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SUMNNARY
-4

A general investigation of the stability problems of freely falling
missiles has been made. This report presents results of a joint R.A.B./
¥.R.E. research progracme which was initiated in 1960 and incorporated a
series of free flight trials of full scale instrumented test vehicles,
wird tunnel tests carried out over a wide range of Reynolds numbers and
nmathematical model studies using a fast digital ccmputer. Correlations
between predicted motions of the vehicle and behaviour actually observed
in the trials confirmed both the formulatica of the math2matical model and
the validity of wind tunnel measurcments. The resuits have provided con-
siderable insight into problems associated with the release disturbance and
stability requirements needed for good ballistic consistency. Finally,
suggestio"3 are made for the aerodynamic design of fin stabilised ‘bombs.

This report is being issued simultaneously by the Weapons Research
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!. INTRODUCTION

The rapid advances in 2ircraft performance since World War II have placed in-
creasingly stringent requirements upon the design of bombs. Under modern
cecditions of height and speed at release, bombs frequently experience prolonged
periods of fall in the transonic speed range {or which there has en littie data
available until recent yeers. Consequently, the preparation of ballistic tables
often continued on the basis uf assumed or inadequate experimental data for the
variation of drag with Mach number, and thes influence of dynamic behaviour upon a
bomb's trajectory has nearly always been assessed dy the indirect method of end-
point balliztic trials. Under these circumstances such trials gave ballistic
indices which varied appreciably with release conditions and with the trajectory
paraneters (time of fall, trail distance, air range, etc.) used to derive it.
Interpolation and extrapolation from the ballistic tablea was seriously hampered
and large increases in end-point bomb ballistic programmes were nacessary to ensur
roliability.

It was with auch difficulties in mind that, late in 1960, the joint R.A.E./W.R.
research progra-me on i1nstrumented bombs was formulated. A2 that time much
information had " :1eady bLeen obtained or the zero yav drag of bombs at subsonic ar
transonic speeds. Ground launched nodel tests »»re ne of the experimental
techniques used extensively in acquiring these data ant examination of the fiight
dynamics ol' freely rolling bombs by closely controlled trials with full scale
ins“rumented bombs formed a logical extension of the aerodynamic work previously
carried out by both R.A.E. and W.R.E. 1In addition, it was considered that new
knowledge gained from the bomb research programme would be of general interesu in
the missile field and immediately useful in the development of unguided rockes
test vehicles.,

Svents which led ‘o the proposal for & joint United Kingdom/Australian researcl
programme and the factors considered in its ultimate formulation are outlined in
Sections 2, 3 and 4. In these secticns it is shown how understanding of the bas:
theory of flight dynamics depended very heavily upon the extensive Azerican
contributions in this field. At an early ttage in the F.A.Z./8.R.E. experimerta.
programme direct contact was made with correspending U.S. research establishments
for exchange of ideas and oxperience. In this connection representatives from
R.A.E. and W.R.E. have since visited America on two occasions (in April 1963 and
April 196L) to take part in technical discussions with representativ~s froam the
Naval Ordrnance Laboratories, White Oak; Naval Weapons Laboratories. Dahlgren;
Bailissic Research Laboratories, Aberdeen; National Aervnautics and Space
Administration, Langley Field; Adr Proving Grcund Centre, Eglin Air Force Base;
and Naval Ordnance Test Station, China Lake. These virits stimalated considerad
American interest in the United Kingdom/Australian contribution to the study of
missile dynamics with the result that there has been a very free exchange of data
:deas ard experiences, and the original experimental progremze was substantially
nodified to include new techniques and novel stabilising davices.

Following the tripartite discussions of 1963 the scope of the researct program
xas exterded with three main objectives :-

(i) to provide a more rigorous check on the validity of current stability
theories by making correlations between the full scale research vehicle
observed behaviour and that predicted from its mathematical model using
the most complete sets of wind tumnnsl and free fligh® data obtairnable;
and
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(i1) to investigate theoretically and experimentally ideas and techniques which
appear to provide soluticns to some of the stability problems and to offer
the possidbility of weapons with greater tactical flexibility; and

(1i1) to develop where necessary, new experimental methods for obtainiag
aerodynamic data.

These objectives were based on the conviction that if the validity of the theory
and the mathematical madel could be firmly established, then only wind tunnei and
digital computer facilities would be necessary to prudict the effectiveness of any
narticular missile configuration. After the second series of tripartite discussions
(in April 1964) it was decided that wind tunael facilities at the Naval Ordnance
Laboratory, White Oak, would be used to augment the aerodynamic data previously
obtained in Australia by the Aeronautical Research Laboratories and in England by
the Air.raft Research Association Ltd. and the Royal Aircraft Establishment,
Bedford. The American wind tunrnel experiments were planned to use the basic bedy
shape of the R.A.E./W.R.E. bomb research test vehicle in conjunction with the
folloning stabilising cevices :

(1) Pixed cruciform tail

(2) Spinning crueciform tail
(3) Pixed split skirt

() Spinning split skinm

(5) Spinning monoplane tail.

This work included measurements of Magnus forces and voments in addition to
measurements similar to those being made in England, chereby giving particularly
valuable suppor® to the reszarch programme since reither England nor Australia had
suitable ¥agrnus test rig facilities.

Free fiight experiments have so far been performed only with the r'ixed cruciform
tail configuration and the purpose of this report is to present the results obtained
from a total of 33 trials using this type of stabilising device. A second report,
covering the use of split skirts arnd spinning tails will be published subsequently.

2. ORIGIN OF R,A.E./W.R.E. EXPERIMENTS IN BOMB BALLISTICS

Australian participation in the study of bcumb ballistics stemmed from a
progracme of research and development initiated at the Royal Aircraft Retablishament,
Parnborough, U.K. in '949(1,2). Up to that time Amazent Department, R.A.E., hsad
used the design crteria earlier established by Capper(3,4,5,6) vhich easured that
hoombs would have an acceptably low dispersion, but these empirical rules based on
trials at relatively low altitudes were being shown to be iradequate when applied to
boots released by modern high altitude aircraft. 1here was then, as there is now,
a consideratle interest in the reducticn of tail sizes needed to izprove bomb-bay
stoxage efficiency and to lessen the effects of vibration, buffeting and release
disturbance(7). Thus the problem of correlating boob stability with dispersion(8)
becane highly significant and the research programme outlined by Richards(1) was
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intended to ceterrine th~ possitility of en*ablishing closer limits on bomh 4
parameter values necessary for good ballis*ic consistency. This programme,
comprised a total cf approximately 2L0 end-point trials conducted at the Woom
Range in tre period 1951 to 1955, did not succeed in establishing minimum sta
criteria aince in general the bomds tested wers too stable and little variati
diegrersion was found,

Results of these end-point ballistic trials showed that direct measurement
dispersion and the variation of ballistic index was not a sufficiently sensit
method of optimising bomd stability criteria unless separate measurements wer
to isolate the causes of such variation. One of the most urgent requirement
for accurate arag data, particularly in the transonic speed range, and the te
of us.ng freely flying models launched from the ground by rocket coost-motors
a proven meinod well suited to the study of aerodynamic drag. In England be
1950 and 195%, Dudley and Lawrercc(9) conducted the first experiments of this
on bombs. These experiments were performed to show the effects of five vari
of nose shape on the drag of a basic bomb-tody. Later, toward the end of 19
Veapons Research Establi-'iment began a programme of drag and stability tests
proposad as an extension of Dudley and Lawrence's work with the object of pro
additional data applicable to service bomdbs, while Greenwood(1C, 11) of R.A.E.
carried out similar free flight experictients in England. The W.R.E. programm
totalling 28 test vehiclet, was based on a series of six body shapes(12) chos
systematically to give a good representation of nose shape and fineness ratio
bombs then in use, Information obtained from the model experiments was appl
-ith moderate success to the prediction of full scale bomb performance(i3), b
lack of incidence data prevented a detailed analysis of flight dynamic behavi
the presence of nonlinear aerodynamic cross-coupling forces and moments and t
scope of the resilts was consequently limited.

Many irnstances of abnormal tehavicur were observed in the ground launched
tes’s when lateral pulse rockets were used to initiate transient responses.
Al *nough useful da%a could not be extracted from such trials, nodern develcon
the flight dynamic theory for symmetric missiles gave a strong background of
=zation making it possible to understand and appreciate the significance of *h
abnormalities. The implications of this theory substantially influenced ‘he
decicion to conduct full scale trials with instruzented bombs, and its Zevelo
is therefore briefly outlined in the following section.

3. DEVILOPMENT 07 FPLICHT DYNAMIC THEORY

Prediction of missile notion under the inflionce of large angles of attack
renained onc of the most challenging protlems in exterior ballistics ard only
recent years has the theory of ncnlinear zechanics been fruitfully applied ¢o
analysis of this prodlem. In the past, the clasaical "linearised” theory of
yaxing notion(14 to 19) was thcught to be valid up to about ten degrees in an
of yww, Apparently this limit was decided from ccnsideration of the geouatr
approximations used, and a comparison of the errcrs caused by these approxima
w1th the precision of tre most advanced contecporary experimental techniques.
about the year 1948, wind tunnel measur:zen*s in both England and America cof
static prorerties (lift, drag and pitching pomunt) for a wide variety of proy
Lad largely eliminated the most odbvious carse of orratic behaviour, namely, t
of stati~ stability. However, the cicurrcnce of short ranges and large disp
for mortir <hells, bozbs ard rockets still occurred and could not be explaine
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the basis of linear theory and the available data, and hence no corrective action
could be taken to prevant rogue behaviour.

The failure of linear theory to account for large dispersion and sporadic shorts
experienced by freely rolling projectiles led to a diversity of suggestions for the
mechanism of dispersion. Important contridutions to this study were made by such
people as Nicolaides(20, 21), Murphy(22,23,24), Maple(25), Synge(25) and
Zaroodny(26, 27,28), resulting in the prediction of novei conditions of dynamic in- -
stability,

Briefly, the response of a finned symmetric missile to disturbances at launch or
during steady flight is characterised by an jnitial transient oscillation which under
the influence of spin invariatly degenerates to an almost pure circular pitching and
yawing notion. Stable modes of this circular motion (which are termed "limit
cycles” (23) ) may occur in stealy rolling flight conditions, and may persist in-
definitely with quite large constant amplitude or may gralually decay. Low
insidence motions of this type are frequently experienced by mortar shells having
well sireamlined shapes., The larger yawing motions, however, are sustained by
arplitude dependert aerodynamic nonlinearities and wost parti:ularly by the non-
linear Magnus couple. The occurrence and nature of "limit cycles" in particular
cases stems orimarily from the magnitude of the initial disturbance and the
subsequent grosth of roll rate.

In addition to these sustained, constant amplitude mctions, three types of flight
instability have been isclated for freely rolling finned ballistic missiles and
identified a< (20, 21) :-

(1) roll-yaw resonance instability
(2) catastrophic yaw, and
(3) nonlinear Magnus instability.

0f these the first is predicted by linear theory which demonstrates that the presence
of small configurational asymmetries together with rolling velocity can result in
instability due to resonance between rolling and pitching motions, Numerical
antegrations indicate that the rapidity of passage through the resonant region is a
aignificart factor affecting the temporary cagrification of the small tricmmed angles
in pitch and yaw caused by slight configurational asymmetries. The other two fcrms-
of instabilisy are characteristic of nonlinear behavicur. Catastrophic yaw 1s
exhibited by missiles having low 1cll rates (cof the order of the natural yawing
frequency) and is caused ty periodic yaw-induced rclling moments and side moments ’
associated with flight a* large angles of attack. MNagnus instability occurs at
nigher roll rates (greater than the natural yawing frequercy) and the destabilising
Xagnus moments which produce excessive yawing amplitudes are strong.y dependent on
both spin rate and yaming amplit.de.

In generel, cruciform finned aircraf¢ tombs are much more susceptible %o resorance
ard catastrophic yax pheromena ass~cisted with low roll rates caused by small errors
in fin aligrment than to Magnus instability. The iatter form of instability is
likely to occur at somewhat higuer roll rates, as may be prvduced by deliberate fin
cant. Such considerations forred the basis of technical discussions when the
research programme was being planned.
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4L, UNITED KINGLOM/AUSTRAI.IAN JOINT PROJECT YOR PULL
SCALS INSTRUMENTE.D BOMB TRIALS

As outlined in Section 2, Australian interest in missile flight dynamics stemm¢
from experimental investigations of the drag and stability characteristics for a
number of aircraf't bomd shapes undertaken at Weapons Research Establishment betwee
about 1955 to 1959, In analysing the results of ground launched model tests, fu)
scale instrumented dbozd trials and end-point bsllistic trials, evidence was
accumulated which indicated that roll-yaw cross coupling effects had a strong
influence upon flight behaviour. This evidence was well supported by the modern
devaelopments of the flight dynamic theory previously described, therety emphasizi:
the need to acquire reliadble and comprehensive asrndynamic data by conducting
experiments specifically aimed at detailed assessments of flight perfommance, It
is apparent from ref'erences 29, 30 and 31 that American bomb designers were
experiencing similar prodblems,

. During the latter half of 1960, Armament Department, R.A.B., proposed a progra
of bomd ballistic trials(7) to be carried out in conjunction with wind tunnel test
This experimental prwgramme was planned to establish the minimum aerodynamic
stability of bombs c.nsistent with low diapersion and was originally intended to !
linked with trials of a weapon to meet a current British Operational Requirezmcnl,
It was considered that the Operational Requirement could be met by having a centn
section comprising the dbomd itself to which a streamlined or dbluff nose could be
fitted, for either extemal or internal carriage, and a series of tails added to
suit the various tactical requirements. Some of these proposed weapon shapes
seemed quite suitsble for simultaneous use as instrumented vehicles for stability
research work,

Pollowing an exchange of technical views betweon R,A.E., and W.R.E.,, representa
from the U.K. Xinistry of Aviation and Armament Department, R.A.E., visited Weapo
Research Establisiment during November 1960 to formulate a joint United Kingdom/
Australian programme of trials. As a result of discussions then held it was agr
that an adequate detemination of the factors which contribute to dispersion for
given type of bomb would require as a minizum :-

(1) accurate knowledge o th,é; bomb's static and dynanic derivatives cver an
appreciable range of yswing angles and for speeds including the transcnic
regime;

(2) the use of a computing facility capable of solving the nonlinear equation
of motion with high precision, and

(3) a programme of full scale ballistic trials, properly instrumanted, to
provide a check of the mathematical model predlictiors and to assess the
effects of release disturbdance.

The philosophy adopted was to use the instrunented bomb trials to determine
oinimun design requirenents for adequate ballistic consistency and xhen these wer
established to carry out a limited numder of end-point ballistic trials to measur
the dispersion f'iguxe for selected borderline cases.

A streanliped and a bluff body shupe were chosen for study and it was proposed
that comprehensive te:’s would be made first using only the streamlined body.
Results 35 obtained were then to be taken as a basis for planning the bluff dbody
trials. Tl.e original trials prograzme was divided into the followirg three
phases :-

UNCLASSIFIED
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PART 1

12 to 15 instrumented bomba dropped from a Canderra aircraft flying a.
500mile/h and 4500 ft altitude. This release condition, however, was
to be subject t~ vind tunnel tests showing no large changes in the
aerodynamic deri.atives over the Mach number range involved., The
effects of variation of fin cant angle and static margin were to be in-
vestigated on the low drag shape with fixed cruciform fins set at gero
cant plus three fin cant angies and for a renge of three static margins
obtained by shifting the bomd's centre of gravity. Using the results
obtained from each trial, the order of drops would be chosen to give a
maximum of information and to avoid tests which previous results showed
were no longer useful,

PART 2 : PFurther instrumented bombs, bringing the iotal to a maximum of 30,
dropped from a Canberra Aircraft under various conditions to check missile
behaviour during loft bombing, to investigate Reynolds number effects
and to verify the performance of the bluff’ body shape, During these
trials low rang2 linear and angular Donner accelerometers wers to be used
to obtain accurate drag and stability data. Records from these
instruments and other laleral acceierome‘ers and Contrave treiectory
informatirn were then expected to give all the information necessary for
determining eiming data for the weapons with the same shapes.

PART 5 : Up to 20 uninstrumented bombs dropped from a Canberra aircraft to
determine a typical dispersicn figure and obtain any additional
ballistic data that might be found necessary.

It was agreed that the manufacture of the bomb bodies should be carried ou* in
Australia under the control of Weapons Research Estab.ishment since it was necessary
to ensure that the design would satisfy the instrumentation requirements for trials
at Woomera.

The first trial wes performed: in December 1961 and sincs then Parts 1 and 2 of
the research programme have been completed. The third part of the programme has
been withheld because by early in 1963 the instrumented bomb trials had provided
sufficient data to establish a suitable method of conducting proving trials and this
method (Section 9.2) has been demonstrated with two other newly designed British
service bombs(52,33). These proving trials replaced the originally planned part 3,
and the remaining vomb test vehicles have now been set aside for fu<ure tests on
split skirt and spinning tail stabilising devices.

5. EXPERIMENTAL XETHOD
The experimental method for studying the aerodynamic behaviour of bombs has been
developed to weet the following basic requirements :-

(1) Obtain data on the aerodynamic forces and moments covering the expected
range of flight conditions.

(2) Usa such mercdynanic data to predict nissiie response and ballistic
performance under representative flight conditions.

(3) Creck the validity of predicted responses by cemparing them with direct
observarions of dvnamic behaviour in full scale free flight trials.
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The first of thase requirements was fulfilled by wind tunnel tests carried ow
at the Aeronautical Research Lavoratories, Melbourne, at the Royal Aircraf:
Establishment, Bedford, and by the Aircraft Resesarch Association, which is also
Bedford. A full eccount of these tests is gisen in Cection 6.

To meet the second requiremsnt, aerodynamic data obtained from the wind tunane
tests were programmed on the IBMN 7090 computer at W.R.E. enabling numerical
solutions of the equations of motion to be obtained. These solutions provided
basis for corrslations batwsen the observed full scale trials results and the
corresponding predicted performances, though these correlations were rot in
themselves sufficient to satisfy completely the third requirement of the experim
method because any differences could be atiributed to either errors in the predi
perfomances or poszible inaccuracy of the wind tunnel data, For this reason t
instrumented bomb trials were augmented by a limited number of "transient respon
experiments in which selected bombs were disturbed during otherwise s:tcady fligh
by means of lateral pulse rockets or "bonkers". Aercdynamic data obtained from
analysis of the resulting oscillations were then available for direct coparisor
with the wind tunnel measurements.,

Although this method gives comparisons of the overall aerodynamic force and
moment system as determined by model and full scale experiments, it does not per
correlations of the local flow conditions unless additional measurements of surt
pressure are maode., Since such measurements were not of immediate interest in t
bomb research work, no full scale tests of this kind have been conducted.

. WIND TUNNEL TESTS AND RESULTS

The first wind turnel tests of the two original body shapes (X557A and X557B
figures 1 and 2) were five-component static force and moment measurements carrit
out at the Aeronavtical Research Laboratories in Melbourn.. In these tests the
Reynolds numbers were an order less than those appropriate to full scale
conditions (a 1/9th scale model was used in a 21in. x 32in. working section) am
some of the early results showed rather more scatter than would normally be
expected by A.R.L. This was caused by the use of an existing sting balance wh
was not sufficiently sensitive for the small forces and mcments in the low
incidence range. Nevertheless, it was adequate to reveal a markedly nonl .near
pitching morent variation for the ¥557A body &t small pitch angles., Because s
doubt was cast upon the effectiveness of transition fixing at such low Reynolds
numbers a two compone-t sting balance was subsequently constructed <pecifically
high :ensitivity to nommal force and pitching moment. Using thic opalance,
neasurepent3 were repeated with greater ascuracy and in more detail for the low
incidence range and it was demonstrated that roughness bands on the fins caused
ronlinear behaviocur at low incidence to be virtually indeperdent of Reynolds
nuzber within the test range(3.). In vier of these results it was conciided t
extrapolation to higher Reynolds numbers could well be based on the data obtai
with fin roughness bands precent.

Since the A.R.L. data had a limited test range, the measurements were extund
in Britain to cover much higher Reynolds numbers and a wider range of Mach nux
in the 10ft1 x 8ft Transonic Wird Tunnel of the Aircraft Research Association,
Bedford. These results essentially confirned the nonlinearity in force ard mc
shown by the peasurezents made in Melbourne, and the static wind tunnel data gi
here are ail taken from the A.R.A. (Bedford) results. Measurenents were also
in two further series of tests at A.R.A. and in one series of tests at P.A.E.
(Bedford) of the danping in pitch and roll on the low drag shrpe using he R.A.
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oscillatory derivative measuring rig and method described in reference 35. For
these tests it was necessary to modify the model tail cone slightly to accommudate
the damping balance and the modified low drag shape M823 (figure 3) was the result.
During tn2 damping tests, measurements of 3tatic nommal force and pitching moment
were also ovbtained so that comparative data are available showing the effects of
the change in the low drag outline from the M557A and M823 snapes.

€.1 Test ccnlitions and presentation of data
€.1.1 Model scales and Reynolds numbers

The stati- force and moment tests on the M557A low drag and M557B
bluff body shapes in the Aircraft Research Association wind tunnel we:re
made with quarter scale models of the full size research vehicles shown
in figures 1 and 2. Most tests were made with a stagnation pressurs of
0.8 atmosphere, though a fes were cerried out with stagnation pressures
of 1,0 and 1.2 atmospheres. Under these conditiona Reynolds number
increases with Mach number and values of Reynolds number for represen-
tative Xach numbers are tabulated below, Kaximum body diamater is used
as characteristic length,

Reynolds' Nuzbers x 10°°

Mach number
0.%0 0.75 1.0G 1.25
Stagnation Pressure

0.8 atmosphere 0.94 1.21 1.33 1.0
1.0 atmosphere 1.17 1.56 1.72 1.8C
1.2 atmosphere 1.48 1.84 2.07 z.15

The pitch ard rcll damping tests, end the accomparying static force
and moment measurements on the N823 low drag shape were made using a half
scale nodel at 1,0 atmosphere stagnaticn pressure. The corresponding
Reynolds numbers based on body diamcter were :-

Nach nuzber 0.50 0.75 1.00 1.25

PN x 10°° 2.3 | 3.12 3.42 3,60

Por coxparison, the Reynolds numbers (mul=iplied by 10™°%) for the
full scale vehicle trials are givern for the two extremes of height.
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Mach number 0.5 0.75 1.00 1.25
At sea level 5,64 8.50 | 1.2 14,2
At L5000 f't 1.20 1.80 2.38 2.99

The wind tunnel Reynolds numbers were high and t. -~ changes in the
during testing produced no significant effect; even with the quarte)
scale model the wind tunnel Reynolds numbers overlapped the full sce
Peynolds number rangs & little and the Reynolds numbers of the test
the half scale M823 shape were equal to those for full scale experime
between 30000 and 40000 ft (depending on Mach number). Since many ¢
most important vehicle motions investigated in the full scale trials
place at the higher altitudes soon after release from the airc¢raft, |
wind tunnel tests Reynolds numbers can be considered as almost full

Coefficient definitions, systems of axes, etc.

All coefficients are based on the maximum body crcss section area
and the maximum body diameter (d) as reference area and length., The
values of S and d for the full scale vehicle are 1.918ft? and 1.562°¢
for all three shapes tested.

The meoment reference point is at 0,50 of the body length for the t
low drag shapes (72.0in. aft of the nose) and at C.365 of the body l¢
for the bluff body shape (38.0in. aft of the nose).

Two sets of right-handed rectangular Cartesian axes are used. 0)
body~fixed axes centred et the moment reference point. X, Y and N ¢
the force components along these axes and 1, m, n, the moments about
At zero roll (p = 0), Y is positive out to sterboard, N is positive
vertically upwards, n is positive nose to startoard, m is positive n¢
upwards and 1 is positive for starboard side down. Since the wind 1
balance was fixed in the tody, the five components of static force a
moment which were measured were obtained in body-fixed axes. Their
coerficients are defined as :-

CY = Y CN = __.\.___.
3o V'S p V¢S
C = {.._n__. N = o C = 1
" e visa = 3V Y opvisa

The wind tunrel results were reccmputed in terms of nen-rolling b
axes 0X'Y'Z’ ("Incidence plane axea") which are centred at the moment
referernce point and pitch with the body but do not roll with it.  He
for the wind Tunnel results 0X’'Z’ is aiways the vertical plare and i:
always the lane of the angle of incidence of the model. In this ct
the roll angle o gives the attitude of the fins to the plane ol incic
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and ¢ = 0 is defined a3 one pair of fins in the incidence plane, Por
the pitch damping tests the model oscillation was in the plane of
incidence. X', Y', II’ are the components of force along CX'Y'Z’ and 1',
m' and n’ are the moments about them. All the wind tunnel results are
presented in terms of these non-rolling body axes since they make much
clearer the pattern of changes ir the forces and mcments acting with
change of attitude - restoring moment (m’) and normal force (N') are
always in the plane of the incicence while Y' ari n’ are the side forces
and moments induced in the plane at right angles,

Y' is positive to starboard and N’ is positive upwards in the vertical
plane, With these definitions :-

1] - .

CY = CN sinopo + CY cos ¢
! = -

CN = CN cos @ CY sin ¢

Cm = Cn cos ¢ =~ Cn sin ¢

Cn = Cm sing + Cn 208 ¢
[}

Cl = C1

Transition fixing

In all the A.R.A. wind tunnel tests on the quarter scale model of the
low drag K557A shape, transiticn was fixed on the body by a roughness
band 2in. aft of the nose (model scale) which was xin. wide and 0.0CL in.
to 0.005in. high. No attempt was made to fix transition on the fins as
it was believed that it was unnecessary at these Reynolds numbers with
this sharp leading edge section. With the larger (half scale) size
M823 low drag shape t:ansition was again fixed on the body at the same
relative position using a roughness band approximately 0.010in. high and
transition left free on the fins. With the bluff N557B shape, transition
was left free on both body and fins since it seemed certain that
transition would always take place at the front corner of the body.

Test ranges of incidence angle, roll attitude, Mach number, etc.

Only a representative sample of the wind tunnel data is reproduced in
this report. Full results are tabulated in references 3o to 4L0. The
full range of tests made at A.R.A. and R.A.E. Bedford is summarised below,
with the exception of some repetitions checking incidence hysteresis
effects on restoring moment, and incidence and Xach number hysteresis
effects on drag.

Static force and moment measurements on the K557A lowm drag shape
(a) G.8 atmosphere stagnation preasure

8 = -2° to +20° for o = 0°, 223° and 45°
0 to 45° for 6 = 15°, 17° and 20°

®
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(v)

(a)

(e)
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These were repeated for each Mach number of M = 0,5, 0.65, 0.75,
0.85, 0.%0, 0,95, 1.00, 1.05, 1.25.

1,2 atmospners stagnation pressure

Limited Reynolds numder check at M = 0.85, 0.95, 1.05

8 = -2o to +10° for ¢ = 0 only

0.8 and 1.2 atmosphere stagnation pressuce measurements with
improved design of sting support

9 = -2° to +8.5° for o = O only at M = 0.65, 0.85, 0.95, 1.00,
1.05, 1,10, 1.15, 1.25.

Plow visualisation experiments on the low drag shape. Tests in
the range 6 = O to 9° at X = 0,95 and 1.25.

Low drag shape fitted with the dluff body fins
0= -2° to +10° for ¢ = O only at X = 0.75, 0.85, 0.95, 1.05, 1.2

Static force and moment measurements on the M823 low drag shape

o =0, 8 = -2° to +17° at ¥ = 0.5

9 = -2.5% to +21° at X = 0.7 and 0.8

6 = -2° to +7° at X = 0.75, 0.95, 1.00, 1.05, 1.30.
o = 224°, [0 = -0.5° to +21° at M = .7

9 = -2° to +8° at M = 1,0

-0.5° to +21% at M = 0.7
~2° to +8°% at X = 0.5 and 1.0

;)
"
;-
w
o
> D
oo

Static force and moment measurements on the M557B bluff body shape

6

-2° to +20° for o = 0, 224° and 45°

0 to L5° for 6 = 15°, 17° ana 20°

¥

These were repeated for each dach number of X = 0.5, C.65, 0.75,
0.85, 0.90, 0.95, 1.CC, .05, 1.25.

Pitch damping measurements cn the X823 low drag shape

o =0, o = -2° to »17° ar X = 0.5
8 = =2.5° to »21° at X - 0.7 and 0.8 |
9 = -2° to +7° at ¥ = 0.75, 0.95, 1.00, 1.05, 1.30
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¢ = 224°, [0 = <0.5° to +21° at M = 0.7
9 = -2° tc +8% at M = 1.0
o= 45%, [6 = -0.5° to +21° at X = 0.7

6 = ~2° to +8° at ¥ = 0.5 and 1.0

Roll damping measurements on tho N82 low drag shape

@ = O tests at 9 = C and LSO at ¥ = 0.5, 0.75, 0.90, 0.95,
1.0, 1.05, 1.‘!5, 1.” -

Lizited incidence range tests (9 = -6° to +10°) at X = 0.50
for ¢ = 0, 225° and 45°.

6.2 Static measurements of normal force and re.*oring moment on the low drag shapes

The wind tunnel tests made in the A.R.A. transonic wind tunnel were first
planned as a straightforward series of measurements to extend the small scale
measurements made in the A.R.L. wind tunnel which had shown restoring moment
nonlinearities thought at that time to be an effsct of the transition fixing
at the small scale of the AR.L. tunnel tests, The first A.R.A. wind tunnel
measurecents at the larger scale repeated the nonlinear restoring moment
curves, confi:med the A.R.L. results and showed that another explanation would
have to be sought. Jhe subsequent additions and modifications during the
investigations are responsible for the rather rambling additions to the
originai systematic test programme.

The variation 2f the normal force acting o= th2 original X>>7A low drag
shape with angle of incidence, roll attitude and ¥ach number is shown in
figure L. There is little to comment on in the results, though the
variation of ncermal force with incidence for Yach numbers of 1.05 and below
is more than usually ncnlinear for angles below 10°,  This nonlinearity is
associated with the much more strongly marked nonlinearity in the restoring
moment curves and is almost entirely e¢liminated by the relatively small change
in the tail cone shape which converts the 4557A shape to the 823 shape,
(figures 5(a) and (b)). For the X823 shap the noimal force curves are
smooth and much more nearly straight.

The variation in the restoring noment acting on the M557A shape with angle
of incidence, roll attitude and Mach rumber is shown in figure 6(a). The most
important feature is undoubtedly the lcw incidence nonlin=arities for Mach ‘
nuobers up to X = 1,05 and much effort was put into explaining end verifying
thess, When the high Reynolds number tests in the A.R.A. wind tunnel had
shown that ths nonlinearities were not due to the effects of ‘he transition
fixing devices at very small scale, it was thought that they might te due to
the deaign of the N557A fins with their very low anpect ratio and sharp leading
edges. MNeasurement of restoring moments on the bluff N57 73 shape had not
shown the sawe systematic nonlinearities as with N%57A, even though the bluff
body moments were irregular a:t Mach numbers near 1.0 (figure 12) <=l so a
limited test at a few Mach numbers was carried out with the M557B fins counted
on the low drag M557A body. This showed that though subsonically tiese fins !
had given a reasonably linear restoring moment curve when on the bluff body, '
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there was still the same type of marked nonlinearity in restoring moment for
low drag body with these fins fitted. Suspicion now centred on the low drag
body shape and oil flow experiments were carries out to trace the cause. Som
of the oil flow pictures are reproduced in figures 7 and 8%, First tie.c wa
a run through tae Xach number range between M = 0.95 and M = 1.75 at 9 - 3°,
and then & set at 9 = 3°, 6° and 9° at N = 0.95. At € = 3°, ¥ = 0.95, -here
is a triangle at the root of the fin on its upper surface where the fow look
30 sluggish as to suggest a complete local 3eparation (figure 7): presuzsbly
ti.e increasirg convergence of the tail (which is not a true ~cne bdut is
radiuced. figure 1) recaches a limit where the flow can ro longer remain at'a:
to the bod, in the region of the adverse pressure gradient on tie top of the
fin. In the ;rsitive pressure region under the fin the flow can remain
attached and the uonaration region is not there (figure 7(d)). With increas
incidence at M = 0.95 wi.» triangle on the upper f{in surface where the flow 1¢
dominated by the body intertei.r~e grows in exten’, but a more important poir
is that whereas the flow in this triaungle ic sery sluggish st 37 incidence tt
fin surface in it seeme to be thoroughly scrubbed at 9~ by a high velocity ai
stream, as if there is a vortex (due to body cross-flow?) lving across the fi
\pper surface at this higher incidence. The enlarged picture of the fin
(fipyre 8) shows that there is certainly not a separation frem the fin surfat
at 9  incidence and the supposition regarding the separation beirg prevented
a cross-flow body vortex lying across the fin surface is supportel by the fl¢
markings on the body which indicate the areas where the vertax springs frem ¢t
body down on to the fin root. {Indicated by A on figur>s 8{a) and (b)).
Another point from the oil flow experiments which shows hLhow the btody influcn:
at these Mach numbers (M less than 1.05) redunes rin ef'fectiveness at lov
incidence and 80 contributes to the lcw incidence nunltirearities in the rect-
moment is that at the higher incidences (say 8 = 9° or aore) the oil lines o1
the body show that there is some body upwash in additior to the incidence
(figure 8), whereas at 6 = }0 the flow lines suggest a rnegative incidenrce in
region of the fins., Hence the lc:a' %2dy dcwmwash 1s decreasing the fin lif
at low incidence and increasing it at high - this in itself would contritite
the right sense to the noniinearities in restering monent.

Sumrarising, at subsonic and traasonic Mach numbers (be.ow abevt N = 1.05
there is a res:oring moment nonlinearity oz:;ause at th2 very reac of the bed:
the tail core is too convergent for ths flo® %o reuzin attacnzd above the i
and there is a separation in the f'ir rcot trisagle which reduces fi. 2fficier
at higher incidences & body cross-flos vortex prevents this separatica and
fin recovers its full effectiveness. Supersonically, at Marh num-ers cbove
N = 1,05, the fiow is able %0 remain attached to thte bods &t law incidences

5> the appearance of body cross-flcw vortices l:ing across the fin surface a
the higher incidences no longer make a sudden differ<nce o fir. effectiven=s

These conclusicus caused some concern over ponsible st.ig-aupport interfe
effects. Th. sting balance u3ed was ond already in existence and had teen
for anctlier purpose and was not idesi. The 3sting diameter was fairly large
relative to the body base diameter and diverged very slightly aft of the mod:
It was felt that the slight sting divergence immediately aft of the model ni,
ascentuate the after body separaticn and a f'ew further tests were carried ou
with an izproved sting design. Tiie improved sting was parallel for more th
six body base diameters downstream of the model. Apart frou results at low

* These rhotographs are reproduced by kind permission of the Aircraft Resea
Association 3edford.
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incidence and transonic speeds little difference was found with the improved
sting design and these tests effactively dispelled all doudbts adbout any
important sting interference effects on the wind tunnel results. The restoring
ncment measurements for the M557A body with both sting balances are given in
tigure €(b); this shows results throughout the Mach number range for the lower
incidences where any possible differences would occur. In the subsonic and
transonic Mach number region (up to a Mach number jus< below 1.05) the
diffesence between the two sets of curves is very sma.l, the slightly divergans
sting design causing a small increase in thre upper fin surface separated flow
region and so very slightly increasing the low incidence restoring moment non-
linearity (cf. restoring moment curves on figure 6(b) for M = 0.85 to X = 1.00).
The oitly other difference with the new sting was that the low incidence flow
separation ceased (and hence the marked nonlinearity in the restoring moment
vanished) at just below X = 1,05 instead of just above - cf. the X = 1,05 and
1,25 curves on rigure 6(b). However, it will be shown later (see Section 8.2)
that the trajectory” of a bomdb may be critically affected by the extent of the
unstable region near zero iacidence.

When this expianation of the restoring moment nonlinearities o~ the M557A
shape had been established, it was predicted that it would be possible to
eliminate them easily by reducing slightly the convergence of the reamost part
of the bodyv. Since these separations were entirely low incidence effects
(6 1ess than 7°), i< was argued that the small modificatinn %t eliminate them
would gave virtually no afTect on the aerodynamics at high incidence (6 greater
than 7). Soon afterwards a new mcdel was made for the pitch and roll damping
testa (see paragraph 6.5) and by coincidence it was found necessary to make this
small chunge to the bocy shape to accommodate the nscillatory derivative balance
and support. The M823 iow dreg body shape resulted (figure 7). The predicticns
regarding the aerodynamics were completely Jjustified. Pigure 9 shows examples
of how the ’ow incidence nonlinearity in restoring moment was eliminated with
virtualiy ro effect on the high incidence values, and figure 10 shows enlarged
the detail of the changes prcduced at low incidence with almost complete
2limiration o." the restoring moment nonlinearity at ail Mach numbers.

The other feature of the restoring moment resul%s to be noted is the large
variation in restoring momen: with roll attitude at incidences above about 10
(figure €(a2)). It is ohvious that for any satisfactory prediction of a
mis;iée's behaviour during oscillatory motions which include angies of incidence
of 10” or more it is essential to have a reliable knowledge of the variation of
restoring moment with roll attitude as well as with incidence.

Static measirements of normmnl 'orce and resioring moment on the bluff M5575 shape

The variation of normal force and restoring moment acting on tne M5578 shape
with incidence, roll attitude and Wach number is shown in figures 11 and 12.
The systematic nonlinearities in restoring momen< found at subsonic speeds with
the low drag MS57A shupe were not present with this bluff body. The curves of
otn norwal force and restoring moment are reasonably smooth for Mach rumbers
up to about 0.95, though the curves of restoring moment in palticular ars very
irregular in the transonic ragion. (M = 1.00 to 1.05). These irregularities
with the bluff body did not affect the full scale trials in any way since the
drag/weight ratio of the bluff store was high enough to keep its full scale free-
flight Mach number 3ubsonic at all times.

The pattern of restoring zoments and normal forces acting on this bdbluff body
is in accord with what has been found previously with biuff ncssd bodies (e.g.
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references 11, L1, 42 and 43). Subsonical.y, the flow separates from the
of tha body leaving an open bubble with the after-body submerged in a waxe
is aiready completels separated; urder these circumstances the convergence
the rear tail cone cannot cause the local separations on the fin upper surf
at low incidence which caused the nonlinearities with the WM557A body. At
some Mach number nsar unity, the flow around the body changes; the flow st
separates from the body nose but re-attaches soon aftermards leaving only a
small closed separation bubble at the nose and the flow is attached over th
rest of the btody. DBetween X = 1,0 and about X = 1,10 the flow re-attachne
is not firmiy established and a complete separation or, in scme instances,
partial separation on one side of the body can be caused by a one or two
degrees change in incidence. This together with the passage of shick wave
down the tail cone over the fins is the cauin 8f the rapid fluctuations in
restoring moment with incidence for 6 below 10 shown at M = 1,0 and M = 1,
in figure 12, At higher Mach numbers the flow reattachment alsays occurs
tae restoring moment and normal force curves are again more linear,

Static measuremerts of induced side force, side moment and rolling moment f
the M557A and M557B shapes

The side forces and moments (i.e. those i1 the plane perpendicular to tl
plane of incidence) and the rolling moments induced on a symmetric vehicle
the asymmetric attitudes produced by combinations of intidence and roll arg
are only of a significant size at large incidences - say above about 107,
Consequently, the low in:idence aerodynamic differenccs between ths N825 ar
X557A low drag shapes dic:ussed in Section 6.2 will not apply ta these indt
forces and moments, and it is firmaly believed that the small differences i
confliguraticn between the twe low drag shapes will not lead to any noticeat
difference in their high incidence aerodynamics. Hence the data on induce
forces and mozents given here for the M557A shape will also apply to the Nt
shapo.

Tne variation of the induced side forces with incidence, roll astitude ¢
Mach number for the low drag shape is shown in figures 13 and 14. A~ fix
incidence, the variation with roll angle approximates to tut does nec: exact
reproduce the sinusoidal form which has usually been assumed in thecret.cal
studies sucn as those of this report and of, for example(20). These irdu:
side forces (and the induced side moments and rolling mcments discussed bel
are nainly the result of the interaction between the fins and the high
incidence body vortices discussed in Section 8.1. With this explana%ion.
variation of the induced forces and moments depends on the positicn of the
fins relative to the cores of the body vortices, and the displatenent of t)
peak values to roll angles less than the o = 22% given by the sin .o appr
mation is real and not duc to experimental error in the mind tunnel zeasun
The pesk irduced side force, closely represented in figure t4 by the value.
¢ = 22% , insreases rapidly with incidence detween 6 = 10% ard 6 = 20° for
Mach numbers but by 6 = 20 i shows signs of levelling off. The induced
forces for the bluff body are nmuch smaller than the corresponiing ones for
low drag body arvl apparently less regular, though this may be a refle.tion
their very small size and the inability of the balence systea (o aeasure ti
accurately in the presence of the very ouch larger normal furces and resto
moments. The variation of the peak induceld side force (¢ = 22%0) is show
figure 15, but the variaticn with roll attitude is not shom because exper
scatter on the small vaiues tends to zask any systemstic -<hange.
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The variation of the iaduced side moment with incidence, roll attitude ard
Mach number is shown in figures 16 and 17 for both the low drag and bdbluff shapes.
Cnce again the values are very much larger for the low drag than for the bdluff
body, though in this instance the bluff body values arvc largs enough to show
trends fairly clearly. The variation with roll attitude at constant incidence
is approximately but not exactly sinusoidal for both bodies (figure 16). As
with theoside forces the peak moments (figure 17) rise rapidly with incidence
above 10", but the moments rise much more rapidlycfor the low drag shape and
the rise shows nc sign of stopping until about 20 1ncigence; with the bdluff
store the peax values tend to level out dy about 6 = 157,

Induced rolling moment variations with incidence, roll at:itude and Mach
number for the low drag M557A shape are shown in figures 18 and 19. Once
again there is the approximately sinusoidal variation with roll attitude of the
induced rolling moment at the higher incidences, but the variation of the peak
induced rolling moment (p = 223°) with incidence sh.xs some differences frn
the corresponding variation of the induced side forces and side moments.
Between § = O and about 8 = 130 there is a slight but definite negative Cl’ but

at about 6 = 130 or 1L°, there is a very rapid rise in C, to large positive

1
values for all Mach numbers from N = 0.75 upwards (for X = 0.5 the pattern is
the same but the rolling moments are all considerably led4s than those at the
higher Mach numbers). The induced rolling momentg are very large, by 68 = 20°
they exceed the rolling moments corresponding to 2= of cant cn all four fins.
There is no certain knowledge as to whather this peak induced rolling moment
increases still further as 6 continues to increase above 20 - the evidence on
this point from cther bemd shapes is contradictory. The U.S. measurements cn
a very similar configuration6 the EX-10 low drag bomd shape, suggest that the
rise may halt between 6 = 20° and 6 = 25° (31, 34) while Pritish measurecents on
gimilcor weapon shapes suggest that the induced mlling momgnts pay continue teo
risc up to 8 = 30, though the increase in Cl above 6 = 20" will not be 3o
rapid(L45, 4€). The point is important because of the significance of the
induced rolling momunts when th2 possibility of roll lock-in is being considered.
Tre rolling moments induced on the N5578 dbluff bcdy shape dby the asymmctric
attitudes at hirh aiicidence are shown in figures 2C and 21. These rolling
nmorents are very much smaller than those for the lor drag shape and their .
increase with incicence resenbtles much more closely the behaviour of the indiced
side forces and side moments at all Mach numhars., There ir no suggestion of a
negative C1 at low incidence, the rise of peck induced roll.ng moment starts at

a lower incidence (8 = 100), ani is more gradual than for the low drag body.
6.5 Pitch and roll dazmping measurtnents on the MN823 low drag shape

The variaticn of pitch damping with incidence, roll aititude and Kach
number for the X823 low drag shupe is shown in figures 22$n) to (c) ard 23.
Nary of these neasurcoents are for incidences from O to 6 and in this
incidence range the fin root suparation effects on tns ¥557A low drag shape
led to large differences in static -estoring moment and scaller but still
signi: Jcant differences in static nomal force betwe-~n the X557A ard N823 shapes
(figures 5 ana iC). I¢ would hardly be surprisirg therefore if differences
also occur.=d at low incidence betwecen the daaoping ia pitch for the two low
drug shapes and this should be remembered when, of necessity, tha pitch da=ping
results for .he M8Z3 shape are also appiied to the X557A shape. The order of
difference between the pitch damping for the two shapus is more likely to be
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similar to the asmalier differences betwc:n their nommal forces than to the
larger differences between their restoring moments; the restoring mcmentt ap
comparatively smali differences between the largsr body destabilising moments
and fin stabilisin; moments and they can be disproportionateLy affect d by a
few parcent reduct.on in fin efficiency, while with dboth nomal force and pit
damping the contributions due tn body and fins arw of the same sign and are
additive.

At all Mach numbers some increase in pitch damping with inzidence was foun
for the low iacidence range (6 = O to 6 ) with greater increases for the high
Mach numbers (figures 22(a) to (c)) Por the aubsonic cases investigated in
greater detail (M = 0,7 and 0.8) the rlae in dampingz with incidence was shown
to continue up to at least 0 = 1€° to 20°,

Roll attitude was found to have little effect on pitch damping up to abcut
16° of incidence (figures 22{a) and (c)), though the damping was always
slight)y less for the asymmetric attitude (¢ = 225°) than for the two
symmetric cases, The more detailed subsonic investigation of effects of rol
attitude and incidence however 4id show up an interesting and possibly import
effect at the higher incidences. Above about 6 = 160, the pitch damping cur
diverged quite agarpxy (figure 22(c)), with thg damping curve for *he asymmet
attitude ¢ = 223 (and by symmetry for ¢ = 673 also) falling *apiglj, tunne
limitations which restricted the maximur incidence to about 6 = 21~ made it
imposaible to see whether the damping continued to drop to ver:” tow values (o
even to change sign). This change in damping occurs at the same roll attitu
and over the sume incidence range asthat ii. which the, induced rolling moments
side forces and side moments suddenly tecome important.- it is likely to bde
another indication of a change taking place in the basic flow pattern over tk
fins.

Throupghout the .ncidence range tested there was a large increase in pitch
damping with Mach aumber transonically and in the low supersonic region
(X = 0,95 to X = :.30, figure 23).

Experimental measurements of pitlch damping for comparison are not common
and the c¢nly on2s known on a very similar shape are those on the U.S. EX-10 1
drag shape(3’,47,. Allowing or configuration differences, these are
quantitaliv>ty rather similar at 6§ = O, ¢ = O, but there are differences in t
effe:t of roll attitude and incidence. While the K823 tests showed little
efrect of rell attitude, the BX-10 tests showed almost a Joublirg in damping
coelficients in going from ¢ = 0 to o = h5 No logical exnlanation can be
forward for this big roll a“titude effect with the EX-10 shape and it is
believed that the M823 resulis are more likely to be correct.

Another difference between the M823 results and the U.S. EX-10 results wat
in the effe:t of incidence over the X823 test range. The X323 results showe
much more ¢ffect of incidence bt in this case the difference is understandat
the X8.3 results were obtained using the forced oscillatior technique of
refererce 35 ard the amplitude of the forced oscillation was small (only *1°°
while the 2X-10 results were obtained {rom the (ree decay of much lArger
oscillaticns. The method used in the EX-10 case would tend to average the
dazping over the incidence range and so mask the incidence effects, and it i:
likely that in this respect the M823 results are more precise. The large
tranconic and superszonic increase in damping with Mach number is in agreemen
xith the EX-10 results.

The variation of roll daoping with incidence, roll attitude and ¥ach numb:
is shown in figures 24 and 25. These results were subject to the support
vibration troubles referred Lo earlier and with the accuracy obtainadble no
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effect ¢’ roll attitude was detected. There was a slight but definite incrrase .
of roll damping with Mach number, and a very definite increase with incidence.

Once again the only closely comparable shape for which there are roll damping

results available is th2 EX-10 shape. As bdefore different techniques prevented
corparisons of all the effects - the EX-10 results(48) came from tests aith a
continually spirning model which averaged out roll attitude effects while the

M823 results came from a small forced oscillation technique. Allowing for
configuration differences, the results compare closely for magnitude and effect

of Mach number at zero incidence. No comparisoa of roll attitude effect was '
possible and none is available for effect of incidence.

7. FREE FLIGHT TRIALS AND RESULTS

As menticned in Section 5, full scal- instrumented bucb trials were conduzted
to obtain free flight data on the trajectory and dynamic behaviour of the research
store, For this purpose, the research stores were fitted with a spin sensor,
acceleroncters, ard a telemetry sender to measure the effacts of release disturbance
and subsequent flight behaviour. Information telemetered from the rescarch stores
gave a measure of rell rate and of the amplitude, frequency and damping of oscilla-
tions caused by external disturbances throughout the reriod of fall from release to
impact., In addition, wing tip and bomb bay cameras were installed on the "bombing"
aircraft to record the pitching and yawirg attitudes actually reached by each store
in response to the release disturbance, PFinally, trajectories were obtained by
means of Contrave kire-theodolites, enabling the d2termination of missile position
and speed. The true air speed znd Mach number were then fourd from a knowledge of
the appropriate meteorological data.

The trials programme included systematic variations in c.g. position and fin cant
on both bluff body and streamlined configuratiors of the same basic shape. At the
ou*set of the research programme, initial scall scale wind tunnel tests conducted
at A.R,L. showed an unexpected nonlinearity in the static restoring moment near zer
yan (see Section 6) and because of this "transient response™ experiments were
planned to make direct measurements of force and mecment in free flight, using lateral
pulse rockets to generate artificial disturbances.

A description of the transient respunse trials is given separately in Section 7..4.

7.1 The test vehicles

External dimensions of the researc stores are given in figures 1 and 2.
The stores were manufactured in the W.R.E. workshops and the method of consiric-
ticn adopted is shown in figures 26, 27 and 28. Basically, the streamlined
US57A body (figure 26) comprisel six cast aluminium alloy sections, four of
which were flanged and fitted with studs to facilitate assembly of the uverall
centre body. The tail cone was attached by means of a siugle tie-red archored
to a subsidiary conical cesting which xas held within the adjacent section.
To maintain a "clean" external surface, the tody sections were bolted together
by studs placed below the skin line, making it necessary to assemble the store
progressively from the aft end with a threaded nose cone giving final clcsure
of tne vehicle. Ready access to tlhio telemetry sender wecs obtained by installing
it as far forrard as possible.

The body sections were cast in a "free flowing™ aluminium alloy, permitting
a noninal wall thickness of 0.375in. with a smooth outer skin held to a contour
tolerance of :1/32in. as cast. Thus the need for extemal rmachining was .
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limited to local blending at the five junctions of the bedy sections and the
total weight of the complete atreamlined body was kept d.wn .o about LOO1b.

This left considerable freedom for the disposition of ballast needed to vary
the c.g. position and moment of inertia within the speci‘ied all up weight o
8601b, Circular ballast weights of 251b each were bolted at the body Jjunct
to give the desired overall inertial properties, Body alignment was mainte
by ensuring that the flanged ends of the cast sections were machined square

their individual axes of symmetry. o

Secause the experiments demanicd control of fin cant to within 20.1  pres
mwulded, plastic €ins were designed with the required cant angle set oi. an
integrally moulded stock to ensure repeatability of the fin geometry., The
were located in parallel sided slots, accuratelg machine® in the tail castir
giving a range »f cant angles from zero up to 3. [Bach fin was {irmly wedg
in position at its root leading and trailing edges and the complete tail
assembly was subjected to systematic measurements of the individual cant a3y
ch>rdwise camber and spanwise twist, Telemetry arrials were formed by mets
plating a section of tre Jeading edges on one pair of diametrically opposite
fins.

Figure 27 illustrates the construction of the bluff M557B body which was
similar to the streamlined :onfiguraticn with the exception that the nose c¢
and forward section were replaced by a flat disc, and smaller fins rere fitt
Without Lallast, the bluff body structur: weighed approximately 3401b, and ¢
with the streamlined body, its all up weight was specified at 8601b. The
physical properties and release conditions for each of the research storas ¢
listed in table 1, '

Por transient response experiments four lateral pulse rockets (™bonkers™.
were fitted in the body section aheai of the tail cone as shown in figure 2¢
Bach bonker unit comprised a group of three 3.5 in "Bazooka" rocket motors !
simultane.usly to giv» a combined total impul.e 0" 1801b sec with a burning
time of approximately 25msec., Low»: impulses of 12015 sec or 601b sec cou!
also be obtained bty simply reducing the number of Bazoo':a motors fired. A
fuse clock and commutator were usea {o initiate the borkers at predeterminet
times after releasc from the aircraft,

Muring the wiad tunnel tests at A.R.A., it was found that the nonlineari
in static restoring moment near zero yaw could be substantially reduced by .
small change in the tail cone shape. (Section 6.2). Pull scale bodies we
medified teo the M&23 shape shown in figure 3 and full scale transie-t respo
experizents were alsc performed with these to confirm the wind tunnel data.

Instrurzentation

Measurements which were required during the free flight trials may be
divided ccnveniently into four nain groups, namely :-

(17 Grourd based measurements of trajectory.
(2) Measurements made by instruments carried in the test vehicles.
(3) Ovservation of the release disturbance from &iicraft cameras.

(4) Mcteorslogical reasurements.

The metholds used to obtain these measurements are outlined below together =
an assessment of the accuracy achieved under the operating conditions at tk
Woomera Range.
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Ground dased measurement of trajectory

Ground speed and trajectory of the bomd test vehicles were determined
by means of Contreves kinetheodolites., These jr:‘ruments had a
measured total error of 15sec of arc (1S.D.) ani normall, four were used
per trial, each operating at 20 frames/s, from which average 2rrora of
$5ft in position and +2ft/s in ¢round speed were obtained over the entire
trajectory after appropriate smoothing of individual readings. It shouid
be noted that most of the error in the kinetheodolite measurements was due
to bias which did not affect the determination of velocity (49).

In conjunction with the kinetheodolites, three 35mm Vinten high speed
camerus were used to provide a high resolution, slow motion photographic
record of the test vehicles' dynamic behaviour throughout the rall.

Test vehicle initrumentation

In the test vehicles, accelerations and incicence were measured by
variable inductance transducers used in conjuncticn with « twenty-four
channel 4L65Xc¢/s sub-miniature telemetry syalew., There were normally
twenty-three information channels and ona synchronising channel, time
multiplexed by mean. of a mechanical rotating switch giving a sampling
rate of 80 per second per channel, For the purpose of determining the
accuracy of data transmission, the telemetry system was considered to
include that equipment tetween the input to the multiplexer in the air-
borne sender (that is, excluding the transducers) and the data output
from the demodulation and demuitiplexing equipment on replay of a copy of
a primary magnetic tape record. In these terms the maximum r.m.s. error
in data transmission was J%of full scale deflection which compounded with
the individual transducer errors to give the overall accuracy of the raw
data. This overall accuracy was found to lie within 135 and 2% of full
scale deflection or within about 1% of fall scale deflection if mathema-
tical smoothing techniques were applied.

Por the measurement of lateral forces and moments, six accelerometers
were used, one pair with a range of *2g placed ahead cf the vehicle's c.g3.
and two pairs with ranges of :3g and :5g placed aft of the c.g. Each
pair of accelerometers was mounted with taeir sensitive axes perpendicular
to each other and to the vehirle's axis of symmetry, and lying in plarnes
parallel with those of the sta®ilising fins. These transducers were
manufactured to an R.A.E. specification, and their performance approximated
a second order linear system with the damping factor set at C.7 of critical.
The natural frequencies of th. instruments were about 100¢/s, 120¢/s and
160c¢/s for the ranges of 22g, :3g and *5g respectively.

In the case of incidence measurements, a differential pressure
incidence meter was deve'oped and calibrated at A.R.L. (50). This
incorporated a hemispherical-head probe fitted with differential pressure
trarsducers to measure the components of incidence in two planes at
right angles. Su%sequent to the tests described in reference 50, static
calibrations of a full scale probe indicated that incidence could be
ncasured to within 1. However, it has not yet been possible to devise
a satisfactory method of measuring the dynamic response of this instrument
and reference 5t has been used to estimate phase lags associated with the
tube lengths leading from the surface tapping points to the pressure
transducecss.  The installatiog reyuired a2 tudbe length ofo‘-8 in. which
gave estinated phase lags of 2~ at sea level rising to 10" at an altitude
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of L5000 ft, for an oscillation frequency of 5c/s. At a frgquency 0
1¢c/s the corresponding phase lags were reduced to Q. ,° and 2°,

The primary means of measuring rcll-rate was $o usas photo-electric
cells placed behind narrow slits to observe the variation in light in
sity as the vehicle rolled. Two slits in the body surface were loca
at an angular displacement of 90o ard the output of the cells transmi
by the telemetry link. Roil-rate was also obtained from the telemet
system by using plane polarised aerials. The telemetry receiving
station operated on signais in the L30 to L90Mc/s band and a rotating
dipole, mounted in a tracking parcbolic aerial, received the telemetr,
signals raliated by the test vehicle throughout its fall so that the
amplitude of the received signal was a maximum when the axis of the
rotating dipole was parallel with the plane of polarisation of the
radiated signal, and a minimum when the dipole was perpendizular to t
plane, A coded disc which rotated with the dipole produced a series
marker pulaes at a constant angular relationship to the position of t
receiving dipole. The amplitude modulated signal was demodulated an

ter filtering out the high frequency component of the telemetry sig
was recorded on film together with the marker pulses and a suitable t
sequence. Roll data was then obtained by comparing the relationship
between the amplitude minima of the roll signal and the marker pulses

Aircraf't irstrumentation

A photogrephic record nf the test vehicle's response to the releas
disturbance was obtained by four cameras installed in the "bomt ng"
aircraft. Details of the camera location and their fielde of view a
shown in figure 23, Tw. wing tip and two bomb-bay cameras were used
give tined records of the combined pitching and yawing motions during
first 153ec of fall. The. e cameras were modified 35mm G.W.1 instrum
operating at about 28 fra.es/s and with timing provided vn the edge o
film by means of neon lamps. The two wing tip and one of the boob-b
cameras hal 1in. focal length lenses giving approximately }0 fieid o
view, while the second bomb-bay camera had a 10in. focal length lens:
only 5 field of view, However, this latter instrument proved to ha
too narrow a fisld for arything other than very ":lean" reieasen

Instant of release from the aircraft was rwcorded by a radic signa
initiated through the operation of a wicro-sasitch attached to the b
slip.

Meteorological data

Ground level measurements of barometric pressure, acbient temperat
and wind velocity were recorded continuously at th2 Rarge meteorologi
station. At altitude, hourly measurements of pressure end temperatu
were made by means of radiosonde, while the wind velocity was determi
by the balloon-tracking method. Data for a given trial were obtained
interpolation, with the result that a*uospheru» prescure was measured
an accuracy of :13zb, tezperature within :15 C, and wind velocity wit
+10ft/s. By combznlng local wind velocity w‘th the vehicle velocity
determined by the kinetheodolites, the true air speed xas obtained, a
in turn the Mach nuxmber computed from the ambient air temperature.
number was determined *vithin :0.012 and true air speed within 212ft/:
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7.3 Results of instrumented ballistic trialr

The free flight research programme comprised a total of thirty-three test
vehicles with trials conducted in the period from December 1961 to Vecember 196L.
Each test vehicle was released singly from the same station in the bomb-bay and
detsils of the various store configurations, release conditions anc impact
deviations are listed in tabie 1, Only a limited number of biuff MH57B bodies
were tested because this conf.guration suffered only a small release disturbance,
and since all the induced for.es and moments were small (figures 15, 16, 17, 20
and 21) its flight behaviour was not infiuenced by adverse roll-yaw inter-
actions, It should be noticed also that round numbers 729 and /3%, in group
H of table 1, did not contribute to the research programme other than to prove
a parachute recovery system required in the development of a speciai technique
for meesuring vehicle attitude by optical means,

Throughout the trials programme all of the required data were ottained from
both the airborne and ground instrumentation with the exception of round number
702. On this trial the kinetheodolites did not record the release conditions.
The only other failure occurred with round nundber 754 which had to be jettisoned
because of a faulty bomb-slip,

To assess the overall ballistic performance of individual test vehicles, the
observed impact comditions were compared with those predicted on the IBM 7090
computer using the measured release corditions and meteorvliozical data together
with a measured drag function for the bomb. For simplicity, particle
trajectories were computed initially assuming that the bowb moved in a non-
rotating field with a constant gravitational attraction everyshere perpendicular
to a plane; corrections for the earth's rotation, the variation of gravity with
height and the variable direction of gravity, were estimated on the bas.s of
reterence 52 and subtracted from the observed impact data to give the impact
deviaticns in range, l1ine and time of fall listed in table 1, These corrections
were calculated for vacuum conditions because such an approximation was found to
give results with sufficient accuracy. Furthermore, the variation of drag
coefficient with Mach number was established t'rom the observed trajectories of
selected triala by a meihod of double differentiating the misaile position - time
data. For this a miltistalion solution of the trajectory was computed froz a
minimum of three kinetheodoiites. The position coordinates were smoothed on
the IBN 7050 computer by fitting a ci.ird order curve over successive groups or
21 points using a moving arc technique. Smoothed values of velocity componen*s,
trajectory slope and acceleration were obtained at the centre point of each
group. 1irue air speed and Nach number were then computed from the trajectory
and the metecrolozical data for each time intorval of 0.2sec. #inally, the
following expression for the drag coefficient was tabulated against Mach number

at 1sec intervals.
C. = _2A_m_ <f‘-gcos&_\
p V2 ’

(o]

o

where is the drag coefficient

is the true airspeed

is the acceleration due to gravity
is the missile acceieraticn

is the missile mass

is the slope of the trajectory

is the air density

© @ g m®r <
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Variations of drag coefficient with Mach nimber odtained by this method
shown in figures Z)( ) and (b) for the X557A and M557B shapes respectively
In addition, typical particle trajectories for both the streamlined and bl
body configurations are shown in figure 31 and the corresponding time hist
of Mach number and dynamic prescure are given in figure 32 for release con
tions representative of the acti'al flight trials,

7+3+1 Streamlined body M557A shape

Referring first to tadle 1, for the strecamlined body, Groups A, €,
E and G l1ist those stores which were scheduled for release from
L5000 f't at ¥ = 0,7 and which had c.g. positions specified respectiv
to be at 52, 54, 57, L7.5 and 50 percent of the body length from ths
The stores of Group B were released from a lower nominal altitude of
25000 ft at N = 0.5, with the c.g. at 52% from the nose. Pinally,
Grovp P includes three loft bombing trials and Group H two parachute
recovery trials.

In the following paragraphs a b-ief description of the flight bel
is given for bowbs within each group., Comparisons with theoretical
studies are made in Section 8.

Group A :~ L5000 ft N = 0.7, intended c.g. position 52%.

With the c.g. at a nominal 52{:body-length the overall ballistic
f‘ormgnce was generally satisfactory for fin cants ranging from zero
to 17, as shown by rourd numbers 701, 702, 716, 717, 718, 709 and 7%
Por these configuration the release disturbance nemainedoalmost plar
with a first peak amplitude in pitch of approximately 20°.

Of the two stores with nominally zero firn cant, number 701 had
standard sharp leadins edge fins and number 702 had rounded leading
fins. This fin modification was made in an early attempt to reduce
nonlinearity in static restoring moment at lcw incidence. However,
compariscns of the lateral acceleration records ob*ained during the
of these two stores, it was evident that the minor fin change had nc
appreciable effect and the low incidence nonlinearity in restoring
mozent was subsequently shown to result from a body interference erf
{Section 6.?). Roll rates exhibited by round numbers 701 and 702 (
tigures 33(a) ard (b)) did not exceed about 0.9c¢/s. Since the rati
roil rate to natural yawing frequency remained below 0.5 thraugnout
fall adverse rcll-yaw interactions were avoided.

¥ith an average rin cant of 0.170, rourd 716 released cleanly and
passed through resonance at about 18sec afier release and again at ¢
A low amplitude oscillation of less than 5° was detected between 15
25sec, and the deviation at inpact wes somewhat higher (15 zils ir
range) than that experienced witr. rounds 717, 718, 709 and 7il.

Pounds 717,0718, 709 and 714 had average fin cants of 0.}10, 0.41
0.44" and 0.91" respectively. Each exhibited a normal respcnse to
release disturbance witt 2ak pitch amplitudes of about 20° and init
yaming amplitudes increu g slightly with fin cant from approxidate
7° to 10°.  Por round 77 resonance was pasned through 10sec after
releaso and for rounds 718, 709 and 714 somewhat ear.ier. In each
the roll rate.increased quite steadily but showed some influence of
induced rolling moments particularly during response to the release
turbance as shown in figures 33(a), 33(b), 3u(a) and 3u(d). The
ballistic performance of rounds 717 and 714 was gocd, with deviatior
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impact not exceeding 3 mils. However, rounds 718 and 709 gave total
deviations of approximgtely 10 miis. This variation in parformance for
fin cants tetween 0,31 and 0.91° can only bs attridbuted to tho effects
of the release disturbance because none of tnese particular rounds showed
any significant yawing motions later in t'light.

Round 708 with & fin cant of 1.41° perfcrmed a large amplitude
(300 maximum) circular yawing motion at release which wac characseristic
of roll lock-in(21) and which peraisted from about 3 sec to 6sec after
release. Recovery from this motion was abrupt and roll break-out is
thought to have been caused by stalling of the fins at high incidence.
This 2xplanation is supported by the wini tunnel results ??igure é(a))
which indicate a rapid loss cf fin 1ift at incidences greater than about
20° for angles of attack in planes cther than those of the fins. Thus,
as the fins approach the stalled cordition the circular yawing frequency
tuddenly decreases and no longer equals the roll rate co that the state
of roll lock-in is droken; the sense of the destabilising side momerts
then rapidly changes and a complete recovery to low incidence is
accomplished. The ballistic perfc¢rmance of round 708 was not good
having a deviation at impact in excess of 35 mils,

Rourd 715 with 2,8  fin cant ga.e a response to the release disturbance
very similar to that experienced with round 708 but with a slightly
greater yawing amplitude. The greater fin cant forced the bomb through
resonance without lock-in and after recovering from the release disturbance
no further large yawing motions were observed, and the deviation at impact
was approximately 15 mils.

The trial for round 756 wa3 scheduled-in the closing phase of the
fixed cruciform fin research programme with the main purpose of demon-
strating the ballistic performance of the straight tapered tail cone
(M823 body). This store gave a clean release with 20" peak amplitu‘: in
pitch. There were no indications of adverse roll yaw interaction
throughout the trajectu.y and the deviation at impact was 10 mils.

It should be noted that where comments have been made concerning mid-
flight roll-yaw rescnance of stores in Group A after recovery f'rom the
release disturbance, the magnitude of the yawing motion was generally
found to be little greater than 5°. ihe resonant condition was
detected by comparing the natural yawing frequency of the store as given
by the telemetered acceleration data with the measured roll rate.

Group B :- 25000 ft, M = 0.5, intended c.g. position 52%.

Rounds 724, 725, 726 and 732 had nominal g+ 8- position at 525 from
the nose and fin cants of 0.120, 0.900, N.46 ard O.AO° respectively.
This group of trials was planned tc demonstrate the effect of the small
region of static instability near zero incideace which the wind tunrel
measurements had shown at subsonic s eeds. The release corditions were
changed to 25000 ft at N = 0.5 for these trials so that the perod of
subsonic flight would occur under conditions of greater dynamic pressure
than with higher altitude releases, thereby enhancing the attitude
sensitivity of the missile-borne accelerometers and yawzeter. Response
to the release disturbance for each of the four stores was respectively
similar to that experze.ced by the stores in Group A with corresponding
fin cants, the E.A.S. it release being about the same. Records obtained
from the lateral accelerometers and direct incidence measiremeqts revealed
details cf low incidence behaviour over the later part of the trajectories
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which had pmv(i)oualy been obscured in the higher altitude releases.
Thus with 0,12 fin cant, round 724 exhibitedoa condition of roll 1lo
in with a yawing amplitude of approximately 2  which was sustained f
speeds up to M = 0.95, when the motion ceased abruptly. Rowd 725,
its higher roll rate (see figure 35) was observed to spin at a stead
incidence of about 1%, and this mction also decayed at ¥ = 0.95.
During response to the relesse disturbance, round 726 showed an
abnormally high roll acceleration, as may te seen from figure 35.

tett vehicle was the first to be fitted with a yaw meter and althouyg..

the instrument gave useful evidence of the incidence history, lack ¢
accurate roll acreleration data made it impossible to analyse fully
unusual behaviour, Between 2 and 3sec aller release, a brief pe.ic
roll lock-in occurred and during this time the vehicie swung rapidly
a 25  circular yawing motion. Shortly thereafter the roll rate dre
back to the value expected from the fin cant alone and the yawing
emplitude began to decrease; at 12sec after release recovery from t
disturbance was complete. Later in the trajectory a lcw amplitude
nutational cscillation of about 3 amplitude developed anl, as previ
with rounds 724 and 725, this motion died away whea M = 0.95 was res
In an attempt to gain further information on the unexpected behaviot
round 726, round 732 was fitted with an angular accelerometer and re
under as nearly identical conditions as possible. On this occasior
at between C.5 and 0.8 sec after release, the 3tore experiunced larse
rolling moments in a sense opposed to the fin cant and also contran
that expected from yaw induced effects. These momerts were appare:
associated with particular asymmetmc attitudes experienced dQuring i
release disturbance and ra-ulted in a roll rate of 1/3c¢/s against <
cant, After 0.8sec, the measured rolling moments changed sign and
inte reasonable agreement with the wind tunnel data; when recovery
the release disturbance had been accomplished the dynamis behaviour
round 732 was similar to that of round 726.

Group C :- 45000ft, M = 0.7, intended c.g. pasiticn S4is.

Round 712 with c.g. at 5..2% from the nose and an average fin ca
~0.03" toppled at releaue tut recovered from the resultirg large amj
circular yawing motion w..' “a tbour psec in much the same w.y as dic
round 7C8. The maximum roll rate was alout 1c¢/s Just before impact
showed marked evidence of roll lock-in during the release disturban:
(see figure 36). This round had a deviation at impact slightly in
of 100 mils, entirely due to the behaviour at release.

Group D :~ 45000 ft, X = 0.7, intended c.g. position 57%.

With the c.g. at 57% from the nose, the static margin is approxii
0.5 calibre less than with the c¢.g. at 52% and the consequent loss
static stability increases the nonlinearity in the restoring moment
For this c¢.g. position the sudden growth of yasx at release which is
associated '.uth rol‘ lock-m wa3 apparent for cach of the fin can*s
namely -0. 1\ , O. 50 1.4.° and 2. 90 on round numbers 703, 706, 70
"3 r03pect1ve1y. Tbe behaviour at release became progressively m
violent with increase of fin cant, as is Jleronstrated by che errati
growth of roll rate shown in figure 37. Round 703 recovered from
yawing motion within a few seconds after release but had a deviatio.
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about 70 mils at impact. Rounds 706, 707 and 713 all topp.ed at release

and experienced large ampiitude oscillations for most of the remaining
flight giving impact deviations greater than 200 mils in each case.

Over the latter half of the trajectories of rounds 707 and 713 a slowly
decaying nutationgl motion was observed; the ampli‘ude cf this slowly
decreased from 40" to about 10° at imp:-t. These were the rounds with
large cart angles and high 3spin rates, =1 Magnus effects are delieved to
be reaponsible foi the motions,

Group E := 45000 ft, X = 0.7, iuiended .c.g. position L?%‘.

Rounds 722 and 723 were planned to demonstrate repeatability for stores
with a favourably chosen combination of fin cant and c.g. position.
Both rounds gave clean releases with a first peak amplitude of about 20°
and subsequent flight histories quite free from adverse roll-yaw inter-
actions. In each instance the maximum roll rate was approximately .
0.8¢/s at 50sec from release (see figure 38) and the impact deviation did
not exceed 6.5 mils,

Group P :- Loft manceuvre

Rounds 719, 720 ang 721 were mleasgd with c.g. at 51.7% from the nose
and fin cants of 0.117, 0.97  and 0.11" respectively. Round 721 was
uninstrumented. In the loft manceuvre the aircraft perfcrmed a simple
pull-up from 1000 ft to the release height of about 5500 ft. At release
the nomal acceleration was approximatelx 2g and fligh: path elevatioas
from the horizontal were 62°, 67° and 63 respectively. In eagh case
the pgak arplitude of the release disturbance did not exceed 11"~ in pitch
and 5 in yaw and no abnormal behaviour was observed tnroughout all three
trajectories. The roll rate of round 719 was almost negligible, and for
rourd 720 it closely followed the predicted history giving cbserved values
of 0.8¢/s at apogee rising to 2.5c¢/s at impact (see fimre 39). All
three rounds negotiated the highly curved portion of the trajectory
around apogee ~.thout any large oscillations,

Group G :~ Transient response trials

In these trials the store was disturbed on several separate oc:asions
by lateral pulse rockets and the recponse to the disturdbances was carefully
analysed. Of the three transient response trials, that for round 7CL =xas
conducted early in the research programre with the purpose of obtaining
preliminary free flight data on normal force and restoring moment
coefficients at transonic speeds for comparison with the wind tunnel
results, At the time of this trial no suitable instrument was available
to measure angle of attack so that analysis of the benker responses was
limited to an "equivalent linear" treatment of the recorded lateral

accelerations. With such a simplified analysis it was necessary to assune -

that the aerodynamic forc. and roments were axially symmetric, thereby
restricting the range of ircidences which could be examined usefully.
(Wind tunnel tests had already shown that aerodynacic cross-coupling

¢ effects became appreciable at incidences greater than aktout 100).
Although only low incidence data were obtained from round 704, the results
showed quite good agreement with the A.R.A. wind tunnel measurexzents.
Rounds 727 and 728 were both ritted with differential pressure yaw meters
paking it possible to perform quite detailed analyses of the nonlirnear
aerodynamic forces snd moments as outlined later in Section 7.4. Zach 1
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7.3.2

vehicle had four bonkers timed to cperate at 1C, 20, 27 and 3 sec.
af'ter releass from the aircraft, a: which times th. Mach number wa
imately O,7L, 0.91, 1,06 and 1,17 rzipectively. To ccmoensate fo.
effects of changing dyramic pressure, the size of the bonkcr unita
changed; the total impulse of tae first bonker was 601b sec, ‘he
and *third were 1201b sec, and the fourth was 1801b sec. In this:
maximum arplitude of each distirbance was kept below adbout 16°,
these stores were carefully selected with the lowest pcssible fin
avoid roll-yaw interactions a< high incidence, and to keep the fre
response requirements within the capabilities of the transducers b,
minimizing roll-rates. ~frca figure LO it may be seen that the ro
were af'fected by the bonker impulses which clearly generated quite
{ransient ro.ling moments.

Round 728 had a straight tapered tail cone (K823 shape) and the
of this store included the first test cf a break-up and parachute
being developed to recovar an airborne nese cemera. This camera
used in future experiments to obtain accurate attitude data by pho
graphing lights on the ground.

Detailed anslysis cf the results is discussed in Section 7.4.

Group H :- Parachute recovery trials.

In conjunction with round 728, rounds 729 and 73! were planned
develop the recoveiy system -i.id aiming technique for the nose came
experiment mentioned above, Resulis obtained in future trials us
this technique will be publisned separateiy later.

Bluff body M5573 shape

Rounds 751, 752 and 75) of Group I were relecased from nominally
L5000 f't altitude at ¥ = C.7. W¥ith c.g. positions at 36.6 and 3¢
percent of tne body length from the nose, rounds 75! and 753 each
static margin of approximately one calibre for Mach numbers less t
0.85. Both ot these stores had small release disturbances and th
first pea< amplitudes in pitch were no greater than 30. The roll
of round 751 built up erratically to a maximum ~f 0.3c/s (see figL
ard betwreen 30 and LO seconds after release an oszillation of abot
amplitude occurred though the remainder of the flight snowed no f
abnormr.al motions. During the period of the oscillations the ave:
Mach number was 0,95, and at this speed tnere is an abr.pt loss of
stability near zero yaw as showmm by the wind tunnel data in figun
It 1s believed that this accounts for the observed flight behaviot
roirnd 751, In the case of round 753, the maximum Mach number wat
ard the flight of this store was quite uneventful with the rvll rt
jncreasing steadily to 2.5c¢/s at impact.

Por round 752 (c.g. at L57 from the nose) the release disturba:
again spall, the wmaximw Vach number did not exceed 0.93 and the
subsequent flight was quite free from yawing osciilations.

As would be expect2d :'rom such flight performances, the impact
deviations for the three Sluff body stores indicated good ballist:
consiatency Because tl2 bluff budy stores suffered only small
disturbances and since none of their yaw induced ferces and momen
large, their flight behaviour was uneventful and insufficiently i
to justify further instruzented irials. In aiddition the body vil
caused by the separated flow from the bluff rose resulted in very
accelerometer records.
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7.4 Results of transient response trials

Analysis of short-period oscillations provided a very useful meana of
detemining the aerodynamic forces and moments. In the transient response
trials, the method adopted was to study the free osclllations of a bomd
disturbed from its steady flight cordition by a bonker fired laterally from a

position

aft of the tomd's centre of gravity,

Because wind tunnel tests had sghown the exiatence of marked aerodynamic
nonlinearity, direct measurements of incidence were necessary to ensure that in

the free
accuracy.

flight experimen.s nonlinearities would be defined with adequate
For this purpose the differential pressure incidence meter mentioned

in Section 7.2.2 was uzed to measure the magnitude and direction of the total
ii~idence vector, Unfortunately, the instrument's dynamic response limited
useful test conditions to oscillation frequencies below about 10c¢/s so that it
was not possible to make a direct analysis of Magnus effects since these only
become of neasurable size at high roll rates., In order to achieve the accuracy

required in attitude measurement to investigate nonlinearities in the nomal
foiyea and static restoring moments, roll rates had to be limited to about
1¢/a.

7.4.1 Data analysis

The test vehicle instrumentation mecasured linear acceleration, angle
of attack and roll rate, These measurements, in conjunction with
trajectory data obtained from the ground based instrumente, then gave
sufficient information to determine complete time histories of the total
aerodynamic forces and moments acting on the test vehicls., A detailed
account of the methods which were used in analysing the flight data may
be found in reference 53 and the following statement is incended merely
to outline the principles involved.

Each test vehicle was fitted with at least 5 accelerometers; one 5f
these measured the axial force comporent acting along the X axis and the
others were arranged in pairs at the front and rear to measurv accelera-
tions parallel with the Y and Z body axes. (For definition of body axis
system see Section 6.1.2, and for accelerometer installations see figures
26 to 28). With some teat vehicles, extra ac-sierometers of different
sensitivities were added for special measurements, To prevent over-
loading the accelerometers at high roll rates, they were deliberately
installed to be insensitive to 3pin about the X-axis. With this
arrangement, it was possible to determine the components of linear
acceleration at the vehicle c.g. together with the terms (qr 2 p), (pq+F)
ard (pr - §) which arose from the rota%ional velocities and accelerations.
Using the additional knowledse of the observed roll rate p and true air
velocity components u, v and w obtained f'rom trajectory and incidence data,
the rigid body equations of motion were applied to obtain separate
measurements of the angular velocities q and r. Pinal.y, expressions for
the total force and total moment coefficients xere defined as :

ma Mz

C = ___Y__ H Cz S ——

I T e ¥

c, = [B(a-pr)+apr] / (3, VvV s4)

anc € = [ B(r+pq)-Apa] / (35 V 53
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where Cy ad Cz are the total fcrce coefficients in directions 0Y
respectively.,
Cn and Cn ere the total moment coefficients about the Y and Z a
respectively
a_ and a_ are linear accelierations at the vehicle's c.g. in dir

y s
0Y and 02 respectively

n is the vehicle mass

A is the vehicle's principal moment of iner*ia about th
X-axis

B is the vehicle's principal mcment of inertia about th
ard Z axes

S is the maximum body cross section area

d is the maximum body diameter

P» qQ and r are components of angular velocity about the X, Y ar
axes respactively

u,v and w are components ~f true air speed in the X, Y and 2
direc~ions respectively

v is the true air speed

p is the ambient air density and

dot notation indicates differertiation with respect to time,

To interpret the data on total force and moment coefficients it
necessary to correla.e them in time with the corresponding histori
incidence and Mach number. For this, analyses wore perfoimed ove
selected intervals of %time during which the Mach number could te ¢
constant. In general such intervals did not exceed “wo 3econds ¢
resulting change in Mach number remained less than 0.C2. Subseq
data analysis used to determine the static and dyaamic ccemponents
overall force and moment system was based uipon the formulation of
and Synge(25) in which the implications of aeradynanic symmetry ai
to give expressions for the various coefficients in series form.
Polynomials in the angie of atta:k 6 and roll orientation angle ¢
fitted to the force and mnument :oefricient data by the method of .
squares.

In general it was found that the measurements of aerodynamic ft
moments could best be represented in the fc¢llowing manner :-

(a) Static restoring moment and normal force defined ty sizmil:
expressions of the form :

29 « B9 + 8% + (d5° + €9°®) zos L

(b) Static side mo.ent ard side force defined by similiar expr
of the form :

(a8 + 19*) sin bk »
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(¢) Pitch damping moment defined by the expression :

(6 +17) (a+1r)

where the coefficients a, b, c etc. depend upon Kach number
and spin rate only.

Throughout the analysis, the IBM 7090 computer was used wherever
practicable to ensure the best accuracy in reducing the data. The
overall accuracy of the technique varied with the dynamic pressure,
Normal force and moment coefficients were measureg with a possible error
of about 4% of their values at an incidence of 20 under the flight
conditions at L500C ft altitude, and at 20000 f't this error was
approximately halved.  Because of their relatively small magnitiude, the
side force and side moment coef'ficients were determined with a correspond-
ingly reduced accuracy and in the best circumstances there were poisible
errors of up to 15%; in the case of pitch demping the results could only
be clasced as qualitative.

Compariscns with wind tunnel data

Comparisons between free flight and wind tunnel measurements of the
veriation in nommal force with incidence, roll attitude and Mach numbdber
are shown for the M557A body in figure 42 and for the M823 body in figure
L3. Correspcnding comparisons of the variation in restoring moment are
also giver. in figures 44 and L5,

The correlation between free flight and wind tunnel data on nommal
force and restoring moment is in general very good. The only apparent
discrepancy which needs explanation is in the degree of restoring moment
nonlinearity which occurs with the M557A body at low angles of attack at
tranconic speeds. Nearly all the wind tunnel data shown in figures 42
and L4 for this body were obtained using a sting balance support which was
shown to have a low incidence interference effect on the moment measure-
ments at transoric spceds ("original sting data"), and repeat measurements
later with an improved sting support ("modified sting") substantiaily
reduced this low incid:ince interference (wind tunnel results discussed in
detail in Section 6.2). ..The correlation between free flight results and
theso later wind tunncl measurements of restoring moment was much better
and is shown in fisure i6.

In the case of th> K823 body with its larger base diacmeter and
straight tapercd tail cone, the problem of sting interference- did not
arise and from figures L3, LS5 and L6 it may be seen that very good asree-
ment was obtained over the full range of measurements. In fact, with
the exception of datz on the X557A body near sonic speed at incidences
below about 6°, the difference between wind tunnel and free flight
peasurements of sormal force and restoring moment are nowhere greater
than would be expected from irstrumentation uncertainty alone.

Because in free flight the side force anl side moment measurcments
could have errors of up %c about 5%, figure 47 gives comparisons of‘o
these force and moment coefficients at one incidence only, namely 10°.
The results are tyuical of data obtained for incidences up to 15, and
the free flignt r 1lts for the two bodies confirm that thes slight
differences in bod) shape have little effect at the higher angles of
attack. Although the ex;erimental aczcuracy of the free flight measure-
ments is not as gooa as for *he normal force and restoring moment, overail
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agreement with the wind tunnel data is obtained.

So far as pitch damping is concerned, it was not possible to dete
any incidence dependence from the free flight trials and little can
said of the comparisons shown in figure L8 other than that a qualiite
agreenent is exhibited,

Data on induced roliing muments were obtained from only one tes*
vehicle in the free flight programme, round 732, which was fitted wj
angular accelerometer ag cdescribed in Section 7.3.%1. For incidence

than 17° a polynomial of the furm (A6* + B6®) sin L ¢ was fitted to
telemetered data in conjunction with simple linear expressions for 1
effects of roll damping and fin cant. Although the accuracy of th!
analysis was seriously degraded by a high level of noise ir the raw
flight data, the comparison with wind tunnel measurements given in {
L9 indicates a8 gccd degree of correlation.

8. COMPUTER STUDIES AND KESULTS

During the early stages of the research programme, when wind tunnel data fi
bacame available, it was not known to what extent the induced rolling moments
side forces and moments would contribute to the overall flight dynamic behavic
of the bomb test vehicles. Consequently, the basic equations of motion were
originally formulated for solution on the IBK 7090 computer at W.R.E. (54, 55)
tha purpose of isolating the dominant effects of aerodynamic cross-coupling.
Six degree of freedom solutions were obtained for a cruciform finned cornfigur:
assuning rigid body dynamics, and the aerodymamic forze and moment system was
deliberately simplified by considering that, with the exception cf the ina
components, it contained only linear functions of the total angle of attack.
additicn, Mach number dependence was neglected apart from its effect upon zerx
drag. Such simplification was expected to give a better understanding of the
influence of the cross-coupling temms during a bomb's response o a release d:
ance and during roll-yaw resonance.

Results of these initial studies showed qualitalive agreement with dymanic
behaviour observed in the full scale flight trials and su:ceeded in demdnstra!
the basic mechanisms of roll lock-in and catastrophic ysw. however, subseque
analyses(56) using the best available aerodyramic data have since indicated t}
nonlinearity in the stuatic restoring mement can substantially modify the dyrar
behaviour. In this more recent work, fomulation of the mathematical model 1
based on the method of Cohen and Werner(57) rho have .ised the unimodular quate
to define angular coordinateés ratncr than the commonly chosen Bulerian angles,
explained in reference 57, use f the quaternion avoids the singalarity which
in Eulerian expressions near the vertical, where large truncation ermrs may t
introduced by the integration process.

A summary of the results obtained from Goodale's studies is given in the
followirng sections where flight dynamic effects are Jescribed for beoth aigh
low incidenze tehaviour of the streamlined tod;. In the absence of approprii
wind tunnel data it has nct yet teen possibl2 to include Xagnue forces and mot
so that the analyses have been lizited to flight conditions for which such te)
are negligable. However, furtlrer studies will be made if Magnus data become
available. Finally, it should be menticned tha* throuphout his work Goodale
assuned the side forces and moments and irduced rolling mements to vary sinuse
xith roll orientation of the total ircidencze ve-tor inatead of reproducing ex:
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the approximately sinusoidal shapes shown in figures 13, 16 and 18. The maximum
,amplitudes were of course matched in each case.

8.1 Response %o the release disturbance

During the flight trials the initial release disturbance was a nose up
pitching motion with a first pea! amplitude of about 20°.  This motion was
caused by the uir-flow in the Canberra bomb~tay; the type of airflow in the
Canberra bomb-bay is well known(58) and in the computer studies it was simulated
mathematicaily by assuming that prior to release the bomb was subject to an
upwash at the nose and dowrnwash at the tail. The upwash and downwash were
taken to be of equal magnitude and to decrease linearly with distance fallen by
the bomb so that 1t a depth of two caliores below the bomb-slip, the flow had
completely straightened. The flow angles assumed were chosen to give pitch
responses similar to those observed in the trials and it was foumd the measured
variat ion ir first peak amplitude with change in static margin could be quite
adequately reproduced by using an initial upwasg and downwash angle of 8. All
of the trial releases were made with fins at L5 to the vertical and figure 50
compares the theoretically detemined first peak amplitudes of the rcsponses
®ith the cuserved values for c.g. positions between 47 and 57% of the body
length from the nose.

The theoretical curve of figure 50 is based upon average properties of

173 slugft? for the bomb's transverse moment of inertia, 5.9 slugfi? for inertia
in roll and a weight of 8551b, in conjunction with aerodynemic restoring
moment data for incidences up to 40° obtained from the U.S. Naval Ordnance
Laboratery.  Experimental values are identifiied by the appropriate rournd
numbers. It is interesting to note the extremely 1 pil increase in firt peak
awplitude as the c.g. is moved preogressively rearwaru, Ultimatcly a « aditior
is reached at c.g. positions near 57% wherr the forward centre of press re mov
ment ¢ ring the first upward swing of' the bomb nose leads to a complete loss or
static stability so that the bomb topples. Restoring moment data presented in
figure 6(a) clearly indicate that this toppling effoct will be most pronc..ced
for angles of attack in planes at LSO to the fins where stelling occurs at
at wt 20°. In addition to correlating the first peak amplitude, it was
necessary that the simulated release disturbance shoulr. provide a representative
mechanism for the growth of induced aerodynamic forces and moments with
incidence. This requirement has alsc been satisfied by applying the concept
of varying upwash and downwash in the bomb-bay.

A series of mathematical model studies was carried out to examine the
flight dynszic Lehaviour during response to the release disturbance and ‘o
detcrmire what courbinations of fin cant and c.g. position wuuld be likely to
initia‘e catastraphic yaw, These studies aincluded both the M557A and X823
bodies and, as would te exnected for large amplitude motions, there was no
detectable difference in general performance of the two configurations.

Releases in planes with fins at 0°, 22%0 and hso to the vertical were considercd
in ccnjunction with fin cants of C, §, 5, 1, 2 and 3 degrees for c.g. positions
ranging froz L3 tc 62% of the body length from the nosa.

For the c-se of releases with fins initially at 45° to the pi wmaz of disturd-
ance, figur. 5! illustrates the theoretical boundaries of dynamic dehaviour
which were sstabiished by computer calculations with many different combirations
of 'in cant and c.g. position. Configurations tested in the free tlight trials
progr.omme are identified by the round numbers and with only three exceptions the
predic-ed patterns of behaviour agreed quite closely witn those observed. Thus,
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each of rounds 3, 706, 707 and 713 with c.g. positions further a{ ‘i
toppled due to 3tatic instability at high incidence; whereas all of the r
with c.g. at between 52 and 52% simply exhidbited a tendency tc increasing :
during the first pitch oscillations but in every case ‘hese rounds recoven
before the .otion developed into catastrophic yaw., Typical responses com
to show the effect of increasing fin -ant are given in figures 52(a), (b)
(c). Pree flight rounds 708 and 715 are also examples of this - although
they recovered from the release disturtance (as described in Secticn 7.3.1
7awing motion induced by an initial period of roll lock-in causad their
ballistic accuracy to be unsatisfactory. Pigure 52(d) is a typical compu
response showing a diverg=nt motion fcr a configuration in the region of
catastrophic yaw. Finallg, for c.g. positions forward of LY the first p.
amplitude was less than 16" so that the response remained virtually free f
cross-coupling effects and this condition was well demnnstrated by rounds
and 723 - figures 53 are sample wing 4ip camera records of the observed
release disturbances,

For a given static margin canted fin designs appear to be more prone to
irstabiliity at release than those with straight fins., The mechanism of «
instability is a3 follows., On release the disturbance given to the bomd
in a rlane passing through zerc incidence; this plane is usually vertical
(i.e. the pitch plane) or very near to it. If the fins are canted the bo
immediately begins to roll out of a symmetrical attitude relative to the p
disturbance and s2con has an attitude causing an induced side moment as wel
the direct restoring moment, and the bomb yaws as well as pitches. 3Becau
of the symmetry of the bemb, the frequency of this yaw oscillation will be
same as the pitch but the two componerts will be out of phase and the dist
ance will no longer be planar. By the time the bomb has reached its firs
maximum pitch after release it ran have enough yar and rclling velocity fo
roll lock-in to occur. The correspoanding bomdb with nominally straight fi
will usually start to roll very much more slowly if at all (thnugh a bomb
released fror. an asymmetrical positicn such as under a swept wing can rece
some roliing moment), it will be acted upon by much smaller induced side
forces and hence its pitching tends to remain uniplanar and be more likely
damp cvut before the bomdb receives any significant yaw.,

The ‘hree rounds which gave une:xpected results were numbers 712, 726 an
7132, Og these rounds 712 was predicted to give a firs*t peak amplitude of
about 23" but it toopled. This is not surprising because with the very 1
static margin which the round had cnly scall changes in the gisturbing
impulses are nceded to topple or push it to tne rredicted 23" of pitch.
sequently, it was not considered worthwhile to carry out further trials us
c.g. positions near 5.7 and only later did the computer studies produce th
results on which figure 5! is based. The figure shows that unfortunately
there ¥as no frve flight round in the region of catastrophic yaw.

In the case of' rounds 726 and 732, these exhibited abnormal rolling
behaviour at high incidence du—ing the fi.st few seconds of fall which cou
rot be explained on the basis of the available induced rolling moment data
\Sections 7.3.1 and 7.4.2). The measured and predicted roll rates for ro
726 are compared in figure S4. Because this vehicle was not fitted with
asceleroneter, direct ana.ysis of the rolling moments was not possible and
attenpts were made to reproduce the otserved rolling and yawing motions wxi
computer using the A.R.A. wind tunnel data and free flight measured roll r
as input. In this way it was possible to produre a simulated yawing moti
with the effects of roiling moments arbitrarily introduced to match those
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actually experienceds A comparison of the resulting predicted motion with the
reasured flight response is given in figure 55 which indir ates a very high
degree of currelation. From this analysis it was inferred that the major
difference between wind tunnel and full scale observations occurred in the
results for induced rolling moments and that otherwise the agreement appeared
to be very gnod. Results for round 732 generally confirm those of round 726
in that agreement totween wind tunnel and free flight data for the %nduced
rolling moments could only te obtained at incidences below about 17,

Although it has nct yet been pousible to obtain a full understanding of the
rolling behaviour at large angles of attack it is xno~ that vortices shed from
the bomb body can induce strong rolling moments if they pass in close proximity
to the stabilising fins(59, 60). A series of small scale smoke tunnel tests(61)
was therefore carried out at ¥,R.E., to provide some knowledge of the position
and nature of such vortices i1or the M82) body. In general, these tests con-
firmed the existence of a symmetric vortex pair as would be inferred from the
cyclic variation of the induced rolling moments shown in figure 18. However,

a gondition of flow asymmetry set in abruptly when the incidence exceeded about
L5", giving rise to a wake pattern somexhat resembling a Kamman vortex street.
The sequonce of photographs in figure 56 clearly indicates the wake behaviour.
Vortex flows of this kind are subject to scale effect, and it has been estimated
that the flow change which was observed at L% incidence in the smoke tunnel
tests would be expected to occur at about 25 incidence under full scale
conditions at 25000 ft altitude and N = 0.5. This type of flow change could
well account for the abnormal rolling behaviour of rounds 726 and 732, and
although such evidence is Ly no means conclusive, it is considered sufficient

to justify further flow investigations up to the maximum Reynolds' numbers.

Summarising the examination of response to the releese disturbance, it is
evident that rearward movement of the bomb's c.g. enhances the susceptability to
cutastrephic yaw, As the static margin decreases, the maximum angles of attack
after release from the aircraft increase and at these greater angles of incidence
the induced side and rolling momerts rapid'y increase in relative importance,
Hence catastrophic yaew is most likely to be initiated by disturbances occurring
in planes at L5 tc tle fins where the static restoring moment for cruciform
configuraticns is lowest and falls off most rapidly with increasing incidence.
Furthermcre, for practical values of fin cant (up to about 20) the dangers of
catastrophic yaw are again increased as greeter fin cants are applied. However,
it should te emphasized thel the studies outlineg above refer tc release disturd-
ances which caused responses of approximately <O  initial ampiitude. If these
disturbances had been smaller, the region of catastrophic yaw shown ia figure 51
would be ccrrespondingly reduced.

Dynamic behaviour at low incidences

When the existence of a small region of static instability near zerv yaw at
high subsonic and transonic Nach numbers had been confimed by both wind tuncnel
end free flight measurements on the M557A body, it was feared that this
characteristic might well degrade the bomb's ballistic consistency, because
under such conditicns an appreciable trimmed incidence cuuld be achieved during
flight, even in the absence of small configurational asymmetries. Purthermcre,
the magnitude of trimmed incidence would be very sensitive to the bomb's cz.g.
position. Release conditions for the stores listed in group B of table 1 were
therefore changed to 25000 f¢ at X = 0.5 so that the effects of aercdynamic non-
lirearity at low incidence could be exemined more closely; these release
conditions gave higher dynamic pressures during the critical part of the
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trajectories. In conjunction with these trials a series rf trajoctories
computed to investigate theoretically how the impact deviation would be
with and without the presence of configurational asynametry. Only ore c,
position was considered, namely 5%. 7% from the nose, and the infiuence of
various fin cants was examined using the A.R.A. wind tunnel (modifiad ati
data as input. The results of thia investigation are presented belcw wt
should be noted that all trajectories are based upon conditions of zero
disturbance at release,

8.2.1 Effect of atatic instability near zero yaw with no fin-body misali;

Plight dynzmic behaviour of a symmetric bomb was computed for fi

of o , 1/10%, §°, 3° and 1°,  Configurations with fin cants of se:
0.1° locked in with a trlmmed incidence vector of approximately 3°
lay in a plane close to that containing one pair of fins. Conseqt
the effects of induced rolling moments werm almost negligible and 1
frequency of the vresultant lunar motion approached the rcl] rate at
determined by fin cant alone. For fin cants of 3°, 3° and 1° the
again trimmed at an angle of approximately 3 and rolled at a rate
determined by the fin cant but in these cases the bomb did not loc)
Computed impact deviations from the pa:rticle trajectory are give
table 2. As would be expected, a large deviaticn occurred under t
condition of lock-in if the fin cant was identically zerov ard the
rate exceedingly low, With even very small fin cants of 1/‘0 or
hewever, the biasing affect of lock-in was largely eliminated by tt
but steady roll rate (0.2¢/s for 1,/10° zant) and the resultant devi
was cornsiderably reduced. In the case of fin cants ranging from
further large deviations were obtained and in all cases impact occt
at a range in excess of the particle trajectory, and to the ieft,
Prom these investigations it is apparent that the flight behavic
low in.idence falls into two categories determined by the magnitude
the fin cant. For fin cants below a critical value (approximatelj
it is possible for the vorresponding roll exciting torques to be be
by small induced rolllng moments which are generated at angles of ¢
less than about 5 (see figure 19). Purthermore, with the exister
static instability near zero yaw, incidences are developed which, t
small. are sufficient to cause roll lock-in, particularly if there
fin-body misalignment to establish a preferred plane of trimmed inc
Under these conditions the fixed orientation of the trimmed incider
govermned by the talance of rolling moments and the bomdb barrel roll
rate determined Dy the fin cant, consequently. the biasing effect ¢
1s averaged cut and the resulting balilistic dlsgersxon is small.
fin cants above the critical value of about 0.1 the induced rollij
morents at angles of attack leas than 5 can no longer match thnse
fin cant and so cannot cause roll lock-in, and because the trirmed
inzidence vector which results from the small region of static irnst
has no preferred plane in the missile body, its roll orientation ir
is determined ty the balance between the static rzstoring moment ar
pitch damping mument due to curvature of the flight path, As a re
the bomb spins at a yaw of repose which is effectively increased b)
amount equal to the trimmed incidence, and the lift force so genere
causes the missile to "kite" or "float" above the partizle trajectc
At the same time, gyroscopic effects cause the trajectory to veer t
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the right or left according to the dizection of spin.

Although the computer studies clearly confirmed that static instability
near gero yaw could aer%ouslyodegrade the bdallistic performance of a bdomd
with cant angles from + to 1, the deviations predicted to arise from
this cause were considerably greater than would be inferred from the trials
results, The reason for this discrepancy was largely revealed by data
obtained from round numbers 724, 725, 726 and 732 (see Sectior. 7.3.1).
These stores exhibited dynamic behaviour at low incidence very closely
resembling that predicted for a symmetric bdbombdb, but their trimmed
incidence was smaller than the value predicted on tiie basis of the A.R.A.
tunnel data and it abruptly vanished for speeds greater than X = 0.90.
This behaviour was consistent with the free flight measurewents of restor-
ing moment presented in figure 46 which indicate that the region of static
inatability near zero incidence is somewhat smaller than that shown by
the wind tunnel data and it vanishes earlier, at M = 0.90. Since the
bomb was flying at these Mach numbers for much of the time, in the
trujectory predictions the increase in range caused by "float" was sub-
stantially over-estimated.

Figures 57 (a), (b) and (c) show thes quality of agreement obtained
between the measured and predicted roll rates for round numbers 716, 709
and 7C8 respgctively, with the predictions based upon a fin-gody mieal%gn-
ment of 0.02 . These vehicles had fin cants of 0.17, O.44" and .41
and during response to the release disturbance their roll histories were
clearly very sensitive to initial conditions which could not be reproduced
identically on the computer. In the case of rounds 716 and 709 effects
of fin camber were also indicated by a sudden loss of roll acceleration
when transonic speeds were first reached a little after 20 jec from
release. Since fin camber was generally quite small such effects were
not included in the mathematical mo-del studies, otherwise the rolling
behaviour at low incidence was adejuately simulated. The sudden loss of
roll rate between 12 and 15sec after release predicted for round 716 (see
figu~: 57(a)) was caused by a transient condition of roll lock-in at low
incidence. Such an occurrence is critically dependent upon the extent cf
static instability near zero incidence and predictions of this particular
motion require extremely accurate aerodynamic data. Clearly this
behaviour was not experienced in the flight of round 716,

Effect of fin-body misalignment

The effect of side moment and induced rolling moment upon the magnitude
and orientation of the trim vector in rolling flight was examined by
Chadwick(55) for an idealised case in which the normal fcrce and static
restoring moment were assumed to be linear functions of the angle of
attack. It was shown that sustained resonance could occur even under the
non-steady conditions prevailing during the fall of a bomb. In particular
the destabilising influeace of the side moment was highiighted in its
associaticn with the @irection of the trim vector in rolling flight. It
was furtier demonsirated that the roll rate, and hence the plane of the
trim vector in rolling flight, was significantly influenced by irduced
rolling moments, giving rise to such effects as roll speed-up, roll lock-
in and roll break-out, all of which have been observed ir. actual flight
trials. ikas orientation of the rolling trim vector appeared to be a
dcainant factor in determining the dyncmic stability of & bomdb's yawing
wotion.
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Againat this background of information a droader assessment of th
effect of missile asymmetry upon dynamic behaviour and impact deviat
was undertaken with trajectory computations arbitrarily based on mia
ment of 3 bLetween the fin and body axes oriented in planes at 0, 2
LS5 and 67% succeasively from a fin. A single release condition f
L5000 ft at a speed of°678ft/5‘was studied for configurations with f
cants of 07, , % ’ % and 1° at each orientation of the misalignme
Results of the assessment including brief descriptions of the dynami
behaviour predicted ir each trajectory are given in table 3 which cl
shoxs deviations generaily much greater than those observed in the f
flight trials with c.g. at 51.7% from the nose,

It is interesting to note that with a fin-body misalignment of %o
trimmed incidence vector immediately had a preferred plane in the bo
and the floating effect wh%ch was exhibited by the symmetric bomd ra
occurred. PFin cants of 1~ gave trajectories with the smallest devi
and in all other instances the deviations were gxcessige and showed
tendency to be greatest for fin cants betvean 3 and % when the mis
alignment was in the plane of a fin. PFor the research test vehicle
measured fin-body misalignment averaged approximately 0.02°. Traje
computations repeated with this value indicated that the dynemic
behaviour reverted to that of a symmetric missile as described in th
previous section.

Prom the results contalned in tables 2 and 3, which were computed
the condition of zerov release disturbance, at first sight it appears
in terms of bellistic performance there is little to choose between
symmetric missile and one which has a substantial misalignment betwe
the fin and body axes. In general, the former configuration tends -
over-shoot to about the same extent that the latter falls short; th
magnitude of impact deviations being influenced almost equally by th
effects of float in one case and resonance in the other. However,
equality is largely coincidental and is critically dependent upon th
degree of aerodynamic nonlinearity near zero yaw and .ne data of tab
2 and } are only relevant to a bomb having a small region of static
3tability at low incidence. Had this region and the static trim
incidence been eliminated by an appropriate change in c.g. position,
the tendency to float exhibited by the symmetric miscile would no lo
occur and its ballistic performance would be marl:edly improved, but
same would not be true for the bomb with tail misalignment. In thi
case the effects of resonance are not removed because the misalignme
provides an altemative way of sustaining a trimmed incidence and
although the ballistic performance may be improved it will not match
of the symmetric bomb. At subsonic speeds the M557A configuration
happens to have a centre of pressure position at zerov incicdence clos
SOfffrom the nose so that the region of static instability for small
angles of attack is very sensitive to movements in c.g. about the 50
station. Inability to defiae this asrodynamic nonlinearity with
sufficient accuracy has been a limiting factor in the prediction of
ballistic dicpersion,
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9. CONCLUSTONS AND RECOMMENDATIONS

Before drawing specific conclusisns from the results of the research programme,
it is important to emphesize how the use of modern high speed digital computing
facilities significantly influenced the conduct and analysis of the aerodynamic
experiments, Thus, it has been demonatrated that with quite modest airborme
instrumentation and the aid of a digital computer, it was feasible to apply curve
fitting techniques to very large quantities of flight data, making it possible to
obtain detailed inf'ormation on the aerodynamic force and moment system of a test
vehicle. The results of such full scale analyses were then avalilable for direct
comparison with wind tunnel measurements. Purthemore, by prograrming the rigiad
body equaticns of motion on a digital cowputer and using wind tunnel data as input,
missile behaviour could be predicted over simulated trajectories for subsequent
correlation with the observed flight trial performances. 1In this way an
additional check was imposed upon the underlying theory of flight dynamics.

Although it was not possible to obtain completely equivalent motion histories
of flight behaviour in every case, tk predicted motions showed good qualitativs
agreencnt with reality. This difficulty stemmed from the complicating zrfects of
aerodynamic norlinearity and incomplete knowledge of true initial corditions in the
disturbed flow field around the aircraft. 1Instances of anomalous behavicur were
observed only at large angles of attack for which it was shown that the wind tunnel
data did not always properly represent full 3cale flight conditions or when too
great a simplification of wind tunnel cata was made. Consejuently, withir the
limits of experimental accuracy and scope of the research programme no reason was
found to doudbt the validity of the dbasic theory of quasi-steady aerodynamics,

One of the main objectives of the research programme has therefore been achieved,
namely, to establish validity of the mathematical mode and so demonstrate that
the effectiveness of any particular missile configuration may be adequately
predicted using only wind tunnel and digital computer fecilities.

9.1 Flight dyaamics and ballistic consistency

Results obtained from the flight trials, und confirmed my mathematicul model
studies, have clearly indicated that the dynamic behaviour of a streamiined fir
stabilised bomb falls into two basic classes., The first of these is assaciated
with flight at large angles of attack where separated flow phenomena have a
dominating influence, and the second class refers to flight at small ~~-"es of
attack when the boxnb may be subject to such adverse effects as roll-yaw
resonance and centre of pressure movement with small incidence changes.

In the case of btluff body shapes, at subsonic speeds flow separation takes
place at the nose leaving the afterbouy submerged in a completely separated
wake, so that the influence or body vortices is substantially reduced and there
is relatively little centre of pressure movement with incidence. Since the
drag-weight ratio of the bluff body stores limited trials of this shape to
subsonic flight conditions the resulting dynamic behaviour was quite uneventful.
Consequently the following remarks are concerned more particularly with
behaviour of the streamlined configuration. In general, large amplitude yawirng
motions were found to be either initiated directly by external disturbances
which occurred during the release phase or indirectly by the onset of some
undesirable dynamic condition such as resonance or Magnus instabil.ty. Wnere
motions of the former kind were concermed it was necessary to show how to
determine whether the bomb would recover from the disturbance, ‘and for the
second type of motion criteria were required covering low incidence behaviour
to ensure that large yswing aplitudes would not dbe developed.
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9.2

At high angles of attack nonlinear variation of the mstoring moment
incidence may cause complete loss of static stability for a bdomd which
wise behaves quite satisfactorily. This problem is associated with fi
stalling which can lead to toppling at release if the disturdbance impos
the aircraft is excesaive or if the bomdb has too little static margin a
incidence. Por cruciform fin conf‘igurations the tendency to topple is
greatest for angles of attack in planes at 45° to the fins where the re
moment is at a minimum. A further source of trouble stems from the ra
growth of induced rolling moment with angle of attack. This moment is
particular significance during —~sponse to the release disturbance beca
is capable of balancirg the tombt's rolling motion so that the roll rate
in at the nutation frequency leading to catastrophic yaw, Hence, for
practicabie design the problem of bomd stabi)ity cannot be entirely sep
from the problem of its disturbance on release from an aircraft and to
stability of weapons it may be essential rather than desirable to be ab
control this disturtance to some ex*ent. The significance of the effec
pitch amplitude upon the stability of a bomb during its response to the
disturbance has only been fully realised within the last year or two.
Previously. dispersion caused by the release disturbance had deen attri
inconsister.cy of the disturbance itself. This fact highlights the nee
better knowledge of the way that rolling moments induced by combined pi
roll increase at high angles of attack since the more rapidly they iner
the more necessary it is to limit release disturdbance.

Once a bombd has recovered from the release disturbance the bdallistic
performance over the subsequent trajectory is determined by its ability
continue flying at or near zero incidence. During this paase of fligh
main problems are tc avoid roll-yaw resonarce -hich occurs when the rol
approaches ‘he same value as the natural pitching frequency, and to avo
rates high enough to cause Magnus instability. In the resonant condit
small trim angle resulting from configuraticral or mass asymmetry is o
anplified to a considerable ungle of attack, thereby increasing the bom'
susceptitility to roll lock-ir and catastraphlc yaw.  Another probdblem
flight a: small angles of attack is caused by nonlinear variations in s
restorir.g mozent which can create a swell region of static instability :
zZero yaw. A bomb wilh th's characteristic flies at a trirmmed incidenc:
determined by the degree of aerodynamic nonlirearity, even in the absen
small conf.gurational asymmetries, and furthermore, the magnitude of th
trizmad incidence is sensitive to the bomb's c.g. position. If delibde
fin cant is applied to generate roll rates greater than the natural pit.
frequency the ballistic consistency may be seriously degreded.

New :concept for ballistic trials

Since it has been shown that the stability problem is associated sep
xith flight conditions at either high or low angles of attack, the requ.
ror a bomb to have good ballistic consistency and acceptably small dispe
nay be summarised in the fecllowing general terms :-

(a) T : release disturbance should be xept within reasonable lim:

(b) The bomd should have enough static stability tc recover quic)
from the release disturbance.

(¢) The bomb should rexain free from adverse roll-yaw interactio:
its fall.

(d) The roll rates should not be high enough to cause Magnus insi
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Once these conditions are satisfied the assessment of any new bomb design may
be based primarily on determining the susceptibility to roll-yaw interaction
which i# now considered to be directly responsible for "mgue” behaviour in
otherwise good bombs, It is maintained that considerable improvements can be
made on the old method of end point ballistic trials in which dispersion is
detemined statistically from a relatively large number of trials, and rgue
bombs identified as those deviating significantly from the mean. Thus if ro.l
histories are measured, the additional information provides a more sensitive-
indication of ballistic perfommance because it can not only be seen whether a
bomb has locked-in at the nutation frequency but alsc it can be determined hiw
closely a resonant condition was approached or how quickly it wus traversed. -
With a smaller number of bombs therefore, a better estimate can be obtained of
the likelihood of' badly behaved bombs occurring in further samples. Although
it may be difficult to interpret resonant conditions in cases where aerodyramic
nonlinearity causes the natural pitching freq-ency of a bomb to be ampiitude
dependent, in general, if roll-yaw interaction is severe enough to produze a
significan! deviation at impact then it will inevitably show an anomaly in the
corresponding roll history.

The new concept for ballistic trials outlined above has teen tested
successfully by linking the 281b practice bomb (32) and 1000 1t N.I. bomb (33)
bailistic trials with tne R.A.E./W.R.E. research programme. In these trials
it was shown that aircrat't bomb-bay and wing-tip cameras gave an adequate
coverage of the bomb's response to the release disturbance and that for bombs
of the 1C001b size it was quite easy to obtain roll histories simply by paint-
ing patterns on the bomb and analyuing ground based cine camera records.
Because it was too small for optical tracking in daylight thg 281b practica
bomb was fitted with a bright light visible through only 180" of its circum-
ference and the trials conducted at night.

9.3 Aerodynamic aspects of bomb design practice

The ultimate aim in designing a bomb is to devise a configuration which is
capable of maintaining adequate ballistic corsistency over the range of flight
conditions detemined by its operational requirement; this implics that the
weapon should recover quickly from the relecse disturbance and remain free froz
adverse roll-yaw interaction during its fall.

Pactors wl ich must be considered in avoiding instability during response to
the release disturbdan.e involve three nmutually interacting terms, namely static
stability, fin cant and size of the initial external disturdance. Figure 50
shows typical effects of static stability upon the first peak aaplitude of a
bomb's response to a specific release disturbance. Here it may be seen that
sevarity of the response increases steadily as the static stability is reduced
until a condition is reached at which the fins stall and the bomb topples.

Thus the choice of static margin oust be lirked with considerations of the
expected release disturbance unless the requirements for aircraft release
characteristics are such that a limit can be assumed on the magnitude of this
disturbance argle. Th& additional effezts of fin cant upon dynamic behaviour
of a bomdb during the release phase arv irdicated by the stability boundaries
shown in figure 51 for the low drag bomb vody released from the Canterra bomb-
bay. A significant fact illustrated by tais figure is that there is a
forwardmcst ¢.g. position beyond which the amplitude of the disturbance angle
is too smadl to cause roll lock-in and catastrophic yaw bacause the irdiced
rolling moment is not significant up to such angles of attack. For a low drag
configuration this critical angle of attack is apparently about 207, and if
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9.4

response to the release disturdance could be kept below this value the

of dynamic instability for a bomd would bde greatly reduced. When fin

applied the danger of catastruphic yaw at release is seriously enhanced
angles of attack greater than about 20° (Section 8.1) a.d it would requ
cant angles in excess of 3° to preclude all possibility of roll lo:k-in
Under such conditions spin rates generated later in flight would inevit
introduce problems associated witr Magnus instability. Consequently,

limitation can be placed upon the magnitude of the release dirturdance,
adverse roll-yaw interaction during this phase can best be min.mised by
maintaining the fin cant below about %o, and nominally zero cant would

optimum,

During its fall the roll hiatory of & bomb is largely determined by
effective mean cant angle of its fins. Whether these are deliberately
to spin the bomb quickly through resonance with relatively little trans
disturbance or whether the fins are nominally straight to keep the roll
below the pitch frequency; manufacturing tolerances on the fins will t
important and fin designs cannot be decided upon without knowledge of w
manufacturing standards are feasible for the type of weapon. Bad fins
reduce the roll rate of a canted design and cause it to pass too slowly
resonanca or they can give an unintentional roll rate to a straight fir
ard accelerate it slowly up to the dangerous resonance region. In eit
stability trials of full scale production weapons are only meaningful i
is taken of the likely random variation of effective fin cant angles du
manufacturing asymmetries. It is difficult to devise inspecticun routi
which wiil give measurements which can be interpreted in terms of equiv
fin cant angles to the accuracy needed with any confidence. Therefore
full scale check on stability is to have much meaning it must include e
bomb trials to assess the variation in roll rate due to these errors ir
cant cn at ieast a limited statistical basis,

Bomb design orocedure

On the basis of the results of the stabilityv research programme sugp
can now be pude for tomb design procedure, Jdeally, before naking any
regarding the external shape of a weapon experimental measurements woul
of all possible aerodynamic derivatives for the suggested design alterr
full six-degrees-of-freedom computations would be made of the bomb's mc
following all possible disturbances, and these results would then be cl
full scale trials. This would tske many months or even years and in
decisions have to be taken on a much simpler basis to be confirmed as ¢
possible afterwards by a more thorough investigation. For example, ir
limitations for intermal and externel carriage on several aircraft are
to lead to several altermative weapon design schemes for each of which
estimate of c.g. limitations and fin sizes are needed. The different
may give altemative limits on length, bocdy diameter and span, there m:
the choice between bluff short layouts for internal carriage only or 1c
layouts taking more space but also suitable for external carriage, the:
altemative warheads, there may be effezts of store size on aircraft di
speed and range to be considered, and so on. Detailed investigation ¢
conzeivable motion for each altemative configuration is not possible v
the time-scale, and wind tunnel testing of cven one or two layouts may
lorg in model making and testing. The need in preliminary project est
is for fairly quick simple methods, which may not dbe absolutely accurat
vhich can be relied upon to provide an adequate basis for design so the
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minor midifications are subsejuently required when thcrough invaestigations have
confirned the preliminary studies.

As a first step it is suggestad that the choice of tail size bde dbased upon
static stability which can be estimated fairly simply and reliably. Dynsaic
stability derivatives in a particular case are neitler so easily or reliably
estimated. Though there is no general ‘heoretical relutionship between the
static and dynamic derivatives of bombs, the basic similarity bdetween almost all
bomb designs encures that in practice they are not unrelated. Nearly all
bombs are heavy bodies with their c.z. at 358 to 458 of the total body length
stabilised by fins at the end of' comparatively long moment arms, the fins
producing about 708 to 80K or' :he total 1litrt. Most of both the static restor-
ing moment and the pitch damping come from *he tail and increasing one also
increases the other. If bombs arc divided into two groups (low drag and bluff)
on the basis of whether or not the s.rflow separates completely from the bombd
nose there is fair ccrrelation in each group between static stability and pitch
damping, and static stability alone can be used as a first rough guide to
stability. Computations undertaken in the R.A.E./W.R.E. research programme
and past experience suggests that the minimum static margin to avoid any
instability at release is likely to be about 12% to 15% of body length as body
fineness ratio changes from about 8:1 to 6:1. For example, in one set of over
90 complete motions computed for the low drag research vehicle with static
margins of 0.5 and 0.75 calibres and fin cants up to 1.750, the release disturd-
ance degenerated into complete instability in 23 case3s; out ol 90 more computed
motions with 4 calibre static margin, only one case of instability was found.

In addition, the estimated pitch frejuency corresponding to the chosen ctatic
margin mist be checked for roll resonance down critical specicen trajectories.
With an experimentsl or estimated spanwise 1lift distribution for the f'in, roll
acceleration and limiting roll rates can be estimated and histories of roll rate
and pitch frequency down the trapectories should be comparsd. Bxperience
suggests that after making allowance for all effects such as possible fin cant
variations due to manufacturing asymmetries, variations in pitch frequency due
to Mach nuc™er etc., the roll rate should never be allowed to stey within 25%
of the pitch frequency. In addition, after estimating from past results the
maximum rolling moment due to combined pitch and roll attitude and also the
likely pitch frequencies end damping, it should te shown that with (say) a 20°
limit on initial maximum pitch the rolling moments due to possible fin cante
plus those which could be induced by combined pitch and roll cannot force the
roll rate up to a value near “he pitch frequency within the time taken for the
initial disturbance to damp down to not more than 40° of pitch.

It is thought that these investigations are enough for a reliable first
guide to adequate stability. It aust be emphasised however that they are
limited and do not pretend to core with any unexpected nonlinearities - for
example, ¥ith any loss of fin effectiveness due to flow separations on the bemd
tail cone, with large changes in pitch damping in the transonic region, stec.

The investigations for the selected configuration need backing up as soon as
possible by experimental checking of the merodynamic derivatives and by full
ccoputation of the weupon's response to any likely disturbance.

A final and possibly ouch later stage would be some full scale checking of
the wind tunnel and computational results. Under rormal circumstances these
full scale stability trials would also be used for drag and dispersion measure-
zents for aiming data arnd this might affect detailed trials specifications,

The stability inforcation that would be sought from these trials would be
confirmation tha* the roll rates of production weapons stayed below the expected
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limits or built up in the expected way (because of the difficulty in i
for manufacturirg asymmetries to define the equivalent fin cant angles
to the required azcuracy), and cortirmation that some typical large di.
damped out as predicted. It is 10t suggested that very extensive ful
stability trirls are desirable - there are so many possible release ii.
in terms of combinations of initial pitching, yawing and roliing motio
could be forced on the weapon that full scale trials can at best only !
recovery from a small proportion. The most rational approach is to u
computer to investigate all the permutations of possidble initial motio:
rely on full scale trials only as a check on tue accuracy of a few sel:
predictions.

Purther research

AMthough the joint R.A.E./¥.R.B. research programme has been closel:
related to bombs the results obtained have & considerable tz2aring upon
vther aerodynamically stabilised missiles such as moriar shells and un
rockets, Furtherore, much interest has been stimu'lted by the good !
tions achieved between the results of wind tunnel tes’s carried out unx
varying conditions in different countries, and between wind turnel anid
scale free flight meacurements of aerodynamic coefficlents.

So far a3 fixed cru.ciform fin stabilisation is concerned significan
discrepancies tetween wind tunnel and full scale measurements were >hae
only for 1olling behaviour of the streamlined bomb 1t large angles of 1
and low spin rates. This flight condition wxas found tv be greatly in:
by vortices shed from the bomb body which induced strong rolling momen
they passed in close proximity to the stabilising fias. Preliminary !
visualisation studies showed the existence of a critical angle ol attal
which the separated vortical flow about the bom:t body suddenly became
It is to be expected thot auch changes in flow chiracteristics would be
accompanied by large and sudden changes in rolling wrment as were cbase:
some of the flight trials. Because these flows are sensitive to scalt
it is extremely difficult to make accurate predi<tions from wind tunrne.
obtained under these cenditisns and further full icale measuresents an
required. For this purpose it is propused to construct a five-compont
strain-gauge balance for in-f1.:ht measurement of the aerodynazic forct
moments cn complete cruciform tail units on some of the remsining vehi:
It is also suggested that wind tunnel fluw visuaiisation studies be exr
the highest possible Reynolds' numbers. .-

Theoretical investigations of both split skirt and free stinning ta:
cstabilising devices are currently being made at W.R.E. with the object
providing background information for the ultinmate conduct of free fligl
The U.S. wind tunnel tests have already shown that split skirt configw
almost completely elinminecte the cross-coupling effects of yaw-induced 1
moments, and this design appears to be effective as a stabiliser for e:
cor.ventional ballistic bomb, or a retarded bozb, or posaidiy a guided
(by aifferential opening of the stadbilisers). The advantages of split
stabilisers over the sicpler fixed cruciforw fins are in offering the j
of g—eater tac:ical flexibility within a single weapon design, and in
very cocpact, low drayg chape when the skirts are ciosed for carriagr.

Free spinning tails offer the advantages of a reduction in Magnus el
and give a high roll acceleration at release without developing excess:
rates in la‘er flight. They may also permit the use of a moroplane c¢
tion with only two fins instead of a cruciform tail, giving obvious ads
in aircraft installatien,
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Recently, three free flight experiments on free spinning tails were succesas-
fully conducted using the M823 tody shape and a further six instrumented bombd
test vehicles have been net aside for tests of the split skirt and spinning
nonoplane tail designs. In supporting the free flight work, consideradble
effort has been devoted t) the improvement of transducer calibrating techniques;
an airborne camera and lens systec has also deen developed to increase the
accuracy of missile attitude mcasurements, Results of this additional work
will be published later,
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TABLE 2
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ESTIMATED IMFACT DEVIATIONS DUE [0 LOW INCIDENCE INSTABITITY
(RELEASE 25000 PT, VELOCITY S09FT S, NO DISTURLANCE, C.G. AT 51.7%)

USCLASSIFIED

I Mi
PIN CANT DEVIATION (MiLS) CEARKS
‘DEGRESS) RAKCER LINE
S-Short R-Right
0-Over L-Left
0 645 O %.8 L "lock-in" at approximately 3°
incidence, roll period approxi-
mateiy 30-40 seconds per cy:ie.
O.* 229 0 L3 L "lock-in" at approximately 3°
incidence, roll period approxi-
mately & seconis per cycle.
0.2% 62.6 G 252 L rolled freely at rvate dictateg
by fin cant; approximately 3
trim inciience,
0.5 8.8 O L9.8 L As adbove,
1.0 47,0 0 62.5 L As above,
Note; mils based on relesse height
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UNCLASSIFIED

TABLE 3
ESTINATED IMPACT DEVIAS [ONS DUE 70 0.5° PIN BODY MISALIGNSIT
(RELEASE L5000 PT VE.OCITY 678F7/S W DISTURBANCE, C.G. AT 51.7%)

PLANE OF PIN | DEVIATION (PEET, | ToTAL .
MISALIGN- o \ery RANGR LINE ! DEVIA- REMARKS
MENT (DEGREES)| S=Short | R=Right | TION
0 Jver |L=Left | (Mils)
0° 0 2686 01480 L 68 Lock-in barrel roll approximately
30 sec rariod.

0.25 20 S 202 L 5 Lock-in barrel roll below resonance,
stable side moment.

0.375 6121 S| sS4t R| 136 )| Destabilising side moment - sulseque

) | lock-in to natural frequency at

0.5 7132 S| Lot L| 158 )| large incidence. Incidence did not

) | grow catastrophically.

1.00 70 0 290 L 7 Passel through resoriance at about

I sec.

22§° 0 1491 S| 423 R| 33 |Initial trim leading to roll lock-
in and destabilising side moment.
Recovered at about 20 sec,

0.25 878 S 329 L 21 Incidence vector unstealy initially
at low incidence, l1ock-in at about
253ec. ¢ = 267°, 6 = 7°.

0.375 4,210 S 79 L 9 Unsteady large incidence behaviour
up to 25svc subsequent lock-in as
above 0 = 6.7°, & = 2€9°,

Q.50 LS S 150 L 10 Passed through resonance at about
8 sec.

1.00 5+ S L5 R 2 Passed through resonance at adout
3 sec.

45° 0 1719 S| 323 Rl 39 |Lock-in 6 = 8° o = 186° roll anti-
cloclwize,

0.25 1944 S 805 L L7 Destabilising side moment caused
incidence growth about 30 sec; o
subsequent lock~in 8=6, ¢ = 268",

0.375 1152 S 129 R 27 Destabilising side moment caused
large incidence about 7sec,
recovery and lgck-in at 30 sec
§ = 3.L° ¢ = 0°,

0.50 L3 S| 126 L 10 Destnl.1.sing side moment caused

iarg? incidenze prior to passage
through resonance at about Sseé:.
Lock-(i)n at about 35sec 8§ = 2.5
© =0,

UNCLASSIPIED
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TABLE 3 (Continued)
E’LAN'B or ?IN DEVIATION (FEET) | TCTAL
NISALIGN- CANT RAVGR ol DRVIA- REMARKS
XENT (DEGREES) S-Suort | R=Right | TION
0=Over |L=Left | (Mils)
45° 1.00 155 0] 161 L 5 | Passed rapidly through resonance
at aboug Lsec, Low incidence
( 0.17) lock-in well above
resonance from about 35sec.
€74° 0 14589 S| 424 L| 33 | Destadbilising side momant caused
large incidence growth et zhout
18 sec subsequent recovery and low
incidence lock-in at » = 260°,
0.25 176 S| 161 L| 11 | Lock-in at ¢ = 270° for entire
trajectory.
0.375 7196 S| 648 L| 160 | Lock-in at large incilence ¢ = 315°
from about 10sec.
0.50 %6 S 69 L 8 Passed tarough resonance at about
8 sec.
1.00 16 8 9% L 2 Passel through resonance at about
1% sec,
NOTE: Xils based on release height.
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Pigure 6(b)
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Pigure 10 (Contd.)
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Figure 12 (Contd.) o
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FIGURE 42 (Contd.). VARIATION OF RESTORING MOMENT WITH ANGLE OF INCIDENCE, RO
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Pigure 13
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Pigure 15
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Pigure 19
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Figure 20
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