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Lateral stability tests have 'been made on the Fairey Delta 2 research 
aircraft, studying the airaraft response following a rudder pulse. A des- 
cription is given of the instrumentation used, and instrument response 
oharaoteristios are discussed, Records of the damped Dutoh roll oscillation 
(which persists after the initial pulse stage) have been analysed by the time 
veotcr method. The sidaslip derivatives nv, 4v and y,, and the damping 

derivatives nr and &P have been extraotcd using estimated values of the 
relatively unimportant oross derivatives n and $r, which, due to the limita- 

P 
tions of the instruments used, could not be extracted from 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 the range of flight oonditions investigated. 
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1 INTRODUCTION 

The Fairey Delta 2 (ER 103) is a research aircraft built to investigate 
the charaateristios of a 60 degree delta wing planform throughout a wide 
range of lift aoeffioient and Mach number, The flight tests have been pro- 
grammed to investigate all aspects of aircraft stability, oontrol and per- 
formance as accurately as possible, SC that comparisons can be made with 
theory, wind tunnel, and free flight model tests. 

The present note deals with that part of the flight programme devoted 
to the measurement of the principal lateral stability data, The limited 
flight endurance of a high performance airoraft like the Fairey Delta 2, 
requires the utmost economy in the conduct of flight tests, Thus lengthy 
procedures such as the recording of forced osoillations or measurements in 
steady asymmetric flight oonditions can only be justified if more concise 
test techniques fail to yield the desired information, Furthermore, due to 
the reheat characteristics, it is not possible to stabilise speed on this 
aircraft in supersonic flight. A more convenient method, which is eaonomiaal 
in flight test time, is the reoording of the transient response of the air- 
craft follcwing a rudder pulse. Potentially, an analysis of all modes of this 
motion, by the frequency response method, can yield all the lateral stability 
derivatives and also the rudder derivatives. However, experience so far has 
shown that the instrumentation available to date is inadequate in practice to 
realiee this theoretioal potential'. 

A rudder pulse generally exoites all three lateral modes. However, 
shortly. after the pulse has ceased, in practice only one damped osoillatory 
mode, conventionally oalled the Dutch roll oscillation, is found to persist. 
If this oscillation only is ana.lysed using the time veotor method, both 
extreme eaonow in computational effort and a clear understanding of the 
aocuraoy 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 theoretiaal formulae far nv and 45v are considered 
in conparisan with the corresponding values extracted by the vector method, 

2 DESCRIPTION OF AIRCRAFT 

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 aircraft, and Table 1 gives the principal dimensions. The 
aerodynamic aontrols are conventionel elevator, aileron and rudder; all oon- 
trols are operated by fully powered, irreversible duplioated hydraulic jaoks. 
Feel for all three controls is provided by simple spring systems. The air- 
craft 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-off weight of the aircraft was 13,884 lb and the maximum fuel load was 
2,500 lb. The centre of gravity during the tests was nominally at 54,4$ of 
the centre line chord, but due to fuel variations the actual oentre of gravity 
position varied within the range of +O.l3fi of this value. 

3 DESCRIPTION OF INSTRUMEXt!ATION AND GROUND CALIEQATIONS 

The following parameters, relevant to the tests, were recorded: 
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Rate of roll 
Rate of yaw 
Lateral aoceleration 
Sideslip angle 
Rudder angle 
Aileron angle. 

The transduaers used to detect these parameters were: 

(a) Acoelerometer type IT.+3-1, range 20.4 'gr, 

(b) Ferranti rate gyro type IT.506-15, for rate of roll range 230 degrees 
per seoond and for rate ofyaw range 215 degrees per seognd, 

(0) Wind vane mounted on the nose boom of the airoraft range 25 degrees. 

(d) Control angles by potentiometer, rudder angle range t7$ degrees, 
aileron angle range 25 degrees. 

The response aharaoteristios of the instruments are important in 
dynamic flight testing and a brief desoription of the relevant features of 
the instruments is as follows: 

The IT.+3-l aocelerometer depends basioally on a mass restrained by 
two cantilever springs; the position of the mass is determined by a 
potentiameter, and eddy ourrent damping is provided by a copper shell moving 
in a permanent magnet. Sinoe the damping provided by the eddy ourrent is 
striotly proportional to velocity, the accelerometer will have aooeptable 
dynamio aharaoteristios if the friotion between the potentiometer and brush 
is small.. The aooelerometer used was oalibrated 

T 
amioally2 for two levels 

of input, and linear results were obtained, (Fig.3 . This design of 
aooelerometer should not be subject to oross effeots due to acoelerations 
along other axes. As furthermore the majority of the flight tests were made 
in nominally 1 'gf level flight conditions, no aaiibrations were performed 
to determine suoh ordss 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 a 
potentiometer. The damping provided by this type of system is less satis- 
factory than eddy ourrent damping, beoause (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 produoe striotly viscous damping, and as a result, 
the phase lag of one aP the gyros varied signifioantly with the amplitude 
of input. However, it was established that the temperature in the instru- 
mentation bay remained almost oonstant during the tests, and thus the first 
effeot was unimportant. The two rate gyros were oalibrated dynamioally2. 
In eaoh ease the prinoipal oalibrations were made with an input amplitude 
oorresponding roughly to the mean level df the range utiliaed during the 
flight tests. Ta oheok for linearity a few points were also obtained at a 
smaller amplitude of +5 degrees per seoond. 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 af yaw gyro gave oonsistent results, whereas there is 
a marked dependence on amplitude of the response of the rate of roll gyro. 

Considerable unservioeability was experieneed in flight due to wear 
ooourring over the oentral portion gf the potentiometers. The wear was 
reduaed to a minimum by removing the rate gyros from the airoraft when not 
required for the lateral stability tests and arranging that the gyro3 were 
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only running during the test period of any flight. In spite of these pre- 
oautions, the rate gyros become unserviceable after only a few flights and 
this frequently delayed tne flight programme. The reason for the potentio- 
meter wear has not been definitely established, but laboratory tests indioated 
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 inoreased 
friotion would have the further effect of changing the dynamio response of 
the instrument. 

Four wind vanes were mounted on the nose boom of the aircraft behind 
the pitot-statio head, The vanes were arranged in a oruoif'orm oonfiguration 
so that two measured incidence and two measured sidcslip. This preserved the 
symmetrioal arrangemen" ti required to avoid errors in the transonic and super- 
sonic speed range. Tine flight records showed that 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 aerodynamio loads 
at high dynamic pressures introduoed errors which could not be established by 
ground calibrations. In the detailed analysis of the flight records the wind 
vane readings have therefore Seen ignored. However the sideslip angle was 
deduned accurately and reliably from the lateral soc&erometer 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 piok-off. It is now generally realieed that 
the friction inevitably associated witin this type of pick-off leads to un- 
satisfactory dynamic instrument response. In future tests the rate gyros 
and the accelerometer will be rep%aced by transduoers with A.C. pick-offs SO 
that it is hoped to avoid these diffiaultics, 

AU the control angles, rates of roll and yaw, the sideslip angle and 
the lateral aoceleration, were recorded on Bussenot recorders running at one 
inch per second paper speed. Pitot and static pressure were Ped from a Mk.Yh 
head mounted on the nose boom of the airoraf't to both the pilots' instruments 
and the instrumentation. Indioat~d airspeed and altitude were recorded by 
standard instruments on the automatio observer. All reoording 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 IO'C and 15'C. 

4 gIGHT TESTS 

The flight tests were made at two altitudes, 10,000 ft and 40,000 ft; 
the range of speed oovered was from M = 0.4 to 0.7 together with a few points 
at a Maoh number of approximately 1.0 at 10,000 ft, and throughout the range 
from hl = 0.7 to 1.5 at 40,000 ft. Most of the tests were made in 1 'g' level 
flight conditions but a few results were obtained at 40,000 ft in level turns, 
with a normal acceleration of 2 Igt. 

The pilot used different test techniques at subsonio, transonio and 
supersonic speeds. Below a Maoh number 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 Gudder pedals and the rudder allowed to return to its 
trim position under the a&ion of the spring feel units. During the ensuing 
Dutch roll osoil.lation of the aircraft, the feet were kept off the rudder 
pedals. This prooedure was adopted to ensure 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 oontrol. A typioal 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 
aircraft hands off due to lateral trim changes. This obviously increased 
the risk of accidental control movements during the tests and therefore any 
flight records which showed measurable aileron mcvements during the free 
oscillation of the aircraft were discarded. Supersonic speeds in level 
flight could only be attained by the use of reheat; this implied that the 
aircraft 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 concentrated on the engine 
instruments during reheat operation, all the tests were made during the de- 
oelerating part of the supersonic run when reheat was cancelled. It was not 
possible to fly the aircraft hands off due to diffioulties in trimming in 
this speed range and again any records which showed detectable control 
inputs during the free osoillation were rejected. 

The technique under tgr at supersonic speeds was similar to that used 
in level flight exaept that the pilot attempted to trim the aircraft into a 
2 'g' turn. 

5 THE METROD CF ANALYSIS 

5.1 Introduction 

Airoraft stability analysis is usually performed in stability axes 
(Fig,?), The origin 0 e-f the system is the aircraft oentrc of gravity. In 
this system of axes the X axis is fixed in the aircraft along the direction 
of the trimmed velocity vector. The Y axis is positive to starboard and 
normal to the plane of symmetry and the Z axis is positive downwards 
mutually perpendicular to the other two axes. Following a disturbance the 
velocities along the sxes are u, v and w and the angular velooities of the 
axes are p, q and r. 

The usual assumptions made in lateral stability analysis are:- 

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

b) no coupling between longitudinal and lateral motions, thus q = w = 0 
and u is constant and equal to V, the resultant velocity during any lateral 
disturbanoes. 

For the flight test results to be considered here, the first assumption 
is valid. The second assumption is only justified provided there are no 
pitching moments due to sideslip and no marked effects of engine gyrcsoopio 
couples, Some coupling was reasrdod, but as this was only of small magni- 
t&e, and in view of the complication of the analysis and the limited 
acouracy of the instrumentation, 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 oare to avoid unwanted inputs by the 
pilot+; an allowance has been made for this in the analysis. Consideration 
of the stability equations shows that, when the aircraft 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 aeroelast'n effect due to fin distortion 
under sideslip loads. The rudder jack is at ti;~ case of the fin, and when 
the fin distorts under load the valves are parted and the jaok operates, The 
geometry of the jack and operating rods is suoh that the rudder angle increases. 
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rudder pulse, the lateral modes which are excited are a heavily damped roll 
mode, a lightly damped or divergent spiral mode and a lightly damped osoilla- 
tory mode, oanventionally oalled the Dutch roll oscillation. 

The response of' an airoraft to a rudder pulse is a function of the 
aerodynamio derivatives and the inertia charaotsristios of the aircraft a?%d 
generally oontains all the lateral modes. For the range of oonditions ex- 
plored in the presen t 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 oontained elements of both the Dutoh roll oscillation and 
the roll subsidenoc motion. The latter, however, was only prominent in the 
initial transient and after approximately one cycle of the reoorded Dutoh roll 
it had died down suffioisntly for the remainder of the record to be inter- 
preted as a pure lateral asoillation, The rate of yaw response, included both 
the Dutoh roll 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 process which is discussed further in section 5.2. 

Considering the oompletc aircraft motion reco;%ded in response to a 
rudder pulse, thzorctioally all the lateral stability and rudder derivatives 
may be determined by a frequency response method of analysis or by solving 
the equations of mot, ion in a suffioient number of distinct instanotiss. However 
the standard of the instrumentation in the present tests was net adequate for 
reliable extraotion of the minor derivatives n py Cr and y P . 

Using theoretioal 

estimates for these derivatives (and for n L:+ Z' - and y ) the remaining 
derivatives can, however, be uniquely determixed by oonsidering the Dutoh 
roll mode only. The time vector method has bcdn ohqsen as the mcst suitable 
teohnique for analysing this osoillatoiy motion, although for comparison some 
approximate formulae are oonsidercd. It should be emphasised ihat the Vector 
method is not an approximate procedure and the acouzaoy of the rtsults should 
only be subjeot to, 

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

b> errors in the assumed data, including the weig?lt and moment of inertia 
and the assumed derivatives n 

P" drJ yp9 nG$ ag adi Y<D 

A detailed analysis of the accuracy of the extracted stability deriva- 
tives would be diffioult, but for an indication of the general level of 
accuraoy, the effeots of some systematio errors are considcrtd in section 6.L 

In the analysis of the aircraft motions it is more usual to oonsider 
the disturbanoe velocity v in terms of the sideslip angle fi, where by 
definition3 

sinp = + 

and for small angles p L= $ . 

Fig.8 shows the relation between p the angle of sideslip, JI the angle 
sf yaw and x the flight path angle, all angles being shovlm positive. Although 
there are only four independent variables (p,r,P,Z,) to consider, a fifth 
dependent variable, the lateral acceleration, is of interest sinoe this is 
easily measured, 
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The lateral aocelcration of the aircraft centre of gravity normal to 
the flight path in trimmed level flight is 

Vi = V(i + 6) = V(r + i) 

;I = r. 

(1) 

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

The angle of bank Ip, is related to the rate of roll p, by p = 2 . 

The lateral equations of motion are: 

L p + Lpp e Lrr + L$ -Ai e Eg = 0 
P 

(2) 

(3) 

Npf3 f Npp + N,r c Nr;S - C$ e I$ = 0 04 

ypp + Ypp + Yrr + YzC - mEV(r+ ri> - &I = 0 . (5) 

The sideforce equation may 3e written in terms ,yf the aoceleration a Y' 

Ypp + Ypp + Yrr + Y$ - m a 
Y 

= 0. 

The neoessary terms have been 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 subsidenoe mode has 
disappeared and the spiral mode has been filtered, (as explained in section 
5.2), the equations of motion may be written in the time vector notation 
of Appendix 2, 

LpB + Lpp + Lf e L 
3 

-A;+E$ = 0 (7) 

NP" + Np" -I- Nr? + N$ - C; + E; = 0 (8) 

Ypp + Yp" + YrG + YgZ - m Z 
Y 

= 0. 
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In the equations, p for instanoe, represents the time vector of the 
aideslip angle p. Any one of these equations may be represented graphioally 
by a veotor polygon as explained in section 5.3. 
rolling moment polygon,) 

(Fig.15 shows a typical. 

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

where A$ is the disturbance in bank 

$o is the trimmed bank angle. 

The records have been analysed only after the initial rudder pulse has 
ceased and the roll mode has practioally subsided. The spiral mode divergence 
is responsible for a distortion in the records of the Dutch roll oscillation 
whioh has been filtered out by a graphioal method as follows. 

The peaks of a decaying osoillation of the type shown in Fig.9 are 
plotted on a logarithm50 graph paper as in Fi~.lO. The mean envelope of the 
oscillation is obtained from the loous of points such as B, where AB is equal 
to BC taking due aooount of the logarithmio scale (see Fig.10). This prooess 
is repeated for each independent variable and the best set of parallel lines 
drawn through the mean envelopes. The slc~pe of these lines gives the damping 
of the osoillation, By subtraoting the mean amplitude of the osc?-llation from 
the recorded variable (see Fig.9) the true datum line of the osoillation is 
obtained. 

The time instants at xhioh the oscillation Crosses the datum line can 
be determined acourately, and by plotting these against number of cyoles for 
eaoh variable and drawing the beat set of parallel straight lines the frequency, 
phase angles and amplitude ratios of the variables oan be determined. 

Applying instrument phase lag oorrections then gives the true looal 
values of these recorded quantities. 

A3 explained in Appendix 1, the data are transformed to stability axes, 
and the lateral aooelerometer readings corrected for the effects of rolling 
and yawing. 

The sideslip angle may now be derived for the lateral acceleration at 
the aircraft oentre of gravity. The kinematio Llation of equation (2) may 
be written in the time veotor notation as 

From a knowledge of the time veotors H r' and 7, a may be determined* 

(see Fig.??), 
z' 

The time veotor represent- p then follows using the simple 
properties between time veotor derivatives described in Appendix 2. 

* In the case of banked flight the term 9 must be replaoed by A# oos go. 
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5.3 Extraotion 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 Dutoh roll osoillation, The aocuraoy of the phase angle of 
the rudder motion is oonsidered to be poor and, ignoring minor scatter in the 
test data, it is assumed that the rudder angle is exactly in oounterphase 
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 
invariant 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 (y), for the rolling, yawing, and sideways 
degrees of freedom respectively. These equations state that the sum of the 
vectors representing forces or moments aoting on the aircraft during the 
osoillation are zero, consequently they must form a closed polygon. Any 
one of the vectors in the polygon is the product of a scalar aith 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 
produot 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 veotor 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 n P t  cr anti Y  l P 

Theoretioal values of n 
P' 

er, np 4;: and Yc 
have been assumed and are shown in Figs.13 and I.!+; yp is a minor derivative 
whioh is difficult to estimate accurately and it is assumed to be negligible. 

Fig,15 shows a typioal rolling moment vector polygon. Using the 
estimated values of dr and 4 

Z 
the stability derivatives 4v and 45 can be 

P 
determined from the side lengths established by closing the polygon, 

Fig.16 shows a typical y&e moment vector polygon; in this case 
estimated values of np and n 

z 
are used to extract the derivatives nv and nr, 

For the oase illustrated, the cross derivative n is generally oonsidered 
P 

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

A typical sideforoe vector polygon is shown in Fig.17. Sinae yp is 
assumed to be zero, the derivatives yv and y, are determined uniquely. 
However, since y, 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 
Fairey Aviation Co. and values are given in Table 1. They are now being 
measured on a speoially 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 advantages to be gained from the use of the time 
vector method of analysis. In the first place a good physical insight is 
gained of the motion cf the aircraft during the Dutch roll oscillation. Ailso 
the sensitivity of the extracted derivative to the accuracy of the recorded 
data oan be assessed directly, and the effect of systematic errors due to 
incorrectly assumed values of the moments of inertia and aerodynamic deriva- 
tives uan be shown in a straight-forward way. The level of aocuraoy is 
considered further in section 6.4. In addition, the corrections due to in- 
advertent rudder movements aze easily applied. 

5.4 St,abilitv derivatives deduced from simple formulae based on approximate 
analysis 

Ref.5 gives two approximate fcrmulaL a for the period and roll to yaw 
ratio of the Dutoh roll oscillation; these approximations neglect all but the 
sideslip derivatives. They can be solved to give: 

n = v 

iA 2 -- 
p2 J1 

c 1 E+iE F iA 
2 l 

[  

‘“1 l+- 

iAiCJ 

(12) 

03) 

6 REWLTS AND DISCUSSICN 

The results obtained from the analysis of the.Dutch roll oscillations 
are shown in Figs.18 to 34. Figs.18 to 27 give fundamental 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 34. Also the yawing and rolling moment 
derivatives due to sideslip, obtained from the simple approximate method, are 
shown in Figs.29 and 31. Xost of the data were obtained in level flight at 
40,000 ft, but some results were obtained at 40,000 ft pulling at 1 rgt excess 
normal aooeleraticn and some in level flight at 10,000 ft. These additional 
results indioate that there are notioeable effects of incidence and aero- 
elasticity without, however, allowing them to be separated out. 

6.1 Characteristics of the JJutch roll oscillation 

Fig.18 shows the more important oharacteristics of' the Dutch roll 
oscillation; namely the damping, period, and roll to yaw ratio for the air- 
craft in level flight at 40,000 ft. The general level of damping is very 
low, the damping 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 O.OrC 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 second.8 at 14 = 1.2 and then remains roughly 
oonstant. The roll to yaw ratio is about 4 at all speeds. 
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It is interesting to note the pilots' impressions of flying the air- 
oraft. At subsonio speeds up to M = 0.9, the aircraft is lightly damped and 
requires constant attention from the pilot. At transonio speeds between 
M = 0.9 to 1.05, the airoraft is difficult to trim laterally and is very 
dif'fioult to fly, the pilot having the impression of the airoraft being in a 
oontinuous Dutch roll oscillation. At supersonic speeds, the trim ohanges 
are reduoed and the aircraft becomes more pleasant to fly. 

These impressions are contrary in important respects to those one 
would deduoe from Fig.18 where it is seen that at transonio speeds, the 
damping of the Dutch roll is at a maximum and at supersonio speeds at its 
minimum. In fact, the pilotst impressions of poor flying qualities at tran- 
sonic speeds are due to the diffioulty in trimming the airoraft. The trim- 
ing diffioulties are caused by the controls being very effective at these 
speeds and also by the backlash between the stiok and ailerons. Repeated 
lateral retrimming of the aircraft is required, and small assooiated 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 ""j 
of the fin and rudder during the Dutoh roll osoillation. The motion of the 
rudder is in oounterphase with the sideslip angle and in the sense to inorease 
the effeotiveness of the fin. With this phase relationship the rudder motion 
does not affect the damping of the Dutoh roll osoillation. Sinoe the rudder 
motion depends on fin loads, it is a function of the equivalent airspeed Vi 
and Maoh number. In Eig,20 the ratio of rudder angle to sideslip angle has 
been divided by Vf. The soatter of the results is large because the greatest 

rudder angle movement reoorded was about ?$ degree whilst the total range 
of measurement was +& degrees. Nevertheless this rudder motion is important 
since it increased the apparent directional stability nv by about 5s. 

6.2 Relationship of the phase and magnitude of parameters of the Dutoh ---_s__L_ 
roll oscillation 

The quantities disoussed in this seotion are not direotly significant 
as flying quality oriteria but they are significant for the further analysis 
of the data as they express properties of the Dutoh roll motion whioh are 
utilized in the extraction of the derivatives. 

Fig.21 shows the non-dimensional frequency parameter J,; sinoe 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 

direotional stability derivative nV. Increase of lift coeffioient has a 
small effect at 40,000 ft. 

The non-dimensional damping factor RI is sho-ifn in Fig,22. This para- 

meter is more diffioult to measure accurately; however in the present tests 
the scatter is not large. A large effect of incidence at 40,000 ft is 
apparent; this is partly caused by an increased contribution of the produot 
of inertia to the damping and partly by the inorease of the damping in yaw 
derivative nro 

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

The scatter of s rp, the phase angle between rolling and yawing 

velIoities, (Fig.24) is quite small. It is largest at transonic speeds where 
it is about +8' - . At other speeds it is about 54' which probably represents 
the reading acouraoy of a Hussenot record. 
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Similar remarks apply for Ga p, the phase angle between the lateral 
Y 

acceleration and the rate of roll, (Fig.25). 

Fig.26 shows E 
Pr 

the phase angle between the sideslip angle and the 

yawing velooity. The soatter for this phase angle is very small, This 
quantity is derived from equation (II) and it oan be seen from Fig.ll that 
it is almost proportional to the amplitude of the lateral aooeleration a . 

Y 
In oonsequenoe 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, 

"Pay' 
is shown in Fig.27. The same remarks apply as for the scatter of 8 

Pr' 

ed from the flight data 

The stability derivatives depend on Maoh number, incidenoe, and also 
aeroelastio distortion effects. It is not praotioal in the flight tests to 
separate uniquely these effects, For instance, oomparison of results at a 
given Maoh number in level flight at two altitudes involves a change of 
equivalent airspeed which alters the lift coefficient as well as the aero- 
elastio effects. Also comparison of results at a given Mach number at a 
fixed altitude for different values of normal acoeleration, gives a change 
of lift coefficient, but the increased loading involves some aeroelastic 
distortion. 

In the following subseotions, the results for the sideslip derivatives 
nv, Cv and y, and the damping derivatives & and nr, are oonsidered. 

P 

6.3.1 Yawing moment due to sideslip n,, 

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

from 0.075 at subsonio speeds to a maximum of 0.108 at M = 1.05 and thereafter 
falls gradually to 0.08 at M = I .45. The few points at 40,000 f-l at 1 'g' 
exoess normal acceleration indicate that nv is reduoed due presumably to the 
ef'feot of increased inoidenoe. 

Fig.29 shows comparable values deduoed by the approximate method and 
also shown in the same figure are corresponding results deduced by the vector 
method. The agreement between the approximation and the veotor 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 .e, 

Fig.30 shows the variation of ev with Mach number, as obtained from 
analysis by the vector method. The level flight results at 40,000 ft show 
a gradual decrease except for a sudden increase between M = 0.9 to M = 1.0 
due to Maoh number effect. The gradual decrease in -&v in steady level 
flight as Maoh number increases is oaused by the reduction of lift coefficient 
since Av is a funation of C L . The other results at 40,000 ft at 1 'g' 
exoess normal acceleration and in level flight at 10,000 ft show similar 
trends and also refleot the effect of the change in lift coeffioient. 

Fig.3q shows the variation with Uach number of the value of 4?v given 
by the approximate method, oompared with the corresponding results from the 
vector method. The agreement between the two methods is reasonable, the 
approximate method tending to underestimate -8,, by about 206Jo. 

6.3.3 Sideforoe due to sideslip y, 

Fig.32 shows the variation with Maoh number of the sideforoe derivative 
yv. The results show a gradual increase of -yv with Maoh number up to 
M = 1.00 followed by a gradual decrease. The effect of increased incidence 
at 40,000 ft is to increase -yv slightly; at 10,000 ft a small reduction in 
-yv occurs at transonio speeds presumably due to aeroelastic effects in the 

fin. The general trend of the results is reflected by the variation of the 
fin lift curve slope with Maoh number, 

6.3.4 Rolling moment due to rolling velocity 43- 

Fig,33 shows the variation of the damping in roll derivative, C 
P' 

with 
Maoh number. The value of -ep in level flight at 40,000 ft is co,lstant at 

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

10,000 ft show a small reduction in -ap probably due to aeroelastio effects. 

6.3.5 Yavring moment due to yawing velocity nn 

Fig.34 shows the estimated variation with Mach number of the damping 
in yaw derivative, nr* It must be emphasised that the value of nr obtained 
by this analysis from a given set of flight data is dependent on the assumed 
value of n, 

P 
Fig.14 shows the theoretically estimated value of n to be very 

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

theoretioal values of np above a Maoh number of 1.4 must be treated with 

reserve as their use results in rather unexpected and unexplained variations 
in the computed value of nr with both Maoh number and lift coeffiaient. 

However as no better estimates of n 
P 

are yet available the results of nr 

given in Fig.39 must be accepted as the best approximation. In level flight 
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at 40,000 ft -nr is constant at subsonio speeds and inoreases rapidly at a 
Maah number of 1.0 and then falls at supersonic speeds to a somewhat lower 
value than at subsonic speeds. The effect of increased inoidence at 40,000 
ft is to increase -nr below M = I .4 but to reduoe -nr above this speed. In 
level flight at 10,000 ft there are large aeroclastic effects at transonio 
speeds and -nr is almost zero at a Mach number just below unity. 

6.4 Assessment of the aocuraoy of the results 

Several systomatio errors exist in this type of analysis, These errors 
are caused by inoorreotly estimated values of the moments and prbduots of 
inertia, the oross derivatives and the rudder derivatives. From equations 
(7) and (8) and th e corresponding rolling and yawing moment polygons of Figs. 
15 and 16 it is seen that the extraoted 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 effeot of systematio errors is attempted in this seotion but 
some typical errors are evaluated for level flight oonditions at 40,000 ft at 
a Maoh number of I .4. The inolination of the principal axis of inertia is 
very diffiioult to estimate, but an error of 6 degree in the inclination of 
this axis results in an inorcase of 5% in the product of inertia for this 
flight oondition. This gives a 1% inorease in the dampirg in yaw derivative, 
nr, and a 4% inorease in the directional stability derivative; however, the 
remaining derivatives, 4 and 4 are praotioally unaffected. Increasing the 
theoretically estimated talue o?er by 50$, deoreases the value of dp by 3% 

and ev by 0.8%. A dearease of 0.02 in the theoretioal estimate of n 
P 

inoreases nr by lC$J?i and deoreases nv by 4%. Increasing the estimated values 
of the rudder derivatives by $X$$, & 

;: 
and n cr g 

ives a small ohange of 0.4$ in 
e v' a 2.4% inarease in n v but no ahanges in C 

P 
and nrq 

Although the above results only apply to the particular ease oonsidered, 
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 
refleoted equally in all the extracted derivatives. However, in the case of 
the produot of inertia, only the damping in yaw derivative, nr, is affeoted 
significantly. Quite large errors in the theoretioally estimated cross 
derivatives, np and er, and the rudder derivatives, n 

rJ and 4 z, have very 

small effeots on the cxtraated 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 oharaoteristios, namely the damping ratio, period, and roll to yaw 
ratio have been obtained and are shown in Big.21. The following stability 
derivatives have been extracted, nv, ev, y,, ap and nr, the results being 

shown in Figs.28 to 34. All the derivatives sre fun&ions of Maoh number; 
however the effects of lift coeffioient and aeroelasticity are equally 
important. Approximate formulae have been used as a cross cheek on the 
values of nv and dv. 
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The time vector method has been found particularly suitable for the 
analysis of the results and has the following advantages. A good physioal 
insight is gained of the motion of the aircraft during the Dutah roll 
osoillation, and the effects of systematio errors due to the assumed values 
of the moments of inertia and aerodynamio derivatives can be oonsidered 
(section 6,4). Furthermore, oorrections due to instrument dynamia 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 
transduoers used a potentiometer pick-off. It is now generally realized 
that the friotion inevitably associated with this type of pick-off leads to 
unsatisfactory dynamio instrument response. In future tests the rate gyros 
and the acoelerometer will be replaced by transduoers with A.C. piok-offs 
and it is hoped thereby to avoid these difficulties. 
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LIST OF SYMBOL% 

Definition of axes and variables 

OXYZ 

' 5 'B 'B 

' 'G 'G 'G 

UP v, w* 

P, 9, r$ 

System of stability axes 

System of body datum axes 

System of rate gyro datum body axes 

incremental velocities &Long the axes 

3 

Suffioes B, G, 
denote the various 

angular velocities about the axes referenoe systems 

a trim body datum incidence 

P = 5 true angle of sideslip 

9 angle of bank 

angle of yaw 



LIST OF SYMBOLS (Contd) 

x angle of flight path relative to a fixed datum line 

rudder angle 

"Y 
a 
Yi 

lateral aoceleration at the aircraft centre of gravity 

reading of a lateral. accelerometer at some position other 
than the aircraft centre of gravity 

Note : A dot above any of the above quantities denotes differentiation with 
respect to time. 

Abar above any of the above quantities denotes a time vector. 

Stability derivatives 

dv = 
LV 

pvss = 

4 =A- 
P pvss 2' 

cr = Lr 
----P 
pvss 

L13 rolling moment due to sideslip derivati.ve where 

rolling moment due to rolling velooity derivatives 

rolling moment due to yawing velocity derivative 

rolling moment due to rudder derivative 

NV 

% = -p-E= ----f- Y yawing moment due to sideslip derivative 
pv ss 

"P 
=LkL. 

2' yawing moment due to rolling velooity derivative 
pvss 

Nr n = r 2' yawing moment due ta yawing velocity derivative 
pvss 

% = 2L 
pv2ss ’ 

yawing moment due to rudder derivative 
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LIST OF SYMBOLS (Coned) 

yv 
Y, = pvs = A 

pv2s ' 
sideforoe due to sideslip derivative 

yP 
=y” 

pvss ’ 
sideforce due to rolling velocity derivative 

'r 
Y, = pvss" sideforoe due to yawing velocity derivative 

Yg = A, 
p v2 s 

Dutoh roll parameters 

225 
$1 = P, 

sideforce due to rudder derivative 

oiraular frequency 

P, = Period 

undamped circular frequency 

Jl 
= $,Z non dimensional 0iroula.r frequency 

epr = 

‘pay = 

damping factor 

non dimensional damping faotor 

logaritnmio decrement 

damping ratio 

the damping angle 

phase angle by which rate of yaw leads rate of roll 

phase angle by which lateral acceleration leads 
rate of roll 

phase angle by which sideslip angle leads rate 
of yaw 

phase angle by which sideslip angle leads 
lateral acceleration 
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Inertia characteristics 

A= 

c ZZ 

E = 

A 
iA = ;2 

c 
ic = ms2 

E 
iE = 7 

General data 

$ f $k ’ 
v 

Vi 
Xl' Yj' a1 

x, = U-I-E, 

P 

l-5 = &I 

rolling moment of inertia, slugs ft2 

yawing moment of inertia, slugs ft2 

produot of inertia, slugs ft2 

rolling moment of inertia ooeffiaient 

yawing moment of inertia ooeffiofent 

produot of inertia ooeffioient 

acoeleration due to gravity, ft/seo2 

aircraft mass, slugs 

gross wing area, ft2 

semispan, ft 

aerodynamio time, seconds 

true speed, ft/seo 

equivalent airspeed, knots 

co-ordinates of lateral aooelerometer relative to the airoraft 
centre of gravity in body datum axes 

air density, slugs/ft 3 

relative aircraft density 
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APPENDIX1 

TRANS%ORMATION OF RECORDED DATA TO STABILITY AXES 

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

x, = a + E, 

where a is the trimmed body datum inoidence and a I 
rate gyro datum and body datum, 

ai-3 pC 
If t;e time vectors representing the gate og 
and rG about the rate gyro axes, and p and r 

the transformation between the two systems of axes 

wd 

is the angle between the 

roll and yaw are defined 
about the stability axes, 
is given by 

(15) 

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

In addition, since it was not possible to plaoe the lateral accelerometer 
at the airoraft oentre of gravity, it is neoessary to correot the lateral 
accelerometer read+ 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 0, the oo-ordinates of the position, G, of the accelerometer with 
respeot to these axes being (xl,y,,z,). If ay ia the reading of the lateral . 
acoelerometer and ay the acceleration at the aktre of gravity 0 (both 
positive to starboard) then 

ay = “yi - x& + “,C* f Y, 
( ) 
pi + ri . (17) 

For the oonditiona of the tests, the last term of equation is negli- 
gible aa it represents the sum of squares of small quantities; also it is 
auffioiently acourate here to assume pG = pB and rG = rg. M&ing these 
assumptions equation (17) may be written in terms of the appropriate time 
veotors as 

and the transformations performed veotorially as desoribed in Appendix 2 and 
shown in Fig.37. 
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APF'ENDIX 2 

THE TIME VECTOR METHOD OF ANALYSING EXPONEUTIALL~ 
DAMPED SINUSOIDAL OSCILLATIONS 

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

where wn is the undamped natural frequenoy when ;: = 0, and g is the damping 

ratio. 

The damped frequenoy w of the oscillation is related to the undamped 
freguenoy by 

0 = w n I-z2. J 

The general solution of equation (1) is 

x = Xoe %Ont sin bnJZ t + #J] (20) 

where x o and $ are arbitrary aonstants determined by the boundary oonditions. 

Zn the simple oase of zero damping, equation (20) beoomes 

x = x @ sin [Writ + $1 (21) 

and the first derivatives of x with respect to time is 

$ = x0 con 608 [w,t + $1 . (22) 

The variation of x with time may be represented by a "time vector" E 
of oonstant length xo whioh is rotating at oonstant angular velooity wn and 

starts from an angle $ at time zero, see Fig.38, The variation of G with 
time may be represented by another time vector f of oonstant amplitude x0 on 
rotating with angular velocity in and advanoed in phase by PO0 relative to 

the time vector f, see Fig.38. The two time vectors are time invariant with 
respect to eaoh other. 

So far we have only oonsidered time veotors in the oase of simple un- 
damped oscillations, however the same oonoept may be applied to exponentially 
damped oscillations. The time derivative 2 of equation (20) is 
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$ = wnxo e 
-ant -. 

[J l-G* 00s (wn 1-c il t+$) - c sin (wn L-2 t+q 

= ox e 
-<writ 

n 0 [ 
00s ED 00s (wt +#) - sin ED sin (wt + $)-l 

1 

where 

=D = tan-‘-L * 

J- 1 - r;* 

Thus 

. -&p 
x = 00s [wt + 9 + ED] . (23) 

In the ease or_ the damped oscillation both x and 4 may be represented by two 
time vectors x _and j, whioh rotate at constant angular velocity w. The magni- 
tudes of z and k at time zero are x0 and xown respectively and both are 
shrinking at a rate of 4 -zb+$ with time. 
yo” + ED 

In this oase the phase of i is 
in advanoe of z, where eD is called the damping angle. Again the 

two time vectors '; and k are time invariant 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 osoillation and is represented by a time vector x rotating at 
the frequency of the oscillation, then the time derivative of the rate of 
roll, i.e. the aooeleration in roll, may be represented by another time 
vector of magnitude inoreased in the ratio of the undamped frequenoy and 
phase angle increased by 90' plus the damping angle. Also the integral of 
the rate of roll, the angle of bank, may be represented by another time 
veotor, in this oase the magnitude is reduoed in ratio of the undamped 
frequency and the phase lag by 90° plus the damping angle. 

Sinoe time vectors are invariant with respect to each other they may 
be drawn as veotors which do not alter with time. If the magnitude and phase 
relation of between two or more time veotors is known, then the vector sum 
of any proportion of the veotors may be obtained easily as shown in Fig.40. 

- 25 - 



TABLE 1 --- 

Fairey Delta 2 - Princ&l dimensions and inertia oharacteristics 

_wixy: 

Gross area 360 aq ft 

span 26 ft IO in. 

Nominal centre line chord 25 ft 

Tip chord 1 Pt IO in. 
Mean aerodynamic ohord 16 ft g in. 

Wing section 4% symmetrical, max t/o at 

I-ending edge sweep back 
Trailing edge sweep baok 

Twist 
Dihedral 
Wing-inoidenoe with respect to fuselage datum 

We&$sJ and oentrc of gravit. 

All up weight at take-off 
Fuel contents 

29*5%-c . 

59.92O 
00 

O0 
O0 

+I .5O 

Centre of gravity position at take-off, 
underoarriage down 

Inertia.$Jaracteristios (Firm's estimates) 

No fuel 
Pitohing moment of inertia 
Rolling moment of inertia 

Yawing moment of inertia 

Full fuel 
Pitching moment of inertia 
Rolling moment of inertia 

Yawing moment of inertia 

13,884 lb 

2,500 lb 
163.9 in. aft of 
L.E. of centre-line 
ohord 

646,000 lb ft2 

158,000 lb ft2 
793,000 lb ft2 

789,000 lb ft2 
193,000 lb ft2 
968,000 lb ft2 

Inertia ratios and principal axes inclination (full fuel or no fuel) 

iA 
=- 0.0775 

is 
0.204 

iC 
0.389 

Inclination of principal axes I&" nose aon to body datum 
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