -£> 1 L L > (6)
v H % H ¥
2 Kﬁ E 1 - e, ¢ %
4
(5 |
——'9- i
i, F.\Z iR [sg. ces ¢%§ ] - ey {
e, = A(TE) <L ( (7)
v ""2 I‘/ ’ 1- CA CC t
)
Loy
yv = &5 KB (8)

where sg. cos ¢ is the sign of the trigonometrical function. In the figures
the results from these expressicns are labelled 'method A's, They have been
obtained for medel 2 only because of the lack of roll information from the
other medels,

L.2.2 Vector scluiien (methed B)

The vector method of andlysis fer oscillatory demped motions, duc to
Doetsch®, hos been opplicd to the relling and yawing-mement cquaticns ()
and (5). While, in principle, the vector sclution should give the same
snswers as the analytic solution (methed A), the experimental data is used
somewhat differently in each casc sc that diffcrent experimental errcrs may
arise, Thesc consideraticns are discussed more fully in para 5.1.

If the Dutch~-roll mode only of the lateral moticn is considered, then
the variables p, r and f in equations (h) and (5) may be considered as
vector quantities all having the same period and damping. The measured
quantities were actually angular accelerations p and T and the sideslip
angle P but the corresponding amplitudc and phase data for the rates can
be cbtained from the known relationships between rate and acceleration
vectors in a damped harmonic system. Namely:

(a) The undamped natural frequency gives the amplitude ratio between the
acceleration and rate vectors so that
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(b) The acceleration vectcr leads the veleccity vector in phase by 90°
plus the damping angle, sc that

: = ¢ = s = o
Pp = fpr T %hp = 9+ 9%

where

A
T&l’lB = v(; .

Altheough sideslip measurements were available frem the yawmeter probe, they
were not used in the vector analysis because the accustic lags in the piping
between the sensing head and the transducers precluded accurate evaluation
of the sideslip phase relationship. Dicre consistent results were cbtained
by using the, lateral acceleration at the centre of gravity and vectorially
solving for B by the kinematic relationship.

Ba+r)+o = 0 . (9)

& -
J

o j<i

Sample vector solutions from model 2 fer cquations (), (5) and
(9) are given in Fig.28. In both the yawing and rolling moment polygoens
there are three unknown derivatives so that a scolution is not possible
unless cne derivative in each casc is mowm or assumed. In the present
analysis the yawing and rolling moment derivatives exercising the least
influence on the Dutch-roll cscillation were n_ and ﬁr respectively and

estimated values of these were used (Pigs.26 and 27). This ccmplete form
of the vecter analysis of the Dutch-rell metion yields data on noy 1, &v

and eb. It has becn applied te the measurements from medel 2 only, because
of the lack of roll informaticn from the cother models, and in the figures
is referred to as "VECTOR LETHOD B".

Le2.3 Simplified solutions (methods C,D,E)

The lack of re¢ll measuremcnts for models 1 and 3, and sideslip data
for medel 1, precludes the complete analysis of thelr lateral-stability
characteristics by the previous two methods A and B. Therefore various
simplified methods have had tc be applied.

Analytic sclution (methed C)

The crudest appreoach is to ncglect the freedom in roll altogether so
that the Dutch-roll mede is simplified to a two-degree~of-frecdom oscillation
in yaw and sideslip. The sclution is then analogous to that for the short-
pericd oscillaticn in the longitudinal mode/ and yields a value Tor n

depending on the frequency only of the lateral oscillaticn so that,

AR
n o W t (‘10)
v o \ P2/
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Also the focal-point analysis’ can be used te give

D . (11)

<|e+>

Iy = n,

Analytic solution {(method D)

&

A closer approximation for n_ has been derived by Thomas and Neumark
vhich includes the yawing-moment term arising from the rolling derivative 8&

and the product of inertia. Then,
i \ i

n_ = ——C-<wn %) -zv-?— : (12)
By \ 72 A

Vector solution (methed E)

A simplified vector solution can be cbtained by neglecting the rolling
motion; this should produce an answer for n, corresponding to that of
equation (10) (method C). This approximatién is shown by the dotted line
on the vector diagram for the yawing-moment equation (Fig.28). In this
figure the resulting errcr in n, is clearly apparent and, in this instance,

arises mainly from neglecting the product of inertia term, The effect of
neglecting the yawing-moment derivative np is very small.

4e2.) Direct solution for y_ (methed F)

The previous twc metheds for cbtaining N equation (8) (method A)

and equation (11) (method C) use data from the envelopes only of the lateral
oscillation. They therefore give average values of y, cver the range of

sideslip covered and de nct yield eny information on the linearity of the
side~-force coefficient with sideslip. It is possible te plet side-force
curves directly from the records of the lateral accelerometer at the c.g.
and the sideslip probe. Thesc are shown for models 2 and 3 in TPig.35.

Le3 Longitudinal stability

Because of the complex metion in the longitudinal mode the only
derivatives that could be extracted with reasonable confidence were zW and

mW. Lift curves were cbtained from model 3 from the data yielded by the

normal accelerameter at the c.g. and the incidence prcbe (Fig.36). These
were considered linear within the experimental accuracy and the slopes
are plotted as z against Mach number in Fig.41.

It was possible to extract the frequency of the pitching cscillation
for all models, A typical frequency plot is shown in Fig.37 and the
collected frequency information from all three models is given in Figs.38
and 39, In the usual analysis7 of the short-peried longitudinal oscillation
the pitching moment derivative m. is cbtained from the approximate
relationship

2

m o %<wn1 %) . (13)



In the present experiment, because the damping could net be evaluated,

the measured pitch freaquency w 4 Was used in place of the undamped value W,

1
This sheuld, however have cnly a small effect on the evaluation of me

Lol  Corrections for centre cof gravity shift

The centre cf gravity positicns on the free-flight models were brouzht
forward ccempared with the full-scale aircraft in order te cobtain the
relatively high frequencies of the escillatory medes required for analysis.
The measured values of the moment derivatives have therefcre had to he
corrected te make them comparable with the wind tunnel results and thecreti-
cal estimates.

A corrected curve fer n is given in T'ig.31 where

J.

v
= - - . (!
nvF Ilv,ﬂ,I b/2 (Xc.g.M Xc.g.F) (1)

The suffices F and M refer tc the values appreopriate to the full-scale and
model centre of gravity pesitions respectively. The values of v, used in

this expression vere those measured cn the apprepriate medel, i.e. from
Fig,29(b) for model 3.

Corrected curves for m are given in Tig.L0(b) where

- ——.-Vl - “ * c.
WF B mV‘TM ¢ <Xcog'17 :\C'Q"F) <1))

v

5 DISCUSSION CF RESULTS

Hel Lateral stability

The very limited data cbtained from medel 4 showed that while the
longitudinal stebility characteristics were in fair agrcement with estimates
(Pigs.L,0 and 41) the lateral stability derivative n_ appeared low. The

second model yielded results that agreed with those from the first cne at

M = 2.4 and because of the more comprehensive instrumentation enebled a full
analysis to be made of the Dutch-rcll csecillation. Furthermore, the 'bonker!
installation allowed the stability tc be investigated cover the Mach number
range 1.2 to 2.5, The third mecdel was much mcre representative of the full-
scale configuration but unfertunately a full analysis of the lateral meticn
could net be made because of the failure of the roll accelercmeters. This
was not, however, so sericus as might be suppesed because careful comparison
of the results from varicus metheds of analysis for each model has given a
good nmeasure of the effect of the rolling frecdom on the yawing mction,

Since the main purpcse of the investigaticn was tc obtain values of 0,

the discussion will be mainly concerned with the evaluaticn of this derivative
with only a few remarks on the other information obtained.

In Fig.30 the results from the five metheds of analysis for n_ are

compared for medel 2, The simplest solutions, metheds C and E (Fig. 30a)
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which neglect the freedom in rcll campletely, yield results which are in
close agreement with each other, Thecretically, of ccurse, they are bound

tc agree since they are merely two ways of sclving the same equations. In
their practical spplicaticn to experimental data, however, the same result
will only be obtained if the instrumentaticn system is working satisfactorily
since method C depends upon the freguency only of the lateral oscillation
whereas the simplified vector solution E uses amplitude and phase measure-
ments from the motions in yaw and sideslip. The measure of agreement between
these two solutions is therefcre a useful guide to the accuracy cf the
instrumentation system.

The two methods A and B, which include the rolling frcedem, also yield
results which are in close agrecment with each cther (Fig.30b) but the
general level of the n_ curve is abecut 10,0 higher than that cbtained from

the simple solutions C and ’?. This difference arises from neglecting the
- hele] _ s % Bb . ‘o . N
terms np . oV and ig t sy 0 the simplified solutions. The vector

diagram for the yawing metion (Fig.28) shows clearly that, in this instance,
it is the product of inertia term which plays the mcre imvortant part. The
approximate solution D (Fig.}Ob), which neglects all the rolling terms except
for the derivative &v and its coupling intc the yawing moment via the product

of inertia iE’ yields results fer n_ which are in very close agreement with

those from the more complete forms of analysis (metheds A and B). The fact
that only the &v term is necessary tc give a clesc approximaticon to the

result from the complete sclution is mest useful and has been used in the
analysis of the third-model results,

The most surprising fecature of the n curves from model 2 was that the
volues of n, increased with increcasing Mach nunber instecad of decreasing as

the estimated values suggest. This was thought to be a mest unlikely
characteristic of the design and an explanaticn was scught by examination
cf the other aerodynomic characteristics of the model. The main clues are
evident in Figs.29(a) and 40, which indicate that a change in aercdynamic
characteristics occurred ncar M = 2. As the ilach number fell belcw this
value the longitudinal stability suddenly decreased and there was alse a
fairly sudden loss of N The major centributicn teo m arises from the

tailplene, and a large proporticn cf Y, from the fin. Thus the whole tail

assembly appears to have suffered a considerable less of effectiveness
below M = 2,0. The most prcbable cause of such a loss was thought to be a
flow separation from the forward ridge line on the fin. Such a separation
is most likely to cccur when the compconent of the local flow normal to the
ridge-line falls to a subscnic value. The gecmetry of the fin (Fig.7a) is
such that this corresponds tc a flight Mach nunber of about 1.8. A ceomplete
flow separation fram this line would cause a marked loss of effectivencss
of the fin and also of the tailplane because of its position above the fin,
Although there was no direct proof that this explanation was the correct
one, it seemed plausible enough to Jjustify a modificaticn to the fin of the
third mcdel which would eliminate the offending ridge lines. At the same
time the fin shape was altered to make it mere representative of the full-
scale fin (FPig.7b).

The effects of the fin medifications on the lateral and longitudinal
characteristics is evident from ccmperison between the results of the second
and third models in Figs.29, 30 and 40, There were other differences between
the secend and third models, nctably in the fuselaze cress-section and the
nacelle size as mentioned earlier, but it is unlikely that these caused the
marked difference in characteristics below I = 2,0. At Mach nurbers above
2.0 the results from the second and third models are in good agreement.
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The velucs of n for the third medel are given in Tig.30(c)s  They

have been calculated from the latersl-frequency data (methed C) and from the
better approximation of methed D. Since a complete lateral analysis was not
possible on this medel ne measured values of %v were obtained for substitu-

tion in the equation cf method D, The values actually used are given in
FPig.32, Here the measured values from the second mecdel show the same drop
below M = 2 as cccurred in the other derivatives mainly dependent on tail
effectiveness, But since the third medel did not suffer from this trouble,
an cstimated ocurve for &v has been used which agrces fairly well with the

measured values from medel 2 arocund M = 2,0

Amittcdly, the € data of Fig, 32 may nct be very accurate but even
a 25% error in the valuds of Ev used in method D dees nct effect the values
of n_ by more than 5%,

The nv curve from model 3 has been cerrected to the full-scale centre

of gravity position and is presented in Fige31 in comparisen with the
estimated curve and the wind=tumnel results from Refs.1-h. Between M = 1.4
and 2.0 the results from the free-flight medel and the 8 x 8 £t tunnel are
in geod agreement but above M = 2,0 the free~flight result falls belew the
tunnel values until at M = 2.4 tlhere is a discrepancy of 20k in 0 e In

general the curve from medel 3 follows the trend of the estimated values

but lies some 10% - 205 below them. Near M = 1.4 the results from the frce-
flight model, the 8 x 8 £t tunnel, the 9 x 8 £t tunnel and the estimated
values all lic close together, The results from the 3 x 3 £t tunnel model
ayxe same 0% too high throughcut the Mach number range of the tests. This
is perhaps not surprising in view of the modifications made to the afterbody
of the model.,

Some confidence may be placed in the accuracy of the free-flight
results fer n, since the evaluation of this derivative is mainly dependent

on the yawing frequency which can be measured tc an accuracy of abcut *3%.
The uncertainty in the value of &V has been shown to have only a small

effect and a pessimistic evaluation of all the experimental errors in the
free—flight analysis indicates that the overall accuracy of n should be

within *10% The curve for model 3 on Fig.3d may therefcere be taken as a
fairly accurate measurement cof n_ on the free-flight model when measured in

the oscillatory mode.

The question then arises as te how closely the model represents the
full-scale aircraft configuration (Figs.?1 end 3). The major geometrical
differences, as discussed in Section 2,0 were introduced to simplify the
model construction and are considered to have only a very small effect on
n_. The most significant difference between the acrodynamics of the free-

flight medels and the full=-scalc aircraft lies in the possible effects of
the efflux from the engines on the flcw ficld around the tail assembly. The
internal flew through the mecdel nacelles is neot fully expanded as it leaves
the nacelle exit. The nacelles were designed to have scnic flow at the exit
giving a pressure ratic, between thic internal and external lows at the exit,
of 3.8 at M = 2,0, There will, then, be some local sheck pattern arising
from the expansion of the internal flows as they leave the nacelle exits,
which will impinge on the fin and tailplone at certain Mach numbers, Ne
attempt has been made in the present analysis tc assess the significance, in
terms of lateral stability, of the differences between this (medel) flow and
the engine efflux on the full-scale aircraft. Secme aspects cof this flow
interTerence prcblem have been investigated in the Bedford 3 x 3 £t
supersonic wind-—tunnel.



Turning ncw te the discussicn of the other lateral derivatives, the
most relisble results were obtained for N Here again several metheds of

analysis have been apnlied vhich yield fairly consistent results. The
curves of Cy against B (Fig.35) for mcdel 3 are linear within the experi-

mental accuracy over the range of sideslip ccvered but there is some
evidence of non lincarity in the results from medel 2., The suspected
reason for the less of Yy, o medel 2 below 1w = 2,0 has already been dis-

cussed in Section 5 and has been ascribed te flow separation from the forward
ridge line of the fin. The curve of Fig.29(a) cannct therefcre be considered
representative of the full-scale aircraft. In Pig.29(c) the values of I

obtained from medel 3 (Fig.29b) are cempared with the wind-tunnel results
and theoretical estimates., There is again clecse agreement between the

results from the free~flight model and the 8 x &6 £t and 9 X 8 £t wind-
tunnel medel except abeve I = 2,0 where, as in the casc of n_s the free-

flight results start falling sway belew the wind-tunnel values. In this
respect the 7, and o results are consistent.

The three derivatives 6v, 6ﬁ and n  vere obtained {rom model 2 only
I

and are shown in Figs.32, 3% and 34h. The values of 6v were obtained from

the anelytic method A (equaticn 7) and the vecter sclutien, methed B. Here

again the two approaches yield results which are in close agreement with

each cother and in fair agreement with the wind-tunnel values and estimated

values at Mach numbers abeve 2.0,

The damping derivotives & (Fig.33) and n (Fig.3,) were obtained from

the vector soluticn (methed B). While there is fair agreement between the
measured and estimated curves for E?, particularly in the variation with

Mach number, there is a gross discrepancy between the measured and estimated
velues of N . Moving the centre of gravity aft from the mcdel position

(0.2 3) to the full-scale position (+0.18 3) would reduce the measured
values of n., by some 15% only still leaving the larger part of the difference

to be explained, The meost likely reason for this discrepancy can be seen
from the sample vecter diagram (Fig.28) which is typical of all the diagrams
obtained in the analysis of model 2, The amplitude ratics between the
varicus components of the cscillatery motion, which give the length of the
vectors, can generally be obtained tc *5% and the phesc angles to abcut +2€,
While uncertainties of this order have only a small effect on the n, vector

and moderate effects on the 6V and 6P vectors, they clearly have a very
large effect on the n_ vecter. It is therefore nct pessible, with the
instrumentation used on this medel, to evaluate the ., derivative with any

reliability., For this reascn no attempt has been made to cerrect the
experimentally determined values te the full-scale c.ge position. It sheuld
be possible, however, with more accurate instrumentation to obtain n, oy

free~flight teclhmiques providing the derivative is large encugh to influence
the lateral oscillation by an apprecisble amount.

5.2 Longitudinal stability

The experimental programne was mainly dirccted towards the investiga-
tion of lateral stability and the medels were cquipped accordingly. It was
therefore samething of a bonus that the laterally-mcunted ‘'bonkers' also
produced the large response in pitch evident in Fig,18. Whilc a certain
amount of the pitching motion was fed in from the lateral oscillation, a large
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disturbance in pitch was clearly applied the mcment each 'bonker' unit was
fired., The reason for this is apparent from the lecation of the "bonkers'
in the tailcone (Figs.2,3 and 4d). A strong sheek wave would form ahead of
the bonker efflux being ejected from the body side so that the associated
pressure field would react cn the tailplane preducing a nose-down pitching
moment.

A full treatment of the longitudinal-stebility analysis has not been
attempted for the reascns given in Section L.1.

The 1lift curves shown in Fig. 35 cover only a very small range of
incidence, 2% at the mest, but their slopes agree very well with the
estimated values of Z, given in Fig.h1. In spite of the complex nature cf
the pitching oscillaticn it was found pessible to extract the short-periced
pitch frequency with a high degree of accuracy. The sample frequency-plot
illustrated in Fig.37 is typical of all the oscillations and shows that the
decreasing amplitude cf the accompanying lateral motion has negligible
effect on the frequency of the pitching cscillation. Scome confidence can
therefore be placed on the derived values cf m_ as being appreopriate to the

pure pitching motion alanz. The ccllected frequency data from all the models
are presented in Fig.38 and again in Fig.39 as the non-dimensional frequency
parameter , g/v.

The curves of the pltching moment derivative m (Pig.)0a) clearly show

the loss of stability on model 2 below M = 2 but the results from all the
medels, when cerrected for the shift of centre-cf-gravity, agree very
closely with the estimated velues above M = 2 (Fig,40b).

The manceuvre margin has been evaluated frem the relationship

and has been plotted for all three models in Fig.h2. Again there is close
agreement between the measured and estimated values above M = 2 and reascnable
agreement at lewer Mach numbers for the third model.

6 CONCLUSIONS

(1) Several semi-independent methods of analysis have been applied to the
lateral oscillatory mcde of three free~flight dynamic-stability medels and
have yielded consistent results feor the derivatives Vs By év and £ . The

methods have also shewn the effect, on the evaluation cf n, of neglecting
the freedom in roll in the lateral motion.

(2) Compariscn of these results with corresponding wind-tunnel tests have
shown that, as measured on the mest representative medel, n was some 200

lower at M = 2.5 than values obtained in the Bedford 8 x 8 ft supersonic
tunnel. At Mach numbers below 2 there was close agreement in n between the

free-flight results and these cbtained in the Bedford 8 x 8 £t and the
ARA, 9 £t x 8 £t tunnels., Barlicr measurements cf o made on a small model

with a large sting support in the Bedford 3 £t x 3 £1 tunnel were some 40%
higher than the free-flight results. Reliable data was alsc cbtained on e

which agreed clesely with the 8 £t x 8 £t tunnel results up to M = 2.0 but
were lower by abcut 10k at Il = 2.4
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From one of the models reascnable measurements cf the derivatives &V
and &P were obtained for Mach numbers between 1,8 and 2,4. At lower Mach

numbers, however, this particular mcdel is suspected of having suffered a
severe loss of fin and tailplane effectiveness arising frem a flow separa-
tion from a ridge line on the fin. The experimentally determined values of
these derivatives below il = 1.8 are therefore prcbably unrenresentative of
the full-scale aircraft on which such a flow separation should nct occur.

(3) The longitudinal stability derivatives z_ and m were obtained for

Mach nunbers between 1.4 and 2,6 and theses, in the main, agree well with
the firm's estimates. They do net indicate any abnormal characteristics.

LIST OF SYMBOLS

A inertia about roll axis
B inertia about pitch axis

CL 1if't coefficient

Cm pitching moment ccefficient

c inertia about yaw axis

D distance of the fccal point forward of the centre of gravity
B product of inertia about the roll and yaw axes

Kay amplitude of lateral acceleration cscillation

KB amplitude cf sideslip cscillation

K amplitude of recll oscillation

Y

Kr amplitude of yaw oscillation

Lp rolling moment due to rate of roll

Lr rolling moment due to rate of yaw

Lv rclling moment due to sideslip
pitching moment

L pitching mement due to incidence

Mv’v pitching moment due to rate of change of incidence

M pitching moment due to rate of pitch
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LIST OF SYMBOLS (Contd)

yawing moment due to rate of roll
yawing moment due te rate of yaw
yawing moment due to sideslip

gross wing ares
Tlight~path velocity
welght

side~force due to sideslin
nermal force due to incidence
lateral acceleration at the centre of gravity

span
gecmetric mean chord
aeredynamic mean chord
iy/iy
/i
acccleration due te oravity
/m (o/2)°
B/m 52
o/m (0/2)°
B/m (8/2)?

av (b/o)2
Lp/p sV (b/2)
L/pS T (%/2)°
L/psv (b/2)
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LIST OF S¥.BOLS (Contd)

= N /psV (v/2)
= N /psvV (b/2)?
N/pSV (¥/2)

i

rate of roll
rate of pitch

rate of yaw

m/p SV

lateral perturbation velocity

i

normal perturbation velocity

pesition of the centre-of-gravity sleng the bedy centre-~line

= Y/psv

= ZW/pSV

angle of incidence
angle of sideslip
bank angle

phase ongle (¢rp is phase advance of r relative tc p)

sg. cos ¢ sign of the cosine of ¢

exponential index to the envelope of the damped cscillatica

frequency of short-period longitudinal oscillation
frequency of Dutch-roll oscillation

= 27(\)1

= 2K V2

undamped natural frequency

air density
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TADLE 1
s C

iodel data

| odel 1 | Model 2 | Model 3
Weight 1b 113.3 107.7 11743
Rell inertia (A) slug £t° 0.418 0. 390 0.1.50
iA 0.0557 0.05,.9 0.0578
Pitch inertia (B) slug £t° 6455 6u1,6 6,808
ig 1.768 1.831 1772
Yaw inertia (C) slug £4° 6.83 6e 71 7.063
iC 0.911 0.94 0,908
Product of inertia (B) slug £t2 - 0.27 0.18
Relative density (mean) oy 556, 8 559.5 591.8
By 391.7 398.3 18,0
Centre of gravity -0.27C -0.24¢c ~0.21¢
Inclination of principel
axis to datum axis - -2927! -107, !
Wing ares (gross) 2475 ££2
Aspect ratio Je
Geometric mean chord ¢ 0.9 %
Aercdynomic mean chord & 1.027 ft
Semi~span b/2 1,162 £t
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TABLE 2

Model instrumentation

465 Mc/s 24 channel telemetry

Model 1
+30g normal accelerometer 3.3 inches forward of c.g.
+30g " " 10.19 inches forward of c.g.
+30g " " 21.81 inches aft of c.g.

i?%g lateral accelerometer 3.94 inches forward of c.g.
0-10g longitudinal accelerometer 4.937 inches forward of c.g.

Transponder Doppler set.

Model 2
+10g normal accelerometer 2.00 inches forward of c.g.
t20§ " " 17.56 inches aft of c.g.
*M7zg " " in port nacelle
*17z¢ " " in starboard nacelle

i?%g lateral accelerometer 3,00 inches forward of c.g.

+10g lateral accelercmeter 16.56 inches aft of c.g.

L hole differential pressure hemispherical head for incidence
and sideslip

5 Imp Mk.IV lateral thrust motors ('bonkers') timed to fire at
5,6,7,8,9 seconds after launch.

Model 3
+10g normal accelerometer 3,47 inches forward of c.g.
i20§ " " 17.08 inches aft of c.g.
i17?g " " in port nacelle
7z¢ " " in starboard nacelle
i?%g lateral accelerometer 2,37 inches forward of c.g.
*10g " " 15.98 inches aft of c.g.
4 hole differential pressure hemispherical head for incidence and .
sideslip

5 Imp Mk.IV lateral thrust motors timed to fire at
5.0, 6.2, 7.4, 8.6, 9.8 seconds after launch,
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