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SUMMARY

Lateral stability tests have been made on the Falrey Delta 2 research
aircraft, studying the aireraft response following a rudder pulse., 4 des-
cription is given of the instrumentation used, and instrument response
characteristiocs are discussed. Records of the damped Dutch roll oscillation
(which persists after the initiel pulse stage) have been analysed by the time
vector method, The sideslip derivatives L zv and Vs and the damping

derivatives n, and EP have been extracted using estimated values of the
relatively unimportant oross derivatives np and Er, which, due to the limita-

tions of the instruments used, could not be extracted frem the flight records,
Values of the sideslip derivatives deduced from approximate formulae have been
found to be in good agreement with the results from the time vector analysis
for tre range of flight conditions investigated.
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1 INTRODUCTION

The Fairey Delta 2 (ER 103) is a research aircraft built to investigate
the charaoteristios of a 60 degree delta wing planform throeughout a wide
range of 1lift ocoeffivient and Mach number, The flight tests have been pro-
grammed to investigate all aspects of airoraf't stability, ocontrol end per-
formance as accurately as possible, so that comparisons oan be made with
theory, wind tunnel, and free flight model tests,

The present ncte deals with that part of the flight programme devoted
to the measurement of the principal lateral stebility data, The limited
flight endurance of a high performance airoraft like the Fairey Delta 2,
requires the utmost economy in the conduoct of flight tests. Thus lengthy
procedures such as the recording of forced oscillations or measurements in
steady esymmetric flight oconditions can only be justified if more concise
test techniques fail to yield the desired information, Furthermore, due to
the reheat characteristiocs, it is not possible to stabilise speed on this
airoraft in supersonio flight., A more convenient method, which is eoonomical
in flight test time, is the recording of the transient response of the air-
oraft follewing a rudder pulse, Potentially, an analysis of all modes of this
motion, by the frequency response method, ocan yield all the lateral stability
derivatives and also the rudder derivatives, However, experience so far has
shown that the instrumentation avajlable to date is inadequate in practice to
realize this theoretiocal potential1.

A rudder pulse generally exoites all three lateral modes, However,
shortly after the pulse has oeased, in practice only one damped oscillatory
mode, conventionally called the Dutoh roll escillation, is found to persist.
If this oscillaticn only is analysed using the time veotor method, beth
extreme economy in computational effort and a clear understanding of the
acouracy of the derived data are achieved, It is shown, however, that a
fundamental limitation exists in this type of analysis. It is only possible
to extract two derivatives for each degree of freedom, and thus only six
derivatives in all may be found.

Certain approximate theoretiocal formulae for n, and év are considered

in ocomparison with the corresponding values extracted by the vector method.

2 DESCRIPTION OF ATRCRAFT

The Fairey Delta 2 (ER 103) is a tailless research aircraft with a 60
degree delta wing of thickness chord ratio 0,04. Fig.1 shows a general
arrangement of the aireraft, and Teble 41 gives the principal dimensions. The
aerodynamic controls are conventional elevator, aileron and rudder; all con-
trols are operated by fully powered, irreversible duplioated hydraulic Jjacks.
Feel for all three controls is provided by simple spring systems. The air-
oraft is powered by a Rolls Royoe Avon RA 28 engine with a two position reheat
nozzle, Fig.2 shows the aircraft tested, WG 777. In the tests made, the
take-nff weight of the aircraft was 13,884 1b and the maximum fuel load was
2,500 1b, The ocentre of gravity during the tests was nominally at 54.4% of
the sentre line chord, »ut due to fuel variations the actual centre of gravity
position varied within the range of #0.13% of this value,

3 DESCRIPTION OF INSTRUMENTATTON AND GROUND CALIBRATIONS

The following parameters, relevant to the tests, were recorded:



Rate of roll

Rate of yaw

Lateral acceleration
Sideslip angle
Rudder angle
Alleron angle,

The transducers used to detect these parameters were:
(a) Acoelerometer type IT.3-3-1, range *0.h 'g!,

(b) Ferranti rate gyro type IT,.3~6-15, for rate of roll range *30 degrees
per seoond and for rate of ‘yaw range *15 degrees per seosnd,

(e) Wind vane mounted on the nose boom of the aircoraft range *5 degrees.

() Cdontrol angles by potentiémeter, rudder angle range *7% degrees,
aileron angle range 5 degrees,

The response oharacteristios of the Instruments are important in
dynamis flight tssting and a brief description of the relevant features of
the instruments is as follows:

The IT.3-3-1 accelerometer depends basically on a mass restrained by
two cantilever springs; the position of the mass is determined by e
potentiemeter, and eddy ourrent damping 1s provided by a copper shell moving
in & permanent magnet, Since the damping provided by the eddy ocurrent is
striotly proportional to velocity, the accelerometer will have aoceptable
dynamic characteristics if the friction between the potentiometer and brush
is small., The accelerometer used was calibrated amioally2 for two levels
of input, and linear results were obtained, (Fig.3). This design of
accelerometer should not be subject to oross effeots due to acocelerations
along other axes., As furthermore the majority of the flight tests were made
in nominally 1 'g' level flight conditions, no calibrations were performed
to determine suoh coross effects, '

In the type IT.3-6-15 rate gyros, the damping is provided by a piston
moving in silicone oil and the position of the gyroscope is determined by e
potentiometer. The damping provided by this type of system is less satis=
factory than eddy surrent damping, because (a) there is a variation of
damping due to the effect of temperature on the viscosity of the oil, and
(b) the dashpot does not produce strictly viscous damping, and as a result,
the phase lag of one of the gyros varied significantly with the amplitude
of input. However, it was established that the temperature in the instru-
pmentation bay remained almost constant during the tests, and thus the first
effeot was unimportant., The two rate gyros were ocalibrated dynamioallyz.
In each oase the principal calibrations were made with an input amplitude
oorresponding roughly to the mean level of the range utilized during the
flight tests. To check for linearity a few points were also obtained at a
smaller amplitude of 5 degrees per second, The measured phase lags of the
two instruments are plotted in Figs.4 and 5., It oan be seen that within the
range tested, the rate of yaw gyro gave oconsistent results, whereas there is
& marked dependence on amplitude of the response of the rate of roll gyro.

Considerable unservioeability was experienced in flight due to wear
ocourring over the ocentral portion of the potentiometers, The wear was
reduoed to a minimum by removing the rate gyros from the airoraft when not
required for the lateral stebility tests and arranging that the gyros were
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only running during the test period of any flight., In spite of these pre-
oautions, the rate gyros become unscrviseable af'ter only a few flights and
this frequently delayed the flight programme, The rcason for the potentio-
meter wear has not been definitely established, but laboratory tests indicated
that it may well have been caused by increased friction due to variation in
the deflection of the wiper arm with temperature and humidity; the increased
friotion would have the further effect of changing the dynamic response of

the instrument,

Four wind vanes were mounted on the nose boom of the aircraft behind
the pitot-static head., The vanes were arranged in a orueiform oonfiguration
so that two measured incidence and two measured sideslip, This preserved the
symmetrical arrangement required to avoeid errors in the transonic and super-~
sonic speed range, The flight records showed thet the wind vane did not
provide a satisfactory means of measuring sideslip angle. Apparently friction
at the bearings and between the potentiometer and brush caused unpredictable
phase lags. Also deflection of the nose boom support under aerodynamic loads
at high dynamic pressures introduced errors which could not be established by
ground calibrations. In the detailed analysis of the flight records the wind
vane readings have therefore been ignorcd., However the sideslip angle was
dedused accuratcly and reliably from the lateral sccolerometer readings.

The instrumentation used was the best available at the time the flight
tests were made. One comment that should be made, however,is that all the
transducers used a potentiometer pick~off. It is now generally realized that
the friction inevitably associated with this type of pick-off leads to un-
satisfactory dynamic instrument response. In future tests the rate gyros
and the accelerometer will be replaced by transducers with A.C. pick-ofls so
that it is hoped to avoid these diffisultics,

All the control angles, rates of roll and yaw, the sideslip angle and
the lateral acceleration, were recorded on Hussenot recorders running at one
inch per second paper speecd. Pitot and static pressure were fed from a Mk.%h
head mounted on the nose boom of the aircraft to both the pilots' instruments
and the instrumentation. Indicated airspecd and altitude were recorded by
standard instruments on the automatic observer. All recording equipment was
installed in a bay above the nose wheel of the aircraft, The temperature in
this bay was measured on a typical flight up to 40,000 ft altitude and was
found to remain fairly constant between 10%°C and 15°C,

L FLIGHT TESTS

The flight tests were made at two altitudes, 10,000 £t and 40,000 ft;
the range of speed covered was from M = O.4 to 0,7 together with a few points
at a Mach nuwmber of approximately 1.0 at 10,000 ft, and throughout the range
frem M = 0,7 to 1,5 at 40,000 £+, Most of the tests were made in 1 'g' level
flight conditions but a few results were obtained at 40,000 £ in level turns,
with a normal sccecleration of 2 'g',

The pilot used different test techniques at subsonio, transonio and
supersonic speeds, Below a Mach nuuwber of 0,9, the airspeed and altitude
were stabilised, and the aircraft trimmed longitudinally and laterally and
then flown "hands off", After the recorders had been switched on, a sharp
kick was given to the rudder pedals and the rudder allowed to return to its
trim porsition under the action of the spring fecl units, During the ensuing
Duteh roll oscillation of the aircraf't, the feet were kept off the rudder
pedals. This proocedure was adopted to ensurc that no inadvertent aileron or
rudder control inputs were made during the free oscillation, The recording
was continued until the oscillation had decayed to a small magnitude or until
the pilot required to regain control, A typical record is shown in Fig.6.
Due to small asymmetries in the lateral trim of the aircraft the mean value
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of the sideslip angle is not strictly zero. At transonio speeds the test
procedure was generally similar except that it was not possible to fly the
airoraft hands off due to lateral trim ochanges., This obviously inoreased
the risk of accidental control movements during the tests and therefore any
flight reoords which showed measurable aileron mcvements during the free
osoillation of the airoraft were discarded, Supersonic speeds in level
flight could only be attained by the use of reheat; this implied that the
airoraft was either accelerating with reheat on, or decelerating with reheat
off, and thus it was not possible to test under speed stabilised and trimmed
conditions, As the attention of the pilot was conoentrated on the engine
instruments during reheat cperation, all the tests were made during the de-
celerating part of the supersonie run when reheat was canoelled, It was not
possible to fly the aireraft hands off due to diffioulties in trimming in
this speed range and again any records which showed detectable oontrol
inputs during the free osoillation were rejested,

The teohnique under 'g' at supersonic speeds was similar to that used
in level flight except that the pilet attempted to trim the airoraft into a
2 'g' turn,

5 THE METEOD CF ANALYSIS

5 Introduction

Mroraft stability analysis is usually performed in stability axes
(Fig.7). The origin O of the system is the airoraft centrc of gravity., In
this system of axes the X axis is fixed in the airoraft along the direction
of the trimmed velooity veotor, The Y axis is positive to starboard and
normal to the plane of symmetry and the Z axis is positive dovmwards
mutually perpendioular ta the other two axes, F»llowing a disturbance the
velooities along the axes are u, v and w and the angular velooities of the
exes are p, q and r.

The usual assumptions made in lateral stability analysis are:-—

(a) Aisturbances are small and squares and products of smaell quantities
may be ignored

(b) no ocoupling hetween longitudinal and lateral motions, thus ¢ = w=10
and u is constant and equal to V, the resultant velooity during any lateral
disturbanoes.

For the flight test results to be considered here, the first assumption
is valid, The secsnd assumption is only Jjustified provided there are no
pitching moments due to sideslip and no marked effeots of engine gyroscopio
oouples, Some coupling was recerded, but as this was only of small magni=
tue, and in view of the ocomplication of the analysis and the limited
acouracy of the instrumentetion, its possible effects were ignored,

Making these assumptions, the number of independent variables is
reduced to three, rolling, yawing and sideslip., However, in the tests, some
rudder motion was recorded despite great care to avoid unwanted inputs by the
pilot*; an allowance has been mede for this in the analysis. Consideration
of the stability equations shows that, when the airoraft is disturbed by a

* The rudder motion was not due to a failure of the rudder jack to operate
irreversibly but was judged to be an aeroclastin effect due to fin distortion
under sideslip loads, The rudder jack is at ihs pase of the fin, and when

the fin distorts under load the valves are parted and the jack operates., The
geometry of the jack and operating rods is such that the rudder angle increases,
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rudder pulse, the lateral modes which are excited arc a heavily damped roll
mode, a lightly damped or divergent spiral mode and a lightly damped oscilla=-
tory mode, conventionally called the Dutch roll oscillation.

The response of an aircraft to a rudder pulse is a function of the
aerodynamioc derivatives and the inertia characteristios of the aircraft end
generally contains ell the lateral modes, For the range of conditions ex=-
plored in the present tests it was found that the response in sideslip was
governed almost entirely by the Dutch roll mode only., The response in roll
on the other hand contained elements of both the Duteh roll oscillation and
the roll subsidenoe motion. The latter, however, was only prominent in the
initial transient and after approximately one cynle of the recorded Dutch rell
it had died down sufficiently for the remainder of the rccord to be inter=-
preted as a pure lateral eoscillation. The rate of yaw rcsponse, included both
the Dutoh rsll mode and the spiral mode throughout the entire recorded period,
It has been found possible to separate these two modes in the analysis by a
graphical procecss which is discussed further in section 5.2.

Considering the complete aircraf’t motion recorded in response to a
rudder pulse, theoretiocally all the lateral stability and rudder derivatives
may be determined by a frequency response method of analysis or by solving
the equations of molion in a sufficient number of distinet instances. However
the standerd of the instrumentation in the present tests was nct adequate for
reliable extraction of the minor derivatives n &r and yé. Using theoretical

estimates for these derivatives (and for n,, £, and yé), the remeining

4
derivatives can, however, be uniquely determired by oonsidering the Dutoh
roll mode only., The time vector methed has been chnsen as *he mest suitable
technique for anelysing this oscillatory motion, although for comparison some
spproximate formilae are oonsidered. It should be cmphasised ihat the vector
method is net an approximate procedure and the accuracy of the results should
only be subjeot to,

(a) inaccuracies in the flight records, that is from instrumentation,
recording and reading errors,

(b) errors in the essumed data, including the weight and moment of inertia
and the assumed derivatives np, Er, yp, né, Zé and Yye

A detailed analysis of the accuracy of the extracted stability deriva-
tives would be difficult, but for an indication of the general level of
accuracy, the effects of some systematic errors are considercd in section 6alss

In the analysis of the aircraft motions it is more usual to consider

the disturbance velocity v in terms of the sideslip angle £, where by
definitiond

sin 8 =

<l

and for small angles @8 =*% .

Fig.8 shows the relation between B the anglc of sideslip, ¥ the angle
of yew and ¥ the flight path angle, all angles being shown positive, Although
there are only four independent variables (p,r,B,%) to consider, a fifth
dependent variable, the lateral acceleration, is of interest since this is
easily measured,



The lateral acceleration of the aircraft centre of gravity normal to
the flight path in trimmed level flight is

W o= V(i +B) = V(r+§p) (1)
since @ = r,

This is not however the acceleration recorded by a lateral accelero-
meter placed at the aircraft centre of gravity. The accelerometer measures,
in the direotion of the Y axis of the airoraft, a value

1<

(x+8) -¢. (2)

& T %

The angle of bank ¢, is related to the rate of roll p, by p = %% .

The lateral equations of motion are:

LGB + Lpp + er + Léé —.Aﬁ +EBr = 0 (3)
NgB + Npp +Nr+NL-CE+ B = 0 (&)
TP+ Yp o+ Y+ V2 - n[V(r+f) - gp] = O, (5)

The sideforce equation may be written in terms of the aocceleration a_,

YBB + pr + Y r o+ Yéé -me, = 0. (6)

The neoessary terms have deen included in these equations to cover the
inadvertent rudder movements which the records show to have occurred, For an
osoillatory mode of oscillation, such as the exponentially damped Dutch roll
oscillation following a rudder pulse, when the roll subsidence mode has
disappeared and the spiral mode has been filtered, (as expleined in section
5.2), the equations of motion may be written in the time vector notation
of Appendix 2,

LBE + Lpf + Lr; + LéZ -Ag +EBF = O (7N
NoB + Np + NT + NéZ ~-Cr+Ep = O (8)
Yﬁﬁ + Yﬁp + YT+ Yéé -m ay = 0, (9)
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In the equations, § for instence, represents the time vector of the

sideslip angle B, Any one of these equations may be represented graphicelly
by a veotor polygon as explained in section 5,3. (Fig.15 shows a typical
rolling moment polygon.)

The ebove equations apply only for trimmed level flight; in the case of
a disturbance from trimmed banked flight, equation (2) must be modified to

v .
8, = 3 (r+B) -~ Op cos 8

where A¢ is the disturbance in bank

¢o is the trimmed bank angle.

5.2 Method of reducine date to time vectors

The records have becn analysed only after the initial rudder pulse has
ceased and the roll mode has practically subsided, The spiral mode divergence
is responsible for a distortion in the records of the Dutch roll oscillation
whioh has been filtered cut by a graphical method as follows,

The peaks of a decaying oscillation of the type shown in Fig.9 are
plotted on a logarithmioc graph paper as in Fig.10. The mean envelcope of the
oscillation is obtained from the locus of points such as B, where AB is equal
to BC teking due acoount of the logarithmio scale (see Fig,10). This process
is repeated for each independent varisble and the best set of parallel lines
drawn through thc mean envelopes. The slope of these lines gives the damping
of the osoillation, By subtracting the mean amplitude of the oscillation from
the recorded varisble (see Fig.9) the true datum line of the oscillation is
obtained.

The time instants at which the oscillation crosses the datum line can
be determined acourately, end by plotting these against number of cyoles for
each veriable and drawing the best set of parallel straight lines the frequency,
phase angles and amplitude ratios of the variables can be determined.

Applying instrument phase lag ocorrections then gives the true local
values of these recorded quantities.

As explained in Appendix 1, the data are transformed to stability axes,
and the lateral accelerometer readings corrected for the effects of rolling
and yawing,

The sideslip engle may now be derived for the lateral acceleration at
the aireraft centre of gravity, The kinematio rclation of equation (2) may
be written in the time vector notation as

- V ¢ -

g = = +T) =~ ¢, 11)
, = g BT~ (
From a knowledge of the time vectors ;y’ r and 3, é may be determined*

(see Fig.11), The time veotor represecnting B then follews using the simpls
properties between time vector derivatives described in Appendix 2.

® Tn the case of banked flight the term ¢ must be replaced by A¢ cos ¢°.
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5¢3 Extraction of stability derivatives by the time vector method

An example is given in Fig.12 of a set of the five vectors deduced
from a typical Dutch roll osoillation, The accuracy of the phase angle of
the rudder motion is oconsidered to be poor and, ignoring minor scatter in the
test data, it is assumed that the rudder angle is exactly in ocounterphase
with the sideslip angle.

As explained in Ref,4, in this type of vector analysis only the rela-
tive phase angles and amplitude ratios of the vectors with respect to one
another are of importance, and thus the time veotors are considered as
inveriant with respect to each other.

The data are now in a form suitable for the solution of the lateral
equations of motion (7), (8) and (9), for the rolling, yawing, and sideways
degrees of freedom respectively. ese equations state that the sum of the
vectors representing forces or moments acting on the aircraft during the
oscillation are zero, consequently they must form a closed polygon., Any
one of the vectors in the polygon is the product of a scaler with a vector
of known magnitude and direotion representing one of the recorded variables,
for example, the rate of roll., The scalar quantity is either a moment or
product of inertia* or an aerodynamic derivative., Three aerodynamic deriva-
tives and one rudder control derivative, which is assumed to be known*¥, are
associated with each vector polygon, It is obviously possible to solve for
two stability derivatives, in each degree of freedom, provided the third
derivative and the rudder derivative are known from another source, Six
derivatives in all may be extracted since these are three degrees of freedom,
The three derivatives which play the least important part in the Dutch roll
oscillation are np, 5r and yp. Theoretical values of np, &r’ n,, eé and Yy

have been assumed and are shown in Figs.13 and 143 yp is a minor derivative
whioh is difficult to estimate accurately and it is assumed to be negligible,
Fig.15 shows a typieal rolling moment vector polygon. Using the
estimated values of 6r and 64, the stability derivatives 8v and &p can be
determined from the side lengths established by closing the polygon.

Fig.16 shows a typical yowing moment vector polygon; in this case
estimated values of np and n, are used to extract the derivatives n, and n_.

(4 T

For the ease illustrated, the cross derivative nP is generally considered

to be the least important in the Dutoh roll oscillation, but unfortunately
at high supersonic speed this may not necessarily be true. Nevertheless a
theoretical estimate was accepted for this derivative and n, was extraoted,

A typical sideforoe vector polygon is shown in Fig.17. Since yb is
assumed to be zero, the derivatives Yy and ¥y, ere determined uniquely.
However, since Yy is a minor term and difficult to extract accurately, values

of this derivative are not recorded here,

* Estimates of the moments and products of inertia were supplied by the
Pairey Aviation Co. and values are given in Table 1, They are now being
measured on a specially designed ground rig.

** Estimates of rudder derivatives were also supplied by the Fairey Aviation

Co., and an allowance made for the effect of Mach number, The values used
are shown in Fig,.13,
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There are several adventages to be gained from the use of the time
vector method of anaiysis, In the first place a good physical insight is
gained of the motion of the aircraft during the Dutch roll oscillation, Also
the sensitivity of the extracted derivative to the accuracy of the recorded
data san be assessed directly, and the effect of systematic errors due to
incorrectly assumed values of the moments of inertia and aerodynamic deriva=-
tives van be shown in a straight-forward way. The level of accuracy is
considered further in section 6.4. In addition, the corrections due to in-
advertent rudder movements are easily applied,

5.+ Stabilitv derivatives deduced from simple formulee based on approximate
enalysis

Ref.5 gives two approximate fermulae for the period end roll to yaw
ratio of the Dutch roll oscillation; these approximations neglect all but the
sideslip deravatives. They can be solved to give:
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n, = o9 e (12)
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6 RESULTS AND DISCUSSICN

The results obtained from the analysis of the Dutch roll oscillations
are shown in Figs.18 to 3k. Figs.18 to 27 give fundamentel data in frequency,
damping, amplitude ratios and phase angles between the veriables., The lateral
stability derivatives derived from these results by the time vector method are
shown in Figs.28, 30, 32, 33 and 3k, Also the yawing and rolling moment
derivatives due to sideslip, obtained from the simple approximate method, are
shown in Figs.29 and 31, Most of thc data werec obtained in level flight at
40,000 ft, but some results were obtained at 40,000 f% pulling at 1 'g! excess
normal acoeleration and some in level flight at 10,000 f£t. These additional
results indicate that there are noticeable effects of incidence and aero-
¢lastioity without, however, allowing them to be separated out.

6.1 Characteristics of the Dutoh roll oscillation

Fig.18 shows the more important characteristics of the Dutch roll
oscillation; namely the damping, period, and roll to yaw ratio for the eir-
craft in level flight at 40,000 ft, The general level of damping is very
low, the demping ratio being constant at 0.07 up to M = 0.9 and rising very
slightly to a maximum at M = 0.98 before falling quite rapidly to 0.0k at
M= 1.2, Thereafter it increases slightly up to M = 1,5. The period of the
Dutch roll oscillation decreases from 3 seconds at M = 0.7 to 2 seconds at
M = 1.0 and then decreases to 1,7 seconds at M = 1,2 and then remains roughly
constant. The roll to yew ratio is sbout 4 at all speeds.
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It is interesting to note the pilots' impressions of flying the air-
craft, At subsonioc speeds up to M = 0,9, the aircraft is lightly damped and
requires constant attention from the pilot., At transonioc speeds between
M= 0,9 to 1,05, the aircraft is difficult to trim laterally and is very
difficult to fly, the pilot having the impression of the aircraft being in a
continuous Dutch roll oscillation, At supersonic speeds, the trim changes
are reduced and the aircreft becomes more pleasant to fly.

These impressions are contrary ir importent respects to those one
would deduoe from Fig,18 where it is seen that at transonic speeds, the
damping of the Dutch roll is at a maximum and at supersonic speeds at its
minimum, In fact, the pilots! impressions of poor flying qualities at tran-
sonic speeds are due to the diffioculty in trimming the aircraft. The trim-
ing diffioculties are caused by the controls being very effective at these
speeds and also by the backlash between the stick and ailerons, Repeated
lateral retrimming of the aircraft is required, and small associated control
inputs are continuously exciting the Dutch roll oscillation,

Fig.19 shows the ratio of the rudder angle movement to sideslip le
caused apparently by the elastic distortion (see footnote in section 5.1
of the fin and rudder during the Dutoh roll oscillation., The motion of the
rudder is in counterphase with the sideslip angle and in the sense to increase
the effectiveness of the fin, With this phase relationship the rudder motion
does not affect the damping of the Dutoh roll oscillation, Since the rudder
motion depends on fin loads, it is a function of the equivalent airspeed V,

and Mach number, 2In Fig,20 the ratio of rudder angle to sideslip angle has
been divided by Vi. The soatter of the results is large because the greatest

rudder angle movement recorded was about * I degree whilst the total range
of measurement was 75 degrees, Nevertheless this rudder motion is important
since it increased the apparent directional stability n, by about 5%.

6.2 Relatienship of the phase and magnitude of parameters of the Dutoh
roll oscillation

The quantities discussed in this seotion are not directly significant
as flying quelity oriteria but they are significant for the further enalysis
of the data as they express properties of the Dutch roll motion which are
utilized in the extraction of the derivatives,

Fig.21 shows the non-dimensional frequency parameter J1; since this

parameter depends fundamentally upon the period of the motion the accuracy

is good and there is very little scatter, J1 is mainly a function of the

directional stability derivative e Increase of lift coeff'iocient has a
small effect at 40,000 f+t.

The non-dimensional damping factor R1 is shown in Fig.22, This para-

meter is more diffioult to measure accurately; however in the present tests
the seatter is not large., A large effect of incidence at 40,000 £t is

apparent; this is partly caused by an increased contribution of the product
of irertia to the damping and partly by the increase of the damping in yaw

derivative ..

Fig.23 shows the ratio of rolling velocity to lateral acceleration.

The scatter of erp, the phase angle between rolling and yawing

velocities, (Fig.2h) is quite small. It is larggst at transonic speeds where
it is about *8°, At other speeds it is about *4 which probably represents

the reading accuracy of a Hussenot record.



Similar remarks apply for €, p? the phase angle between the lateral
y
acceleration and the rate of roll, (Fig.25).

Fige26 shows ¢ r the phase angle between the sideslip angle and the

8
yawing velocity. The socatter for this phase angle is very small, This

quantity is derived from eguation (11) and it oan be seen from Fig.11 that
it is almost proportional to the amplitude of the lateral acceleration ?y'

In consequence its determination is not dependent on the measurement of a
phase angle from a flight record,

The phase angle between the sideslip angle and the lateral acceleration,
€,  is shown in Fig,27. The same remarks apply as for the scatter of eBr.

Ba,

6.3 [The derivatives extracted from the flight data

The stability derivatives depend on Mach number, incidence, and also
aeroelastic distortion effects., It is not practiocal in the flight tests to
separate uniquely these effects, For instance, comparison of results at a
given Mach number in level flight at two altitudes involves a change of
equivalent airspeed which alters the 1ift coefficient as well as the aero-
elastic effects., Also comparison of results at a given Mach number at a
fixed altitude for different values of normal acceleration, gives a change
of 1ift coefficient, but the increased loading involves some aercelastic
distortion,

In the following subsections, the results for the sideslip derivatives

n &v and Y, and the damping derivatives zp and n,, ere considered.

V’

6.3.1 Yawing moment due to sideslip n,

Fig.28 shows the variation with Mach number of the stability derivatives
0, deduced by tne vector method. In level flight at 40,000 ft, n, increases

from 0,075 at subsonic speeds to a maximum of 0.108 at M = 1,05 and thereafter
falls gradually to 0,08 at M = 1,45, The few points at 40,000 fi at 1 'g'
excess normal acceleration indicate that n, is reduced due presumably to the

effect of increased inoidenoce,

Fig.29 shows comparable values deduced by the approximate method and
also shown in the same figure are corresponding results deduced by the vector
method, The agreement between the approximation end the vector method is very
good. However the remarks of section 6,3 regarding the validity of the simple
approximation under different conditions should be noted,
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6.3.2 Rolling moment due to sideslip &

Fig.30 shows the variation of 6v with Mach number, as obtained from

analysis by the vector method., The level flight results at 40,000 ft show
e gradual decrease except for a sudden increase between M = 0,9 to M = 1,0
due to Mach number effect. The gradual decrease in -6v in steady level

flight as Mach number increases is caused by the reduction of 1lif't coefficient
since ~, 1s & funetion of CL' The other results at 40,000 ft at 1 'g!

excess normal acceleration and in level flight at 10,000 f+ show similar
trends and also reflect the effect of the change in 1lift coefficient.
Fig,31 shows the variation with Mach number of the value of 6v given

by the approximate method, compared with the corresponding results from the
vector method., The agreement between the two methods is reasonable, the
approximate method tending to underestimate ~zv by about 20%.

6.3.3 BSideforoe due to sideslip Yy

Fig.32 shows the variation with Mach number of the sideforce derivative
Yy The results show a gradual increase of Yy with Mach number up to

M = 1,00 followed by a gradual decrease, The effect of increased incidence
at 40,000 £t is to increase Yy slightly; at 10,000 £t a small reduction in

-y, ocours at transonic speeds presumably due to aerocelastic effects in the

fin, The general trend of the results is reflected by the variation of the
fin 1ift curve slope with Mach number,

6.3.4 Rolling moment due to rolling velocity &p

Fige33 shows the variation of the damping in roll derivative, &p, with
Mach number, The value of -ép in level flight at 40,000 ft is coastant at

subsonic speeds and shows a small increase at transonic speeds and then falls
gradually away at supersonic speeds to about the same value as at subsonic
speeds. The effect of increased incidence at 40,000 ft is most marked and
"ép is increased at all speeds below M = 1.5, The level flight results at

10,000 ft show a small reduction in -&P probably due to aeroelastic effects,

6.3.5 Yawing moment due to yawing velocity .,

Fig.3h shows the estimated variation with Mach number of the damping
in yaw derivative, n e It must be emphasised that the value of n, ocbtained

by this analysis from a given set of flight data is dependent on the assumed
value of np. Fig.1h shows the theoretically estimated value of nP to be very

small below a Mach number of 1.4, but above this speed large values are
predicted, and it can be shown that they will have a significant effect on
the deduced value of D.e The flight results suggest that the assumed

theoretical values of nP above a Mach number of 1,4 must be treated with

reserve as their use results in rather unexpected and unexplained variations
in the computed value of n, with both Mash number and 1ift coefficient,
However as no better estimates of nP are yet available the results of n,
given in Fig,39 must be accepted as the best approximation, In level flight
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at 40,000 £t -n,, is constant at subsonic speeds and increases rapidly at a

Mach numhber of 1,0 and then falls at supersonic speeds to a somewhat lower
value than at subsonic speeds. The effect of increased incidence at 40,000
ft is to increase -n., below M = 1,4 but to reduce -1, above this speed, In

level flight at 10,000 £t there are large aercelastic effects at transonio
speeds and -n, is almost zero at a Mach number just below unity.

6.4 Assessment of the accuracy of the results

Several systematic errors exist in this type of analysis, These errors
are caused by inoorreotly estimated values of the moments and préducts of
inertia, the oross derivatives and the rudder derivatives, From equations
(7) and (8) and the corresponding rolling and yawing moment polygons of Figs.
15 and 16 it is seen that the extracted derivatives are directly proportional
to the moments of inertia, Thus any errors in the estimates of the moments
of inertia are reflected in similar errors In the derivatives, No detailed
analysis of the effect of systematic errors is attempted in this seoction but
some typical errors are evaluated for level flight oonditions at 40,000 £t at
a Mach number of 1.4, The inolination of the principel axis of inertia is
very difficult to estimate, but an error of & degree in the inclination of
this axis results in an inocrease of 50% in the product of inertia for this
flight oondition. This gives a 12% inorease in the damping in yaw derivative,
n., and a 4% increase in the directional stability derivative; however, the

remaining derivatives, 6p and &v, are practically unaffected. Increasing the
theoretically estimated value of 8r by 50, decreases the value of Zb by 3%
end £ by 0.8%. A deorcase of 0.02 in the theoretiocal estimate of n,
inoreases n, by 10% and decreases n by 4%. Increasing the estimated values
of the rudder derivatives by 50%, &é and Dy gives a small change of O,4% in

&v, a 2,4% insrease in n, but no ¢hanges in 6P and D

Although the above results only apply to the particular case considered,
the magnitudes of the systematic errors are of the same order for most flight
conditions., Thus it is seen that an error in the moments of inertia is
reflected equally in all the extracted derivatives, However, in the case of
the product of inertia, only the damping in yaw derivative, N is affected

significantly. Quite large errors in the theoretically estimated cross
derivatives, nP and &r, and the rudder derivatives, n, and 84’ have very

small effects on the extraoted derivatives,.

In addition to the systematio errors, scatter of the extracted deriva-
tives is caused by random errors of the reading of the recorded data,

7 CONCLUSIONS

From lateral stability tests using a rudder pulse method, the important
Dutch roll characteristics, namely the damping ratio, period, and roll to yaw
ratio have been obtained and are shown in Fig.21., The following stability

derivatives have been extracted, ns Ev, Iy EP and N, the results being

shown in Figs.28 to 34k. All the derivatives are functions of Mach number;
however the effects of 1ift coeffiolent and aeroelasticity are equally
important. Approximate formulae have been used as a cross check on the
values of n, and Bv.



The time vector method has been found particularly suitable for the
analysis of the results and has the following advantages. A good physiocal
insight ie gained of the motion of the aircraf't during the Dutech roll
oseillation, and the effects of systematic errors due to the assumed values
of the moments of inertia and aerodynamioc derivatives can be considered
(section 6,4). Purthermore, corrections due to instrument dynamic response
and inadvertent rudder movements are easily applied,

Although the instrumentation used was the best available at the time
the flight tests were made, it suffered from some limitations. All the
transducers used a potentiometer pick-off, It is now generally realized
that the friotion inevitably associated with this type of pick-off leads to
unsatisfactory dynamioc instrument response, In future tests the rate gyros
and the acoelerometer will be replaced by transducers with A.C, pick-~offs
and it is hoped thereby to avoid these difficultiles,

LIST OF SYMBOLS

Definition of axes and variables

0XYZ System of stability axes
0 XB YB ZB System of body datum axes
0 XG YG ZG System of rate gyro datum body axes
u, v, w, inoremental velocities along the axes Suffices B, G,
} denote the various
P, g9, T, angular velocities about the axes ref'erence systems
a trim body datum incidence
B = '% true angle of sideslip
o} angle of bank
'} angle of yaw
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Note: A dot above any of the abeve quantities denotes differentiation with

LIST OF SYMBOLS (Contd)

angle of flight path relative to a fixed datum line

rudder angle

lateral ascceleration at the aircraft centre of gravity

reading of a lateral accelerometer at some position other

than the airecraft centre of gravity

respect to time,

A bar above any of the above quantities denotes a time vector.

Stability derivatives

L
&v = \Tg T B , rolling moment due to sideslip derivative where
P P VZE;S 3L
L === eto.
v o ov
L
L = ——~B~§ » rolling moment due to rolling veloocity derlivatives
P pV3s
Lr
&r = 5 > rolling moment due to yawing velocity derivative
pVSs
L
&é = -~5—— > rolling moment due to rudder derivative
pVZSs
Nv NB
n, = Ves ¢ 5 , yawing moment due to sideslip derivative
P pV Ss
N
n = R yewing moment due to rolling velooity derivative
P pVSs
Nr
n, = ) yawing moment due to yawing veloclty derivative
t pVSs
N
n, = ——7§~— s yewing moment due to rudder derivative
pV8s
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LIST OF SYMBOLS (Contd)

y, = {:S = ~%—— s, sideforce due to sideslip derivative
P pV- S
Y
v, = F?F%?g ) sideforce due to rolling velocity derivative
Yr
Yp = ST5s sideforce due to yawing velocity derivative
Y
y y = ——42— , sideforce due to rudder derivative
pVv- 8

Dutoh roll parameters

H = B ocircular frequency

P = Period

4 = 31/J1 - ;f , undamped circular frequency

o)
J1 = g1 % non dimensional eiroular frequency
Ry = damping factor
R1 = %1 % non dimensional damping factor
51 = ﬁ% PH logaritnmic decrement
41 = damping ratio
= tan | (= the dampi le
8D - 2R } amplng ang
srp = phase angle by which rate of yaw leads rate of roll
ga p = phase angle by which lateral acceleration leads
¥ rate of roll
eBr = phase angle by which sideslip angle leads rate
of yaw
aB 0 = phase angle by which sideslip angle lcads
y lateral acceleration

- 20 -



Inertis characteristics

A = rolling moment of inertia, slugs ft2
C = yeawing moment of insrtia, slugs ft2
E = product of inertia, slugs ft2
iA = -éa rolling moment of inertia cocefficient
ms
iC = —QE yawing moment of inertia coefficient
ms
iE = “EE product of inertia coefficient
ms

General data

g acceleration due to gravity, ft/éeoz
m aircraft mass, slugs
S gross wing area, ftz
8 semispan, {1t
% = 5 gV , aerodynamic time, seconds
v true speed, ft/sec
vy equivalent airspeed, knots
Xys Ty» 24 co~ordinates of lateral accelerometer relative to the aircraft

centre of gravity in hody datum axes

X = O+ &
P eir density, slugs/TtB
By = E;g%;, relative eircraft density
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APPENDIX 1

TRANSFORMATION OF RECORDED DATA TO STABILITY AXES

The rates of roll and yaw were measured by rate gyros about a system
of datum axes which were not in general aligned with the stability axes
appropriate to a given flight condition., The two systems of axes are shown
in Pig.7. The angle between the X axes of the two systems is

X = @+ e, (14)

where a is the trimmed body datum incidence and &, is the angle between the
rate gyro datum and body datum.

If the time vectors representing the rate of roll and yaw are defined
as PG and rG ebout the rate gyro axes, and p and T about the stebility axes,

the transformation between the two systems of axes is given by

B3
]

r, ©08 X, = P, sin x, (15)

608 ¥, + r, sin Xq o (16)

P

=2 |
fi

G

This transformation is performed oconveniently by the simple addition of
time vestors as shown in Fig.35.

In addition, since it was not possible to place the lateral accelerometer
at the aireraft centre of gravity, it is neoessary to correct the lateral
accelerometer reading for the effeot of rolling and yawing of the aircraft,
Fig.36 shows a system of body datum axes with the origin at the centre of
gravity O, the co-ordinates of the position, C, of the accelerometer with
respeot to these axes being (x1,y1,z1). If a, 1is the reading of the lateral

i
acoelerometer and ay the acceleration at the centre of gravity O (both
positive to starboard) then

. 2 2
8, = éyi - x1fB + 2,Pp * ¥, <?B + rﬁ) . (17)

For the oconditions of the tests, the last term of equation is negli-
gible as it represents the sum of squares of small quantities; also it is
suffiociently accurate here to assunme Pg = Py and To = Tpe Meking these

assumptions equation (17) may be written in terms of the sppropriate time
vectors as

8y -x, P, + 3z ﬁG (18)

and the transformations performed vectorially as desoribed in Appendix 2 and
shown in Fig.37.
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APPENDIX 2

THE TIME VECTOR METHOD OF ANALYSING EXPONENTTALLY
DAMPED SINUSQIDAL OSCILLATIONS

The equation of motion representing a simple mass and spring system
with damping proportional to velocity is

. [ ] 2
X+22Zok+o x = O (19)

where ® is the undamped natural frequency when 4 = O, and & is the damping
ratio .

The damped frequenocy w of the oscillation is related to the undamped
frequency by

The general solution of equation (1) is

~Zw t
x = x e D sin [?n\11 - 42 t o+ é] (20)

[>)

where x, and ¢ are arbitrary constants determined by the boundary oconditions.

In the simple ocase of zero damping, equation (20) becomes
x = x_ sin [qht + ¢] (21)

and the first derivatives of x with respect to time is

*

X = x_w, 008 [qht + @] o (22)

The variation of x with time may be represented by a "time vector" X
of constant length x, which is rotating at constant angular velocity W, and

starts from an angle ¢ at time zero, see Fig,38, The variation of x with
time may be represented by another time vector % of constant amplitude X, ®,

rotating with angular velocity W, and advanced in phase by 90° relative to
the time vector i, see FPig.38, The two time vectors are time invariant with
respect to each other,

So far we have only oconsidered time vectors in the case of simple un=-
damped oscillations, however the same cono?pt may be applied to exponentially
damped oscillations, The time derivative x of equation (20) is
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%o A [J’I —éz 0o0s (wn \}1-&2t+¢) - & sin (wnJ1-{,2t+¢)]

1
£

-P;wnt -
) %, © [}os e, c08 (wt +¢) ~ sin e, sin (wt + ¢{J

where
GD = tan-1 —"é—'—‘ Y
1 -2
Thus
. -éwnt
X = wx b cos [wt + ¢ + sD] . (23)

In the case of the damped oscillation both x and x may be represented by two
time vectors x and % which rotate at constant angular velocity w, The magni-
tudes of X end % at time zero are x_ and X o, respectively and both are

shrinking at a rate of & LWt with time. In this oase the phase of % is
90° + &y in advanoce of x, where e, is called the damping angle. Again the

two time vectors X and % are time inveriant with respect to each other, and
are represented in Fig,39.

One of the most useful properties of a time vector has been established,
Namely that if say the rate of roll is measured in an exponentially damped
sinusoidal oscillation and is represented by a time vector x rotating at
the frequency »f the oscillation, then the time derivative of the rate of
roll, i.e, the acceleration in roll, may be represented by another time
vector of magnitude inoreased in the ratio of the undamped frequency end
phase angle increased by 90° plus *he damping angle, Also the integral of
the rate of roll, the angle of bank, may be represented by another time
vector, in this case the magnitude is reduced in ratio of the undamped
frequency and the phase lag by 90° plus the damping angle.,

Since time vectors are invariant with respect to each other they may
be drawn as vectors which do not alter with time., If the magnitude and phase
relation of between two or more time vectors is known, then the vector sum
of any proportion cf the vectors may be obtained easily as shown in Fig.LO.
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TABIE 1

Fairey Delta 2 — Principal dimensions end inertia characteristics

Wing
Gross area 360 sq £t
Span 26 £+ 10 in,
Nomingl centre line chord 25 £t
Tip chord 1 £4 10 in.
Mean aerodynemic chord 16 £+t 9 in.
Wing section 4% symmetrical, max t/c at
29.5% C
Leading edge sweep back 59.92°
Trailing edge sweep back 0o
Twist 0°
Dihedral o°
Wing-incidenoe with respect to fuselage datum +1.5°

Weight and centrc of gravity

A1l up weight at take=-off 13,884 1b
Fuel contents 2,500 1b
Centre of gravity position at teke-off, 163,9 in, aft of
undercarriage down L.E, of centre-line
chord

Inertia characteristios (Firm's estimates)

No fuel
Pitching moment of inertia 646,000 1b £t
Rolling moment of inertia 158,000 1b £+
2
Yawing moment of inertia 793,000 1b £t
Full fuel
2
Pitohing moment of inertia 789,000 1b ftz
Rolling moment of inertia 193,000 1b ft
2
Yawing moment of inertia 968,000 1b ft
Tnertia ratios and principal axes inelination (full fuel or no fuel)
iA 0.0775
iB 0,204
0.38
ig 389

Inclination of principal saxes 1%0 nose down to body datum
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GURE |I. GENERAL ARRANGEMENT OF THE FAIREY DELTA 2
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FIG. 35. TRANSFORMATION OF RATES OF ROLL
AND YAW TO STABILITY AXES BY
TIME VECTOR METHOD.



FIG. 36. BODY DATUM AXES SHOWING RELATIVE

ACCELERATIONS AT THE LATERAL
ACCELEROMETER POSITION.
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FIG.39. TIME VECTOR REPRESENTATION OF
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FIG. 40. ADDITION OF TIME VECTORS.
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