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SUMMARY 

The symposium was held at the Farnborough Technioal College on 

28 OOtober 1966 and was attended by representatives of the Aeronautical 

Research Council, Universities and Colleges, the Aviation Industry, the Air 

Transport Operators, the Air Registration Board, and Government bodies. 

An Editorial Foreword, which sketches the background to the symposium, 

is followed by a R&w& of the Proceedings. The papers presented are then 

reproduced in full together with accounts of the ensuing discussions. 

* Replaces R.A.E. Teohnioal Report 67166 - A.R.C. 29965 
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EDITORIAL FOREWORD 

The idea for holding this symposium stemmed from some discussions Of 

the Loading A&ions Sub-Committee of the Aeronautical Researoh Council (A.R.C.) 

in the autumn of 1964. It was then felt that 'Loading Actions' was something 

of a 'Cinderella' subject whose scope and aims were not fully undsratood 

outside the circle of experts working in the field, and that it should there- 

fore be accorded some publicity by means of a public leotum or a symposium. 

The latter was preferred since by inviting an audience #Iy from the ranks 

of those experts working within the Loading Actions domain ad partly from 

those working in neighbouring areas one could contrive both to stimulate 

wider interest in the subject as a whole and to provide an opportunity of 

discussing the 'state of the art'in selected areas. 

The general scope of the proposed symposium was discussed by an inpormal 

committee comprising representatives of the A.R.C., the Aviation Idustry, the 

Air Registration Boad,and the R.A.R. It was decided that proceedings should 

be limited to a single day and that, consequently, the field to be covered 

should be restricted to problems relevant to manned fixed-wing aircraft 

operating at Mach numbers of up to 2.5. Further,in pursuance of the twin 

aims of publicising the subject and of airing current problems, the first two 

papers should be aimed primarily at newoomers to the Loading Actions scene 

while the subsequent papers might have a more specialised appeal. 

The symposium was held at the Farnborough Technical College on Friday, 

28 October f966, under the chairmanship of Mr. P.A. Hufton, Deputy Director 

(A), R.A.E. In all, 163 delegates, whose names are listed in Appendix A, 

attended; collectively they provided representation for the organisations 

listed in Appendix B. 

Revised versions of the papers prepared for the symposium are 

reproduced herein in six self-contaxxd sections and they supersede the 

original versions distributed prior to the event*. Within each section the 

text of the paper is followed by the relevant illustrations and sn account 

of the discussion which followed its presentation at the symposium. (There 

was a combined discussion of Mr. Hovell's and Mr. Sturgeon's papers.) 

l The revised papers have been prepared by the editors in consultation with 
the authors. For the most part, only minor editorial changes of a non- 
technical nature have been made but Messrs. Vann, Sturgeon and Hall have taken 
the opportunity to incorporate additional material presented in their lectures. 



Accounts of the General Discussion and the Chairman's Summing-Up are given 

in two further sections. 

For the benefit of those who may wish to gain an overall impression of 

the symposium without necessarily reading all the papers and discussions, a 

r6sum6 of the proceedings is given below. 

&XlMi OFTHEPROCEEDINC.9 

The Chairman opened the proceedings by outlining the reasons for the 

holding of the symposium. He said that a subJect which he would like to hear 

discussed was that of the cost effectiveness of research and development in 

Loading Actions. 

W-HAT ARE LOADING ACI'IONS? 
by I. Tye. Air Bejdstration Board 

The problems lying within the soope of the subject were defined and 

certain of the principles underlying their solution were expounded. Next, 

the related topics of the accuracy which was required in predictions of 

loading actions and the balance of effort between Loading Actions and Stressing 

were discussed. It was suggested that there might be justification for 

directing more effort towards Loading Actions even if that available for 

Stres&g was thereby reduced. 

The history of the search for airworthiness requirements correct in 

form and in magnitude was outlined: this search had been laborious and the 

development of rational requirements had therefore seemed slow. The depend- 

ence of loading actions on four factors - the operational role of the aircraft, 

pilot behaviour, atmospheric conditions, and aircraft charaoterlstxs - was 

discussed. 

As regards the deterrmnation of the distribution of load over the air- 

craft, the author believed that it was worthwhile to make specific estimates 

for each aircraft type, backed by model and full-scale flight tests. 

Mr. Tye concluded mth a stock-taking exercise, which summarised the 

'state of the art' and pointed to possible lines of development. 

Discussion 

Much of the discussion centred around the topic of the behaviour of 

the pdot. It seemed to be agreed that lack of knowledge of this behaviour, 

whether premedltated, as in deliberate manoeuvres, or more lnstlnctlve, as 

‘, 

. 
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in his reactions to atmospherlo distu.rbanoes and emergency situations, was 

a fundamental weakness. There was, however, some argument as to the best 

way of remedying the situation. It was pointed out that advances in Flight 

Control were having an increasingly powerful influence on Loading Actions. 

Reference was made, in relation to the section of the paper which dealt, with 

take-off and landing loads, to the possible importance of knowing how aero- 

dynamic forces built up and decayed during these phases of operation. 

LOADING ACTIONS FROM THE DESIGNER'S VIE&TOINT 
by F.W. Vann, Hawker Siddeley Aviation Ltd., Hatfield 

The processes involved in the derivation of the design loads for a 

typical modern high-speed airliner, the Hawker Siddeley Trident, were 

reviewed. The aim was to give an idea of the amount of work and the organisa- 

tion necessary to obtain these loads, rather than to explain the methods used, 

although some of these were touched upon, particularly with reference to the 

complications associated with flexible aircraft. It was emphasised that, 

even in .a computer age, 'engineering Judgment' still played a major role in 

the determination of design loads. 

Discussion 

w Over the years the Loading Actions specialists concentration on 

determining the appropriate 'worst case' for a particular component had led 
. 

to a proliferation in the number of oases to be considered: it was questioned 

whether this had been worthwhile in the sense of producing aircraft with 

larger factors of safety and/or of lower structural weight. The procedure 

which was adopted in designing for loading oases not 'in the book' was 

mentioned, with particular reference to the 'round-the-clock' gust os.se 

described in Mr. Vann's paper. 

, 

.’ 

. 

Other topics which arose in the discussion included the question of 

whether and how the Loading Actions picture for fighter aircraft differed 

from that for civil transports; differences between firms in their approaches 

to aeroelastio loading problems; the applicability of power-spectral teoh- 

niques in Loading Actions work; and the loads due to buffeting and to 

landmg. 

A particular point in the paper that excited comment was the contention 

that the process of developing 'stretched' versions of B successful aircraft 

led ultimately to a situation in which one was calculating the aircraft to 



fit a given set of loads rather than calculating the structural loads for a 

given aFroraft. It was suggested that one needed to produce sets of load 

calculations of differing degrees of sophistication, appropriate to the 

various stages of sn aircraft's design and development. 

AERODYNAMIC DATA FOR LOADING ACTION STUDIES 
by H.H.B.M. Thomas, J. Weber, K.G. Winter, Aerodynamics 
Department. R.A.E. 

This paper, presented at the symposium by Mr. Thomas, discussed the 

provision of the aerodynamio data which were essential to the discharge of 

the LuaUng specialist's task. The sub&sot matter was dealt with under 

three main headings: 

(a) Overall force and moment data. 

(b) Pressure distribution data. 

(a) The use of model experiments for the determination of Loading 

Actions data. 

Particular emphasis was placed on swept-wing tailed aircraft and 

slender-wing aircraft, exemplified by the TSR2 and the HPiI5 respectively. 

It was concluded that theoretical and experimental techniques currently 

available could provide reasonably reliable data. Development was desirable 

in certain areas: these included the measurement of pressure distributions 

under dynamic conditions, the experimental confirmation of calculations of 

the effects of distortion, and the treatment of problems relating to inter- 

fering components. It was envisaged that more effective use would be made 

of computers, both in tackling individual problems and in working towards the 

goal of integrated structural and aerodynamic analyses for the aircraft as a 

flying, deformable vehicle. 

Discussion 

It was suggested that more use could be made of experimental pressure- 

plotting techniques, which had been greatly facilitated in recent years by 

the automation of the various processes involved. Attention was drawn, how- 

ever, to the conslderable expense involved in the production and testing Of 

pressure-plotting models, to the length of time needed for the assimilation 

of results, and to the difficulty of deciding at what stage of a developing 

design one should produce such models. 

1 

. 
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It was pointed out that an important feature of Loading Actions calcula- 

tions was the fact that they usually related to limiting flight conditions, 

where the airflow might be separated and the aerodynamics decidedly non-linear 

in fern. Even within the range of incidence for which linearity could be 
. 

assumed, theoretical predictions of local loads, e.g. on a leading-edge slat, 

could be critically dependent on the assumptions made about behaviour at the 

leading edge. Such facts underlined the importance of experimental methods of 

measurmg loads. The importance of scale effects in the interpretation of 

model results, especially when shock waves were present in the flow, was 

discussed. 

The final point concerned the determination of the unsteady aerodynamic 

forces in transient conditions. It was stated that the forces of this type 

which were met in turbulence could now be derived from the vast accumulation 

of oscillatory aerodynamic data by the application of Fourier transform 

methods. 

FLIGHT AND GROUND LOAD MEASURSMENTS 

by P.B. Havell. Structures Department, R.A.E. 

The interpretational problems of flight and ground strain measurements 

were discussed in the separate contexts of structural integrity under design 

envelope conditions and of fatigue life assessment. Also discussed were the 

formidable problems yet to be solved in connection with the measurement of 

undercarriage loads as a means of demonstrating structural integrity in the 

landing cases. 

OPERATIONAL RESEARCH ON LOADING ACTIONS 
by J.R. Sturgeon. Structures Department, R.A.E. 

In this paper the purposes of operational research were considered. 

Some recent studies of operational experience in turbulence, and its relation- 

ship to power-spectral theory, were then described. Further topics discussed 

included the pilot's contribution to loads in turbulence and the future of 

operational research that could be conducted with the aid of Mandatory Flight 

Recorders. 

Discussion 

It was suggested that the problems confronting structural engineers 

could be divided into three classes depending on whether they related to 

stiffness charaot'eristias,tc static strength or to fatigue behaviour. In 

all three, it was argued, the main sources of uncertainty =sere the 



environmental conditions postulated in design requirements, and the question 

arose whether enough full-scale research was being done to check their 

validity. A subsidiary question was whether, in the light of knowledge 

gained, any changes in requirements were desirable. 

Attention was drawn to the fact that in aurrent aircraft the contribu- 

3 

r 

tions to structural weight of items other than the wing and fuselage were more 

significant than heretofore and it was questioned whether enough of the effort 

which was being applied to load measurements was being directed towards the 

greatest unknowns. In reply, it was suggested that the introduction of 

mandatory requirements for flight load measurements would ensure that effort 

was directed where it was most needed. 

In relation to Mr. Hovell's paper, other topics discussed included the 

problem of extrapolating flight load measurements to limit load conditions 

and the relative merits of pressure-plotting and distortion measurements on 

the one hand and strain measurements on the other. 

Reference was made to the essential difference between the 'discrete ? 
gust' and the powerspectral approaches to the problems associated with 

atmospheric turbulence: the former was based on the acceleration history - 
of the aircraft, and therefore included the effects of pilot action, while 

the latter was based on the properties of the atmosphere. This difference was 

thought to be well illustrated by the operational records which Mr. Sturgeon 

had presented. These indicated that, during flight in turbulence, large 

negative aooeleration increments oocurred more frequently than did large 

positive ones, and it was suggested that this was due largely to the 

behaviour of the pilot. 

Other points raised 111 connection with Mr. Sturgeon's paper concerned 

the relative merits of digital and of analogue recording, the use of opera- 

tional records as a souroe of information on control surface usage, and the 

problem of changing requirements to take account of knowledge gained from 

such records. 

ASYMMETRIC MANOEUVRES OF HIGH-SPEED AlRCRAFl' 
by G.D. Sellers, British Aircraft Corporation (Operating) Ltd., 
Filton Division 

Recent developments in the manoeuvre load requirements for high-speed 

aircraft were discussed, with particular reference to asymmetric manoeuvres. 

* 

. 
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These developments were made necessary by the evolution of aircraft with' 

aerodynamic and inertial properties whioh led to response characteristics 

which were fundamentally different from those of 'oonventional' aircraft. 

The specification of an asymmetric manoeuvre for these modern aircraft would 

normally allow for response in five degrees of freedom and the use of all 

three primary controls. The consequent complexity of the calculation of 

such a manoeuvre rendered essential the use of automatic computing facil<ties. 

Mr. Sellers presented and discussed typical results for pilot-initiated 

manoeuvres, for recovery manoeuvres following engine failure, and for 

manoeuvres subsequent to asymmetric weapon release. Some of the calculations 

for pilot-initiated manoeuvres related to slender-delta configurations and 

some to rear-engined, swept-wing configurations; the calculations for the 

engine-failure oases were also for a slender delta. 

It was pointed out that although handling and loading requirements 

were beooming more closely inter-related the manoeuvre levels on which they 

were based generally differed (the level being higher in the loading case). 

In these circumstances it was often difficult to specify control actions for 

the loading oases which could be interpreted rationally in the light of the 

handling requirements. It was suggested that for initial design simple rules 

of thumb were required and an example of such rules was given. 

Discussion 

Attention was drawn to the fact that in all the calculations presented 

by Mr. Sellers the stability augmentation system had been considered inopera- 

tive. It was suggested that, while such a system would normally decrease 

response, and therefore loads, in certain cases the addition of artificial 

stabilisation in one mode might lesd to increased response in other modes. 

In view of the rapid variation with Mach number of aerodynamic deriva- 

tives in the transonio regime, shonn in one of Mr. Sellers's figures, it was 

asked whether six-degree-of-freedom calculations might not produce interest- 

ing results. 

In the discussion of the relationship of Handling and Loading Actions 

it was suggested that steps could now be taken to reduce the artificiality 

of the control actions specified for some structural design cases and, in 

particular, that CAADW records might indicate more realistic inputs for 

the engine-out case. 



10 

A SURVEY OF GROUND LOAD PROBLEMS 
by H. Hall. Structures Department, R.A.E. 

Three msin types of problem were identified; they were concerned 

respectively with the loads developed in the undercarriage, the response of 

the aircraft structure to ground-induced loads, and the loads produced at the 

ground. Most of the paper was devoted to a study of the 'state of the art' 

with respect to the first of these. 

Sources of undercarriage loading actions which were currently being 

studied included main undercarriage shimmy, brake-induced vibrations, runway 

roughness and towing. Progress in these areas was reviewed. 

The operational data relevant to ground loads which were being collected 

by CAKRP, by the R.A.E. and by the Aviation Operational Research Branch 

(A.C.R.B.) of the Board of Trade were discussed. It was thought that the 

time could be ripe for a rationalisation of design requirements, taking these 

statistics into account. The most pressing need seemed to be for an adequate 

fatigue load spectrum. 

Researoh which was being conducted by the Structures and Mechanical 

Engineering Departments of the R.A.E. was described. Apart from some experi- 

mental work on the response of a model of a slender-wing aircraft to landing 

impact, this was mainly directed towards the problems associated with ground 

manoeuvres, and had the ObJeCt of effecting improvements in pilot and 

passenger vibration environment levels, shock absorber design and braking 

characteristics. 

Discussion 

There was endorsement of Mr. Hall's views about the urgent need of a 

reliable fatigue spectrum; this was, in a way, more essential to the under- 

carriage designer, who still had to produce a safe-life structure, than to 

the airframe designer, who nowadays provided a fail-safe structure. One 

speaker argued that there was no fundamental difficulty in deriving such a 

spectrum from undercarriage load measurements in conJunction with the known 

use of the aeroplane; a large amount of work was, however, involved. 

166 

z 

4 

Itwas suggested that main undercarriage shimmy, which was characterised 
as a resonance or flutter-type problem, might be investigated by an adaptation 

of the normal airframe resonance test, in which the tyres would be inflated, 
I, 
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and the wheels or underoarriages themselves excited by the trouble-causing 

loads. The major unknown in the problem was considered to be the tyre force 
? 

developed under unsteady conditions. 

h 
The phenomenon of the multiple-bounce landing produced a discussion 

concerned with the separate influences of undercarriage rebound charaoter- 

istios and aerodynamic lift forces. In a reference to the subject of landing 

load requirements, there came a plea for a reduction of the specified IO ft/seo 

landing velocity, which was held to be unrealistic for many types of aircraft. 

It was pointed out that in the case of VTOL aircraft engine thrust was a 

factor that had to be taken into account as well as rate of descent. 

GENERAL DISCUSSION 

Time permitted only two contributions to the General Discussion. In 

effect, these two contributions (the second of which was by the Chairman), 

together with the Chairman's Summing-Up, constituted a review of the themes 

running through the symposium. 

-4 
It was thought that the papers had pointed to two main objectives for 

the future - the establishment of a more comprehensive fund of knowledge of 

loading actions, and the application of that knowledge to the development of 

a rational design philosophy for aircraft structures. However, the aoquisi- 

tion of such knowledge was an expensive business and it was imperative that 

the cost effectiveness of the relevant research end development work be 

realistically evaluated, difficult though this might be. Also, it was 

necessary to ensure that the limited effort available was directed to the 

areas where it could do most good. It seemed desirable to explore the 

possibility of wider collaboration throughout world aeronautics in 

Loading Actions work, and to consider the benefits that might accrue from 

comparisons of problems relevant to aircraft structures with those in other 

fields of structural engineering. 

, 

J 

./ 

There were said to be two main aspects of design philosophy - design 

against static failure, caused by the loads associated with rare events; and 

design against fatigue failure, caused by frequent low-intensity forces. The 

relationship between these two aspects was quite obscure: for example the 

rare intense loads might not belong to the same statistical family as the 

more frequent low-intensity loads. 
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It wss considered that one of the greatest sources of uncertainty in 

Loadlng Actions calculations was imprecision in kwwledge of the manoeuvres 

to which aucraft were subJected and, in particular, of the part played by 

the pilot. Resolution of these uncertainties had to be attempted although 

this would be a difficult subJect to pursue and. one which would evolve 

questions of pilot psychology. 
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CIiAIBMAN'S INTRODUCTlON 

13 

Mr. P.A. HuPton, Deputy Director (A), R.A.E., said that Loading Actions 

was one of the areas which tended to fall between the two stools of Structures 

-, and Aerodynamics and that this had possibly led to a failure to give enough 

4 attention to the subject. The A.R.C., anticipating that some co-ordination 

would be needed, had set up a Loading Actions Sub-Committee some time ago: 

the present symposium stemmed from work initiated by it and also from the 

feeling that it was still necessary to impress upon people that the discipline 

of Loading Actions really warrant&i a good deal of attention. 

The Chairman said that a point he would like to see brought out in the 

discussions was the question of how a value could be attached to the work 

that was done. He disliked using the O.K. words, but aost effectiveness of 

research work and development work had to be considered very thoroughly 

indeed, and one had to try to get a better feeling of the value of this kind 

of work to measure against the cost of doing It. He thought that it was 

going to be difficult to do this, but the attempt had to be made. 

. 

. 





166 

. 

1 
. 

2 

3 

4 

5 

6 

7 

by 

W. me 
(Air Registration Board) 

CONTENTS 

SCOPE OF Tm SUBJECT 
ACCURACY REQUIRED IN LOADING ACTIONS PI1FJ)ICTIONS 

BATdNCE OF EFFORT 

HISTORY 

APPROACHES TO THE GE2XkAL PROBIXM 

LOADDISTKCBVPION 

STOCK-TARING 

F%LJ$g 

16 

17 

18 

19 

21 

25 

25 



16 

1 SCOPE OF THE SUF!J'ECT 

166 

I how of no precise definition of the words 'Loading Actions'. This 

is not important so long as there is a generally accepted understanding of 

what the words are meant to convey. I think we can safely start by saying 

we are concerned with the systems of forces applied to structures. Clearly 

these forces include the external ones arising from motion through the air, 

from contact with the ground or water, or even from had or birds. We are 

certainly concerned with the magnitude of these loads and their distribution 

over the surfaces of the aircraft. 

4 

These external loads may be self-balancing (e.g. thrust equals drag) or 

they nay be balanced against the forces of gravity (e.g. lift equals weight) 

or they may cause acceleration, either linear or rotational. If the aircraft 

is in accelerated motion it is a handy convention to consider this as a quasi- 

static state of affairs inwhich each element of mass 1s replaced by an 

inertia force (of magnitude equal to mass times acceleration). The sum of 

these lnertla loads provides the reaction equal and opposite to the unbalance& 

external loads. Thus a knowledge of the distribution of mass throughout the 
T 

aircraft 1s also part of the study of loading actions. 

These systems of forces, applied to the aircraft structure, permit the 

loads m individual elements and the stresses in these elements to be cal- 

oulated but this I do not count as part of the subject of Loading Actions. 
. 

With the relatively stiff structures of early aircraft it was a pardonable 

approximation and a vast simplification to treat the aircraft as a rigid body. 

One advantage was that in assessing the air load distribution we were con- 

cerned only with the unique 'as designed' shape of the aircraft. With the 

modern flexible structure the loading is redlstributed as the structure 

distorts. A classic case is that of control reversal. For instance, at 

aileron reversal speed, increase of aileron angle produces dzstortion of the 

wing sufficient to nullify the rolling moment normally accruing from aleron 

movement. 

But even more important than these aero-elastic effects are the elastio- 

cum-inertial effects, i.e. the fact that a rapidly applied. load causes a 

greater deflectlon, and hence greater stress, than the same load applied 

slowly. The artifice that the structure was a rigid body was equivalent to 

saying that external loads would be applied slowly in comparison with the 
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natural period of the surface ooncerned. This first became patently untrue 

for gust loads on long flexible wings and for landing drag loads on long 

underoarriages. 

Thus today the simple concept of the external loads being reacted by a 

set of easily calculable inertia loads, must be supplemented by a knowledge 

of the additional loads which arise fmm the elastic-cum-inertial properties 

of the structure. 

Reverting once more to the question of what Loading Actions comprises; 

although the traditional problems of Aeroelasticity - flutter, reversal, 

divergence, control surfaoe buzz - are not part of the Loading Actions problem, 

nevertheless, the fact that the structure is a set of masses elastically 

connected together must form part of the study of loading aotions. 

The application of loads to the structure results in stresses which 

may cause static failure or fatigue failure or creep. The mode of failure 

is not directly a matter of loading action, but in assembling data and 

prescribing loading actions regard must be paid to the kind of failure which 

we are attempting to prevent. 

2 ACCURACY REQUIRED IN LOADING ACTIONS PREDICTIONS 

It is not very original to say that if we are to construct aircraft 

with the requisite strength as econosncally as possible we need an exact 

knowledge of the loading conditions. But our knowledge is never exact and, 

as in most matters affecting design, compromise plays a part. 

If the accuracy with whioh we know the loading conditions is relatively 

poor we can secure safety by including larger margins to counterbalance 

ignorance. Or we can preserve economy but at the risk of an unacceptable 

accident rate. Usually the demand for ssfety wins at the expense of the 

need for economy. Indeed, if the accident rate were to become excessive, 

the cost of the accidents would be, in itself, a dis-economy, certainly in 

the case of civil aircraft and possibly in that of military aircraft in 

peacetime. 

A rough idea of the balance between risk of accident and of economy in 

terms of structure weight can be obtained as follows. If a typioal design 

load is decreased by lC$ this corresponds roughly to a IO-fold increase of 

frequency of occurrence of the load. Assuming that about half the structure 
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weight is directly dependent on load (i.e. about 2096 of the all-up-weight of 

the aircraft) then a IO-fold change of accident rate corresponds to about 2$ 

difference in gross weight. 

If,therefore,the predicted loading actions are subject to an inaccuracy 

of I@, as we certainly cannot afford to risk a IO-fold increase of structural 

accident rate we pay a penalty of the order of 2% of the gross weight. This 

is not an impossible penalty but is serious enough for us to try to reduce 

it. 

This kind of calculation, rough though it is,suggests to me that we 

are justtiled In maintaining the effort to increase our knowledge of loading 

conditions so as to avoid the penalty of large factors of ignorance. It 

also suggests that we have been right in concentrating most attention on the 

loading conditions which design the big structural items; the wing, landing 

gear and fuselage. In other words, the loads arising from gusts, pitching 

manoe-es and landing and take-off deserve greater effort to obtain accuracy 

than do other loads. 

3 BALANCE OF EE'FCRT 

While considering the problem in these general terms, it should also 

be borne in mind that the accuraoy with which we lonow the structural safety 

depends not only on our knowledge of the loading conditions, but also on the 

strength of the structure in relation to these loads. Similarly, an inef- 

ficient structure can arise not only from an over-estimate of the loads, 

but also from an under-estimate of its strength. In other words, accuracy 

of stressing plus testing is another facet of the overall matter. 

It is my belief - though I recognise the difficulty of proving this 

view - that the accuracy of estimates of structural strength is better than 

that of estimates of the magnitude and distribution of the loads. The 

refinement of design associated with the elaborate processes of strength 

calculation and test programme seems to me to be well ahead of the basic 

loading conditions with which we start. 

This point arises in an acute form when the designer, in seeking 

approval for s reserve factor of 0.99, points out that the loading condition 

specified in requirements is not known to better than 1% accuracy. The 

simple answer is that even if one Ingredient is inacc'lrate, it is no excuse 

for compounding it with a known deficiency. But there is a deeper issue. 

. 

. 
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Are we devoting disproportionate effort to these two equally important 

elements of design? Should not we place more emphasis on Loading Actions 

even if this means less effort available for Stressing? 

In my view, this merits careful consideration. Loading Actions work 

has tended to fall into a no-man's land between Aerodynamics and Structures. 

Recognition of Loading Actions as a subject in its own right has come rather 

late. It is now so recognised - the formation of the Loading Actions Sub- 

Committee of the A.R.C. being an outward sign. This Sub-Committee has, in 

the last few years, illuminated many problems, but committees rarely solve 
problems. This depends on the efforts of workers in the Establishments and 

Ina.ustry. Today we shall hear something of the problems and something of 

the efforts to solve them. 

4 HISTORY 

The airworthiness engineer seeks to ensure that requirements sre of the 

correct form and the correct magnitude. If the form is incorrect, then it is 

likely that the level of axworthiness will vary from one application to 

another. If the magnitude is ill-chosen, all aircraft will be too safe or 

too dangerous. This search for correctness of form and magnitude is often 

called rationalisation. 

In the aircraft structural field there has always been a conscious 

effort to find a rational form. Thus,from the beginning, strength was 

specified in terms of the manoeuvres it was visualised that airoraft would 

undertake. In retrospect, this can be seen as a superb effort of the 

imagination as it was a complete departure from previous struci,ural practices. 

The first attempts at specifying loading conditions (around the 1920s) 

were not, however, always consistent. For instance, the loads normal to the 

flight path were related to extremely violent manoeuvres which would break 

the aircraft, i.e. the ultimate load factor was specified. On the other 

hand, in the terminal velocity dive the associated loads were nultiplied by 

a factor of safety to arrive at the ultimate load condition. lhus the 

concepts of load faotors and factors of safety were sometimes confused. 

Just before World War II, the next major step of rationalisation 

occurred. This was the introduction of the V-n diagram. The inner boundary 

of this diagram represented the combination of normal acceleration and air 

speed which could reasonably be expected to occur, albeit rarely. These 
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conditions later became known as limit loads. The outer boundary oorres- 

ponded to loads a given percentage above limit loads and represented ultimate 

loading conditions. The ratlo of ultimate to limit load became established 

as 1.5 to 1. 

These attempts to rationalise the form of requirements were made more 

difficult by lack of actual operational data. The fitting of the V-g 

recorder in the U.S.A. before the war and in Britain during the war gave the 

first valuable data. It became apparent that the envelope of an accumulation 

of V-g recorder results was, in fact, a real life V-n diagram corresponding 

to a certain frequency of occurrence. Thus the idea was born that the limit 

load boundary should be established to correspond to some selected frequency 

of occurrence. 

This event was significant in the development of the approaches to all 

kinds of alrworthiness problems. Prior to World War II the tendency was to 

pitch the requirements at a level which seemed reasonable, using whatever 

goqd judgment was avaIlable to decide on 'reasonable'. With the reallsatlon 

that the level of a requirement, could be related to the probability of occur- 

rence of an awldent, xt became necessary to make more conscious decisions 

on what awldent probability was acceptable. At root all safety questions 

are ones of statistxal probablllty of occurrence, so it is basIcally sound, 

whenever our lcnowledge pernuts, to fix the acceptable probability and to 

contrive requirements which seowe this probability. 

I have described these developments m terms of the symmetric flight 

manoeuvre, but they permeated all fields of loading specifications. One 

other deserves particular mention - gust loading. The first simple specifi- 

cation was the sharp-edged gust. The aircraft was supposed to fly from 

still air into an asoendlng or descending air mass, and at first no account 

was taken of time effects. This clearly artificial idea of the atmosphere 

was soon replaced by the concept of a ramp-shaped gust. For some reason 

which is no longer clear a gradlent distance of 100 feet was selected. 

Generalised calculations were made of the response of the aircraft when 

flying into such a gust, and this resulted in requirements which took some 

account of the aeroplane characterutics, In particular wing loading. 

However, there remained the doubt about the statlstlcal correlation 

between gust magnitude and gradlent dlstsnce. This was not of great 

Importance whzle alrcraft were not too different from one another in size and 

.  
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flexibility. But with increasing flexibility, the stresses are greatly 

magnified when the time during which the gust is applied approximates to the 

quarter-period of the wing in bending. Thus it became important to asses8 
the load for a variety of gust wavelengths, The eventual solution to this 

problem may lie in the use of powepspeotral methods. The U.S.A. has done 

much work in this field. There has been considerable hesitation to use power- 

spectral methods in this country, the chief worry being whether the statis- 

tical model of the atmosphere on which the method is based truly reflects 

real life. 

Looking baok over this 40 or 50 year period one cannot fail to be 

struck by the relatively slow rate of development. Perhaps this is due to 

the fact that only to a limited extent will theoretical study advance the 

art. Much depends on amassing operational statistics, 8 slow and expensive 

process. For design purposes, we are concerned with very rare events. For 

instance, in civil aircraft the aim is a probability of catastrophic failure 

better than,say, 1 in IO million flights. It requires a large fleet, flying 

for several years, to accumulate this number of flights. Hence the oollec- 

tion of data is essentially a laborious business. 

5 APPROACHES TOTHB GENEIUL PROBLEM 

I will now turn to the methods used for predicting loading actions. 

The loads encountered depend on four main factors: 

- the operational role of the aircraft 

- the way in which the pilot behaves 

- the atmospheric conditions 

- the characteristics of the aircraft. 

The operational role of the aircraft determines broadly the Hnds of 

manoeuvring which it 1s necessary to carry out and hence fixes approximately 

the level of loads which the aircraft needs to withstand if flown in an ideal 

way. For instance, the operational role provides a guide to the necessary 

normal acceleration in pull-up manoeuvres, the required rate of roll and the 

abdity to make ground manoeuvres. A study of each main class of operational 

role thus provides some indication of some of the loading actions. 

The behaviour of the pilot is a much more elusive problem. The pilot's 

intention is to make the airoraft follow a particular flight path, and he 

exeroises the controls in a way intended to bring this about. But there is a 
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great variety of ways in which the pilot can manipulate the controls as far 

as the control force/movement/time sequence is oonoerned, fill of which more 9 
or less lead to the flight path he seeks to follow. But the precise way - d 

for instance, Whether the pilot applies the controls coarsely or smoothly - 

influences the loading conditions. 
. 

Similarly, in emergency conditions such as the failure of an engine, or 

in rough weather, the pilot handles the controls with the object of maintain- 

ing the attitude of the aircraft and, again, his control movements are not 

easily predictable. 

By amassing data on pilot behaviour in operations and by analysing it 

statistically, it would theoretically be possible to estimate the force/ 

movement/time sequences which might occur. 

As regards the atmosphere, the features which effect loading actions 

are mainly turbulence and wind shears. These again are widely variable but 

are amenable to treatment by statistical analyses of amassed records. 

Finally, the characteristics of the particular aircraft type are 

capable of assessment from wind tunnel or actual flight tests. 

Thus a theoretically possible logical approach to establishing the 

loading actions for a particular type of aircraft would be to determine, from 

recorded data, the spectra of pilot behaviour and atmospheric conditions and 

to treat these as inputs. Given a knowledge of the aircraft characteristics 

the loading actions could then be determined as the output. 

In fact, this approach is far too difficult to be of general use, 

ohiefly due to difficulties of establishing the pilot input behaviour. The 

loading actions needed for design purposes are rare occurrences and abnormal 

behaviour is all the more difficult to predict. Moreover, pilot behaviour 

is conditioned by the operational role and the characteristxs of the aircraft 

so it is not a truly independent variable. 

.  

I )  

. 

Because of these major difficulties, the approach has often been to 

obtain statistical data on the output, i.e. the resultant flight behaviour, 

and to assume that this can be transferred from one aircraft type to another. 

The problem has been further simplified by studying one principal loading . 
action at a time. A few examples will explain. . 

. 
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Consider the landing manoeuvre. A dominant design consideration is 

the velocity of descent at touchdown. The pilot's aim is to reduce this to 

some small value, say 2 or 3 feet per seoond. Due to impreoislon in handling 

and to turbulence, the velocity achieved on rare oooasions may be as high as 
I a to 12 feet per second. For a given frequency of ooourrence, say.1 in 

100 000 landings, operational evidence indicates that the corresponding 

velooity of desoent varies from type to type but broadly justifies a design 

value of IO feet per second. This method of determining the design value 

lacks precision, but has the virtue of being straightforward. The alterna- 

tive of assessing the statistics of the pilot's control movements at the 

moment of landing has not been attempted, but has all the appearances of 

being much more difficult. 

4 

. 

. 
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For a second example, consider gust loading. The large scale accumula- 

tion of records of turbulence can be expressed as a spectrum which in effect 

relates gust amplitude and wavelength. For lmown aircraft response charaoter- 

istics, the frequency of occurrence of loads of vadous magnitudes can then 

be assessed. This method of assessment gets close to a logical approach. 

However, it fails to take account of the pilot behaviour. If the pilot 

attempts to operate the controls he may reduce or increase the loads from 

the gusts. Ignoring pilot actlon 1s perhaps reasonable when ccnsidering 

short wavelength gusts, as the loads develop in a fraction of a second. For 

long wavelengths, the assumption becomes dubious. 

As a third example, take symmetric pitching manoeuvres. Operational 

data recording provides information for each broad class of aircraft on the 

V-n diagram corresponding to a certain frequency of occurrence. Thus the 

end-product of the combined effects of operational duty and pilot behaviour 

is determined. This approach omits to take account of such features as the 

stability and control characteristics of the particular aircraft type. HOW- 

ever, it is probably a reasonably good approximation so far as the important 

loading conditions on the wing are concerned. 

It is less satisfactory in respect of tailplane and elevator loads. 

These loads are partly determined by the balance loads which relate directly 

to normal acceleration and speed and partly by the added load arising from 

the exact way in whioh the elevator is moved. Present civil airworthiness 

requirements give methods of calculation of these pilot-induced loads which, 



in effect, relate the pilot behaviour to oharaoteristios of the aircraft. 

There remains at present a doubt about such a relationship. 
, 

Against the background of these examples, I would like next to oonsider * 

whether our approach to the assessment of loading conditions is sound. I * 
cannot prove what I am about to say - rather it is a matter of judgment with 

a lack of supporting data. 

Consider first pilot-induoed oonditions. In general, I believe it 

would be too difficult to approach these by detailed study of pilot behaviour. 

It seems preferable to oolleot data on the end-product, i.e. the actual 

manoeuvres made, a&taking proper account of the operational role, to assume 

that these read across from one type to another. This,1 believe, applies to 

such matters as the symmetric pitohing manoeuvre, the rate of roll, the 

velocity of descent in landing, the speeds at which flaps and landing gear 

are extended, etc. 

On the other hand, where the loading conditions are much more closely 

associated with pilot behaviour, and this is relevant to the design in the 

vicinity of the control surfaces, our present methods sre too onale. A 

fuller study of the control force/movement/time history in operation might 

well help to refme these requirements. 

As regards loads which are more closely related to environmental 

conditions, there are two main categories; atmospheric (gusts, wind shear, 

etc.) and ground loads when taxying. The development in recent years of 

measuring the spectrum of the external conditions and assessing the loads 

when the particular type is exposed to the environment seems the correct 

approach. 

Finally, there is the question of treating each loading action more or 

less in isolation. By this I mean, for example, that we consider a high 

normal acceleration case without additional roll or yaw loads. Similarly, 

we consider large rudder loads only in steady flight conditions so far as 

pitch is concerned. In the reality of an actual manoeuvre, the loading 

conditions are much more complex. This practice is probably not so dubious 

as it looks at first sight. The magnitude of stresses in a partioular 

part of the structure is often dominated by the loads arising from one com- 

ponent of the complicated motion. There is not a great loss of accuracy if 

the loads associated with some other component of motion are not taken into 

.  
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account with great precision. Nevertheless, this is one of the less satis- 

factory features of present requirements, and the most recent proposals 

the TSS Standards for the Concord) include 

LOAD DISTRISCTION 

I have referred mainly to the magnitude of 

to their distribution over the surfaces, but the 

combined oases. 

overall loads, rather than 

latter is important. In the 

early days attempts were made to provide, in requirements, generalised 

assumptions about load distribution. On the whole, this was not a satis- 

factory approach. The distribution depends so much on the particular aero- 

dynamic shape that generalisation is subject to considerable inaccuracy. My 

belief is that if the accuracy of the assumptions regarding loading distribu- 

tion is to match the aocuracy of strength estimates, then it is worth the 

effort to make specific estimates for each type of aircraft. This may well 

involve not only model tests but full-scale flight tests. The full-scale 

flight test seems as necessary as full-scale strength tests. 

7 STOCK+MIUXG 

-> I should like to finish by venturing an exercise in stock-taking. First 

r there are the loading actions which are most important in the respect that 

. they design massive pieces of structure. 

Symmetric manoeuvres. So far as the principal design parameters, speed 
* 

and normal acceleration, are concerned we are better placed than in almost 

any other area. A continued collection of routine data should serve to keep 

us up to date. 

Gust loading. Improvements of general data, for instance at high 

altitude, are needed. But equally it is important to settle the previously 

mentioned problem of the correlation of gust magnitude and wavelength. For 

fatigue loading purposes the power-spectral approach seems to offer a 

basically sound description of turbulence, from which fatigue spectra could 

be derived. For statio strength purposes, there remain doubts whether the 

rare high-magnitude gust is properly represented by the power spectrum, or 

whether It is not a member of the same statistical population. It might be 

. better to retain, at least temporarxly,the discrete gust form of specifioa- 

tion but, if this course was followed, it would be important to specify 

ranges of wavelength corresponding to the various magnitudes of gust velocity. 
l 
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Landing and take-off loads. The main design parameter in landing, the 

vertical velocity of descent, is reasonably well established but could 

probably be refined if operational statistics could be obtained. Of more 

immediate importance are the ground rolling and manoeuvring loads, firstly 

because they tend to design a considerable proportion of structure, secondly 

because fatigue failures are the predominant form of undercarriage trouble. 

A major effort is clearly needed in this field. 

Turning to the losding conditions which design lighter, but still 

important, structural elements, we have the symmetric manoeuvres in relation 

to tailplane and elevator, and to the flaps, air brakes, etc; and the 

unsymmetric manoeuvres in relation to ailerons, fins and rudders. (It is, 

of course, realised that these loads find their way into main fixed struc- 

ture.) Much effort has been put into defining the detailed loading actions 

on the tailplane and elevator consistent with the main symmetric pitching 

manoeuvres. But insufficient is still known about the control force/ 

movement/time sequence and there is little doubt that operational statistics 

would enable improvements to be made in requirements. As regards the 

unsymmetric manoeuvres of roll and yaw, there is a dearth of operational 

data, not only of the pilot input, but also of the overall output (e.g. rate 

of roll, or yawing angles). So these again seem to qualify for attention. 

There is, of course, a wide miscellany of loading actions to which I 

have not referred; buffeting, bird impact, crash landing, ditching, control 

system loads, acoustic loading. However, for one reason or another, these 

do not, in my mind, rate the same priority as the topics I have dealt with a 

little more fully. In any case, this symposium lasts only one day. 
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DISCUSSION 

Prof. W.H. Wittriok. University of Birmingham (Chairman, Loading 

Actions Sub-Committee, A.R.C.) remarked that in the first sentence of his 

paper Mr. Tye had stated that he knew of no precise definition of the words 

'Loading Actions' but that he had then gone on to give an admirably clear 

picture of what they implied and also a most valuable summary of what he 

regarded as the major problem areas. Prof. Wittrick said that he was parti- 

cularly interested in the belief that the accuracy with which loads could be 

estimated fell short of the accuracy with which the structure could be 

designed for a given strength, snd he thought that this emphasised the need 

for a symposium of the present nature. 

As Mr. l'ye had said, there was a Loading Actions Sub-Committee of the 

A.R.C. and Prof. Wittriok thought it was correct to say that over the past 

few years they had disoussed, in some measure, most of the major problems 

that Mr. Tye had outlined, as well as some of the not-so-major ones. During 

these discussions several big question marks had cropped up with distressing 

regularity and he would like to mention one of these in relation to Mr. Tye's 

paper. This was the question of pilot aotion, especially in turbulence, and 

the related one of the adverse effects on the pilot of cockpit vibration in 

long-nosed aircraft. He recalled Mr. Tye's belief that it would be too 

difficult to approach the problem of pilot-induced loading actions by a 

detailed study of pilot behaviour and that it seemed preferable to collect 

data on the end-product instead, and said he would like to question this to 

some extent on the grounds that the end-product could only be measured on 

existing aircraft. Mr. Tye had pointed out that one would need to assume 

that the output data could be read across from one aircraft type to another 

snd Prof. Wittrick wondered how valid this was, in that new generations of 

aircraft might have very different response and vibrational characteristics 

from their predecessors. He suggested that an attempt should be made to 

obtain some reliable fundamental data on just what a pilot does; although 

he appreciated the difficulties he felt that something ought to be done to 

fill in this vital gap in howledge. 

Another point raised by Mr. Tye was commented on by Prof. Wittrick, 

namely the question of treating each loading action more or less in isolation. 

Whilst he noted the reference to the combined cases in recent design require- 

ments he would like to ask what good this was from the point of view of 
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fatigue. Prof. Wittrick said that, not being a statistician, he had no idea 

what would be required in the way of correlation between individual load 

spectra or even whether it would be possible to define cross correlations 

that would serve the purposes of fatigue. 
. 

Finally, on the subject of the extent of the Loading Actions field, 

Prof. Wittrick was somewhat surprised that Mr. Tye had made no mention of 

kinetic heating and wondered whether it had been excluded because it gave 

rise to stresses without inducing loads. 

Mr. Tye, in answer to Prof. Wittriok's last point, said that if he 

were asked to write down a programme for a committee to consider in terms 

of loading actions he would include kinetic heating: it seemed to him a 

justifiable candidate and its omission from his paper was probably an over- 

sight. He thought that perhaps he had not expressed himself very clearly 

as regards the method of attacking the problem of pilot behaviour. He 

admitted that lack of howledge of pilot behaviour was one of the funda- 

mental weaknesses of the subject. He believed, however, that for certain 

conditions the statistical approach of measuring output quantities such as 

normal accelerations, speeds, and velocities of descent did not work badly 

in praotxe. Mr. Tye doubted whether even a very comprehensive study of 

pilot behaviour would lead to such accurate predictions of these quantities 

as were derived in approaching the problem in what was seemingly the wrong 

way round. On the other hand, in cases where the pilot behaviour had an 

intimate connection with the detailed loading, there was a need to treat 

this behaviour as a much more significant feature. For example, it was 

possible to achieve a certain normal acceleration with all sarts of time/ 

motion historIes of elevator movement and, correspondingly, to obtain all 

sorts of elevator loads. He thought, therefore, that in starting a programme 

of examimg pilot behaviour one should relate it to particular aspects of 

Loeding Actions rather than assume that one would be able to get quickly to 

a comprehensive set of loading actions via a knowledge of pilot behaviour. 

* 

. 

Mr. Tye said that he would not comment on the question of stressing 

for combined cases rather than separate ones except to say that in the course 

of the day statements by various authors would show how much more elaborate 

were their approaches in terms of combinations of oases than the present . 

requirements demanded. ! 
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Mr. C. Coldberg. Dowty Rotol said that in the section of the report 

which dealt with landing and take-off loads, Mr. Tye had said that the 

definition of the vertical velocities of descent was well established but 

could possibly be refined if operational statistics could be obtained. This 

was true but, while this refinement was taking place, one would like to 

discover how the lift forces disappeared as the aircraft touched down and, 

conversely, how they built up during t-g. These factors had an appreci- 

able effect on the rate of growth of the ground reactions. He wondered if 

Mr. Tye could say whether any work was being done on investigating the dis- 

appearance of wing lift forces when an aircraft lands. 

Mr. Tye said that he did not know whether or not any work was going on 

but that he was sure there would be someone present who did know. From the - 
ensuing silence, Mr. Tye was inclined to infer that there was not - the 

Chairman, however, said that such an inference was not justified. 

5 

. 

Mr. H.H.B.M. Thomas, Aerodynamics Dept., R.A.E. agreed with Mr. Tye that 

it was easier to define the manoeuvre which a pilot intended to do on a par- 

ticular aircraft than to define how he actually achieved this. However, he 

was not convinced that there was such a wide variety of paths by which the 

pilot could reach the same end result and he wondered if there had been any 
. 

examples that Mr. Tye could quote to support his statements. 

Mr. Tye recalled that about twentyfive years ago he had performed 

calculations in which various assumptions were made about pilot behaviour 

and that he had been able to produce a variety of hypothetical time histories 

which had led to a certain value of norm&L acceleration. At that time he did 

not know whether these time histories realistically represented what pilots 

did in practice and he was afraid that the answer might still be unknown. 

Mr. P.F. Richards, Air Registration Board felt that in discussing pilot 

action much depended upon whether intentional or emergency manoeuvres were 

being considered. He thought that as far as the intentional manoeuvres were 

concerned a very good attempt could be made at defining them, but that 

emergency manoeuvres lay in the realms of extremely remote probabilities 

where the pilot was obeying his instinct rather than his training. The A.R.B. 

believed that m these circumstances there was an infinite variety of possible 
. control movements and that there could be no clear answer as to which would be 

actually applied. 



Therefore, for requIreme& writing purposes, they had tried to define 

'boundary' conditions and 'extreme' control movements to which the loading 

could be related and which they hoped would adequately cover the whole range 

of possible practical oases. 

Mr. P.A. Hufton. Deputy Director (A), R.A.E. (Chairman) thought that 

. 

one of the difficulties was that the pressures which forced us to get the 

utmost out of an aircraft were necessitating a more sophisticated approach. 

If told that we did not know how pilots used the elevator his instinctive 

reply would be 'Nonsense, this has been known for ages; there have been 

milllons of records.". However, he thought that what people were saying was 

that their current need was for a lurid of probabiljty diagram of the degree 

of likelihood that a pllot would respond in a certain way: some responses 

were Impossible because the pilot was of only finite strength but between 

this limit and that of a very slow elevator application there were certa;Ln 

responses that gave rise to concern. There might, for example, be a pilot 

response to a gust whxh was only probable at a level of 1 in 100 or 1000 

occurrences but which would Increase the intensity of an already improbable I 

gust load to a very high value. Mr. Hufton emphaslsed that a lot of knowledge . 
had already been galned but that even more was demanded by modern levels of 

sophistication. He considered that the rudder, rather than the elevator, 

was the control that gave him most concern and said that he sometimes wished i 

that rudder bars could be taken out and replaced by some other method of 

maintaining zero sidesllp, e.g. by automatic controls, though he knew this 

would have additional implications. 

Mr. D.J.M. Williams, A.O.R.B., Board of Trade referred to Mr. Goldberg's 

query about vertxal velocities of descent and whether the attitude of the 

aeroplane, or the lift on the aeroplane, was being considered. He said that 

flight measurements of touchdown parameters were being made at Heathrow and 

that these could have a bearing on the subject. They were aware that the 

vertical velocity was not the only thing of importance at touchdown; rather, 

it was the energy to be absorbed in the undercarriage that was crltical and 

this was now being studied. 

Mr. W.J.G. Plnsker, Aerodynannos Dept., R.A.E. (Bedford) said that the 

disclpllnes of Stressing and of Aerodynamics had been given as those mainly 

involved in Loading Actlons. He felt that before long a third would be a 

powerful influence - Automatic Flight Control. There had been a lot of 

. 



166 31 

5 

i 

discussion about the uncertainties of the actual applied loadings, especially 

those coming from the pilot. He pointed cut that by applying such concepts 

as manoeuvre demand control one could limit the variety cf things a pilot 

could do. Mr. F'insker said that one area in which he had become involved 

in Loading Actions was that of inertia cross-coupling. There,a large amount 

of the trouble stemmed from allowing the pilot to use the controls in a way 

which was of no utility and very often it was possible to eliminate the 

problems altogether by putting stops on the control surfaces. He wondered 

whether many time-honoured concepts, even n, and so on, could not be revised 

very sharply if scme means could be found to restrict the manceuvres to those 

that were really necessary. 

Mr. Hufton commented that this would be a less radical solution than 

getting rid of the rudder bar. 

l r 

. 

. 
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LOADING ACTIONS FROM THE DESIGNEX'S VIEiRpOINT 

by 

F. w. vann 

(Hawker Siddeley Aviation Ltd., Hatfield) 

SUMMARY 

This paper gives a review of the methods used to determine the design 

loads for the structure of the Hawker Siddeley Trident. 
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1 INTRODUCTION 

The purpose of this paper is to give a review of the processes involved 

in deriving the design loads for a typical modern high-speed jet airliner, 

namely the Hawker Siddeley Trident. As far as possible, all mathematical 

formulae have been avoided and the paper is intended to give an idea of the 

amount of work and the organisation necessary to obtain the design loads 

rather than to explain any of the theoretical methods used, which are not 

particularly involved in any case. The additional complications associated 

with flexible swept wings play a large part in what follows, since it is due 

to aeroelastic effects that the derivation of the design loads for an air- 

craft like the Trident involves so much work. 

A point which must be emphasised at the outset is the fact that even 

today,when computers are indrspensible to obtaining the design loads, it is 

'engineering judgment' which still plays the main part in determining these 

design loads. It has been said that no aircraft which fails to comply with 

the official design requirements can be satisfactory in service, but that 

conversely an aircraft which meets the requirements may be unsatisfactory in 

sernce. The requirements have always to be treated in a sensible way. #here 

it is considered that they may not produce adequate safety, the designer is 

Justlfled in designing to higher loads than those given by the official 

requirements. On the other hand, where the requirements for any reason 

appear to penalise the aircraft unfairly,because of some peculiarity in its 

design which may not even have been envisaged when the requirements were 

drawn up for earlier types of aircraft, the designer will consult the official 

authority, in this case the Air Registration Board, and produce evidence to 

Justify his asking for some relaxation of the written requirements. The whole 

process of determining the design loads is not a mathematical exercise carried 

out vvlth computers in an ivory tower, but is basic to the whole design of any 

aircraft and is closely involved with all the other design considerations. 

We may use computers to assist in the purely mechanical work of calculating 

the loads, but considerable 'engineering judgment' is needed for the mter- 

pretation of the numbers which the computers produce. Ultimately the object 

of all work in 'Loading Actions' is to produce an aircraft which is safe in 

operation whilst still being economical to operate, and this oonsideration 

must be kept in sight throughout the whole process of producing the design 

loads. 
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2 DESIGN REQ- 

.  

‘ 

The Trident has been designed to comply with both the British Civil 

Abvorthiness Requirements and the American F.A.R. since it was expected 

that the aircraft would be sold to customers requiring U.S. certification. 

The differences between the British and American requirements are, on the 

whole, not significant as regards the design loads. Since the design of 

the Trident commenced in earnest, in 1959, the differences between the two 

sets of requirements have been further reduced by the introduction in 

B.C.A.R. of the requirement of 2.5 g at VD instead of 2g and the revised 

gust load requirements which now coincide with the American F.A.R. 

There are some features of the Trident which are not the subject of 

specific requirements in B.C.A.R. or F.A.R. Rxamples are the airbrakes, 

lift dumpers and slats which are not mentioned in the official requirements. 

The design oases for these components were settled by discussion between the 

designers and A.R.B. 

3 DRSIGN SPWXDS 

., 
The determination of the design speeds for the aircraft does not really 

. enter into the scope of this paper. However, the speeds used for the 
. different design cases are so fundamental in relation to the design loads pro- 

duced that a brief mention of them must be made here. Fig.2 shows curves of 

the various stressing speeds and their variation with altitude. 

The requirements define 

where Vs, = stalling speed at lg 

"1 
= manoeuvring load factor. 

Since CL falls off with increasing Mach number, it follows that 

this definitionmazf VA gives a lower value than the speed corresponding to 

a 2&g stall. B.C.A.R. appears to be rather vague on this point since it 

calls for checked symmetric manoeuvres from Ig up to the manoeuvre envelope 

load factor at VA. This is less than n,. Howeve?, it is obvious what is 

, required here. The Trident is designed for 2&g at VA. 

VC is taken as equal to VMO, the maximum operating speed, and hence 

is a practical limit. It will be noted in Fig.2 that VC is reduced at 
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altitudes below 6000 ft. This is a limitation imposed by bird impact loads 

on the windscreen and is no restriction in practice on the normal operation 

of the aircraft. At high altitude VC is limited to M : 0.88. 

VD is fixed relative to VC so that the margin between them is sufficient 

to ccver inadvertent speed increases due to gusts, loss of control or varla- 

tion of Mach number due to temperature fronts. 

At high altitude the margin between VC and VD is narrow, amounting to 

0.07 of Mach number. This smaller margin is adequate since there is a rapid 

drag rise at Mach numbers in excess of 0.88. 

VB is determined mere by buffet boundaries than by pure CL . One 
max 

definition of VB in B.C.A.R. is the intersection of the positive stall curve 

with the 66 ft/sec gust line but, in practice, CL is not very clearly 
max 

defined at high t?ach number and the onset of buffet becomes mere critical. 

As the Trident makes use of its flaps at a reduced angle for flying 

In turbulent atmospheric conditions, it has to comply with the requirements 

for flaps-down en route cases. In this case it 1s necessary to select VB, 

VC and VD wth flaps down at which the aircraft will meet 66 ft/sec, 50 ft/sec 

and 25 ft/sec gusts respectively. The considerations used to decide the 

flaps-down design speeds are similar to those for the flaps-up cases but are 

somewhat less severe as regards speed margins. 

4 MANOEUVRE AND GUST ENVELOPSS 

Unlike low-speed aircraft, the Trident does not have one unique 

manoeuvre or gust envelope. Due to the variation of CL and the wing lift 
max 

slope with Mach number, and due to the variation of speed with altitude shown 

in Fig.2, there is an infinite number of manceuvre and gust envelopes. 

Typical envelopes for the Trident are shown in Figs.3 and 4. 

In fact, these envelopes are of very little use in practice today, 

and appear usually only as a standard item in the aircraft Type Record as a 

matter of tradition. 

5 DESIGN CASES FOR THE AIRCRAFT 

It is convenxent to categorise the design cases which have to be ccn- 

sidered under the following headings: 

* 

. 
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(I) Airborne cases 

(a) Manoeuvres (produced by pilot's actions) 

(i) Symmetric (elevator-induced) 

(ii) Asymmetric 

Rolling cases (aileron-induced) 

Yawing cases (rudder-induced) 

(b) Gust cases (independent of pilot's actions) 

(i) Vertical gusts 

(ii) Lateral gusts 

(iii) Head-on gusts. 

(2) Ground cases 

(a) Landing 

(b) Take-off 

(c) Ground manoeuvres (turning and swinging, dynamic braking, etc.) 

5 

, 

(3) Miscellaneous 

(a) Emergency alighting 

(b) Loads due to pilot's effort 

(c) Pressurisation loads 

(d) Jacking 

(e) Handling loads (Ground crew stsnding on doors, etc.) 

6 CRITICAL DESIGN CACES FOR THR TRIDNNT 

The principal design cases which are critical for the structural design 

of the Trident are tabulated in Table I. 

It is immediately noticeable how many cases are critical for the 

design of the aircraft. In fact, the actual number of design cases is larger 

than is indicated by this summary since each case may produce design loads for 

a whole range of altitudes, speeds, weights and cgs. An item such as 'up- 

gust at VC' may cover a light load case for the engine mounting, a forward cg 

case for the wing and an aft cg case for the tailplsne. It will obviously 

be impracticable to investigate all the possible cases and, in the light of 

experience, the likely critical cases have to be selected by some comparatively 
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crude criterion. These cases are then investigated in considerable detail. 

For instance, the critical altitude in the gust cases is determined by some 

simple criterion such as UVaK where: 

U = gust velocity 

V = aimraf't speed 

a = wing 12-t slope 

K = gust alleviating factor of B.C.A.R. 

A typical plot of this parameter is shown in Fig.5 for the '50 ft/sec 

gust at VC' case. It will be seen that this quantity is not very sensitive 

to altitude in the critical region so that the design altitude can be selected 

without fear of massing the worst loads by a large margin. The same seems to 

be true of most of the design cases, luckily, so that there is normally a 

fair margin for error in selecting the design conditions. 

The main reason why so many cases are critical for the aircraft struc- 

tural. design is the fact that the aircraft has been subJected to a continuous 

process of development since it was only a proJect. The operating conditions 

as regards weight, cg and speed have been changing continually in an effort 

to extract the maximum performance and economy from the aircraft. They have 

all been fixed by answering questions such as 'What is the maximum permis- 

sible VC if we increase the zero-fuel weight by 2000 lb?' or 'What is the 

maximum permissible flap angle for en route conditions if the safe tailplane 

load is not to be exceeded?' The final result of this process is that the 

operating limitations for the aircraft have extended to fit the boundary of 

structural limitations at nearly all points. For example, the wing bending 

moment is the same within a very few per cent in the VB Up-gust, VC up-gust, 

and 2.5g mnoewre at VA cases. Similarly there are half a dozen tailplane 

cases which give identical loads within a very close margin. 

c. 

. 

The development of 'stretched' versions of the aircraft leads to a 

point where the actual configuration of the aircraft depends on the design 

loads. For example, if it is desirable to improve the landing or take-off 

performance by increasing the wing span or by extending the flap area but 

without expensive modifications to the structure in the wing root, the final 

configuration of the wing till be determined by working back from the permis- 

sible structural loads to the permissible wing span and flap geometry. In 

fact, instead of calculating the structural loads for a given aircraft, we 

. 
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are calculating the siroraft which will fit a given set of loads. In the long 

run this leads to a highly efficient aircraft since all the design parameters 

suchss speed andweight in all aimraft configurations have beenthorcughly c@&ed. 

As an example of this optimisation, the wing design bending moments 

for the latest 'stretched' version of the Trident are shonn in Fig.6. 

7 CALCULATION OF AlRGR4FT LOADS IN THE DEXCGN GASES 

If structural flexibility can be ignored, as it usually could be in 

the past, the calculation of the aircraft loads in any design case is a 

relatively simple matter. The total external air loads applied to the 

aircraft are calculated and the necessary balancing inertia loads due to 

linear and angular accelerations are determined. The net structural loads 

are the sum of the aerodynamic and inertia loads. The accelerations are 

obtained from the overall aerodynamic loads calculated from overall aero- 

dynamic coefficients which define the total aerodynamic pitching moment, the 

aerodynamic centre, and the total lift and drag. 

The internal structural loads such as shears, benting moments and 

torques are calculated from external air load distributions, and internal 

mass distributions. The only precaution needed, therefore, to guarantee a 

balanced consistent set of internal loads is that of ensuring that the 

external air load distributions correspond to the overall aerodynamic coef- 

ficients and that the internal mass distributions agree with the overall 

centre of gravity of the complete aircraft. This consideration may appear 

to be so elementary as to be scarcely worth mentioning, but in practice it 

is sometimes not as easy to achieve as might be expected, particularly at 

high-subsonio Mach number where the detailed distribution of air loads over 

the aircraft is not easily determined. 

However, the introduction of aircraft with relatively flexible wings 

with pronounced angles of sweep has produced aeroelastic problems in con- 

nection with loading calculations. These problems are productive of most of 

the work on loading actions today ard have, in fact, increased the amount cf 

calculation needed to obtain the design loads to a different order of magni- 

tude as compared with aircraft which are rigid or which can reasonably be 

assumed to be rigid. 

The best way to appreciate the work involved in determining the design 

loads for a modern high-speed aircraft is to consider in detail the methods 
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which are used for a particular aircraft. For this purpose, the methods 

used for the Trident are explained in general terms in the sections which 

follow. 

7.1 Symmetric manoeuvre loads 

The method used for obtaining loads in the symmetrio manoeuvre caaea 

has also been used for the loads in I g level flight, for the gust caaea and 

for the symmetric loads associated with the asymmetrio (rudder and aileron) 

cases. 

The basx data required for the symmetric manoeuvre cases comprise the 

specification of the aircraft speed and altitude (hence Mach number), the 

manoeuvring load factor, the mass distribution including fuel and payload, 

and a statement of the aircraft configuration, i.e. flap setting and airbrake 

wG=, if any. 

When dealing with low-speed aircraft where Mach number effeots are 

negligible, there will be a unique value for the aircraft pitching moment 

coefficient and aerodynamic centre position associated with any aircraft 

configuration. On modern high-speed aircraft, however, there is the added 

complication that the overall CM and aerodynamic centre vary with Mach 
0 

number and so do the distributions of lift ani pitohing moment over the 

wings, talplane and fuselage. For the aircraft's complete range of operat- 

ing Mach numbers, therefore, there is required a definition of the various 

aerodynamic load gradings over the whole aircraft together with the corres- 

ponding values of overall pitching moment coefficient and aerodynamic centre. 

In practice, the order is inverted since it is usually the overall coef- 

ficients which are derived from wind tunnel tests and the distributions 

have to be calculated to agree with the overall values. 

As mentioned above, the introduction of aircraft with flexible swept 

wings has further complicated the calculation of the design loads on the 

wings in the symmetric manoeuvre oases. The Trident wing tip deflects 

about 60 inches under limit load. Since the wing is swept at 30' and the 

bending takes place along the swept flexural axis it follows that there is 

an 'in line of flight' change of wing incidence equal to the bending slope 

times the sine of the angle of sweepback. This change of incidence is zero 

at the wing root and amounts to about 1s' per g nose down at the tip for the 

Trident. Lift is, therefore, twisted off from the outer wing and has to bs 

.  

I .  

. 
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recovered by xxreasing the overall incidence of the aircraft. The overall 

effect IS to bring the spanwise centre of pressure of the wing inboard 

towards the root, and hence to reduce the wing bending moment for a given 

flight condition. This effect becomes larger as speed increases. 

Due to the wing sweep, as the centre of pressure moves inboard it also 

moves forward so that the overall aircraft aerodynamic centre shifts forward 

by between 5% and 9$ of the aerodynamic mean chord depending upon the air- 

craft speed. This has a significant effect on the tall load and, hence, on 

the wing lift, since the sum of the mng and tailplane lifts remains constant 

and equal to the aircraft weight times the manoeuvring load factor. 

.I 

. 

c 

. 

i 

The calculation of the aircraft loads under these conditions can best 

be done by an iterative process which converges on the final state of equi- 

llbrlum. The aircraft is first balanced out as if it were rlgid ati the wing 

bending moctent, shear and torque are calculated. From these values, using 

the stlffnesses of the actual aircraft, the wing bending slopes and the 

torsional deflections can be calculated. On the Trident the effect of the 

wing torslonal deflections is negligible compared with the wing benting slope. 

Using this first approximation to the deflected shape of the wing, a 

revised lift distribution 1s obtained by the use of a Kiichemann matrix of 

aerodynamic coefficients or by some less refined method. The modified air- 

craft aerodynamx centre is thus obtained and a second balance-out of forces 

IS done based on the revised value. This gives a second approlnmation to the 

mng and tcul loads. The whole process is then reiterated until two succes- 

sive results agree withm some acceptable limit. 

This iterative process has been programmed for the digital computer. 

The programme outputs the structural loads for wmg, fuselage and tailplane. 

The latest programme which 1s wrltten for a KDFV computer takes 2 minutes to 

produce the structural loads. 

The aircraft is idealxsed as conszsting of 38 elements. Each wing 

comprises 12 streamwue elements and the front and rear fuselage each com- 

prise 7 'slices'. Each element is assumed to be of constant chord and all 

aerodynamic loads snd masses are assumed to be uniformly distributed over the 

mdth of the element. The deflections and rotations of the wing elements are 

defined by a 24 x 24 flexability matrix. 

The data which have to be input to the programme comprise the mass of 

each element, its geometry, the aerodynamic load coeffxlents acting on it 
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and its displacement under a unit load as defined by the flexlbillty matrix 

referred to earlier, together with the aircraft speed and manoeuvring load 

factor. The load distribution over the deflected Wang is calculated by 

means of a 12 x 12 sr3tri.x of aerodynamic influence coefficients. 

. 

The output from the programme consists of the shear, bending moment 

and torque, the incidence and the flnal lift coefficient for every mng 

strip, the shear, bending moment and lift on every fuselage element and the 

total lift on the wing, fuselage and tailplane. The present programme does 

not output tailplane shears and bending moments but a later Improved version 

of the programme will do so. 

The maximum wing bending moments are obtained with maximum payload, but 

at a constant, zero-fuel weight there is not much variation of wing bend- 

mg moment with fuel load since the fuel 1s distributed along the wing in 

roughly the same shape as the basic lift grading and the fuel usage IS such 

that fuel is drained from all the tanks simultaneously. Fig.7 shows the 

varlatlon of wing bending moment with fuel loading for a typical case. 

The effect of the aeroelastlc deformation on the wing loads can be 

seen from Fig.8 which shows the variation of wing bending moment with air- 

craft speed for a given weight condition. 

The programme described is also used to obtain the alrcrsft loads in 

level flight at Ig since this is obviously only & specific instance of 8 

symmetric manoeuvre with n = 1. 

The other important symmetric manoeuvre asses, so far as the ta;Llplane 

and rear fuselage are concerned, are the cheoked and the unchecked elevator- 

induced manoeuvres. In the case of the Trident these become tailplane 

induced manoeuvres since the aircraft has an all-moving tallplane. 

This proves to be an embarrassment as regards the requirement of 

F.A.R. 23.4.23 whioh calls for a sudden deflection of the elevator to the 

stops at VA. Applying this requirement to an all-moving tailplane produces 

very large loads since the aircraft acceleration produced is unlimited by 

the requirements. 

.  

I .  

The tail loads in the checked pltchlng manoeuvre oases have been cal- 

culated using the method given in B.C.A.R.,whioh has been programmed for 

the computer. The programme outputs the complete time history of the tail 

load, tailplane aoceleration factor, aircraft pitching acoeleratlon and 
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velooity, tailplane and trimming elevator angle as the aircraft performs 

the manoeuvre. 

We here encounter for the first time a problem which becomes much more 

difficult in connection with the gust oases. Some items of the structure 

may have loads which ars dependent upon a number of parameters such as tail 

load arxi airoraft linear and angular accelerations which are all varying with 

time. The problem is to find the critical time at which the component's 

load is a maximum although, perhaps, none of the parameters is itself a 

maximum at that time. 

For example, it is an easy matter to choose the time when the tailplane 

bending moment is a maximum since it corresponds to the time of maximum tail- 

plane air load. The rear fuselage of the Trident, however,is loaded not only 

by the tailplane air load but also by the inertia loads on the tailplane, 

fin and three heavy engines. When the tail load is a maximum the inertia 

loads are small and, conversely, when the inertia factors are a maximum the 

tail load has passed its peak. (See Fig.9.) In this case it is a relatively 

simple matter to find the worst loads but this type of problem becomes time- 

consuming in the gust oases where everything is varying with time and a search 

for the critical time interval has to be done for practically every item of 

the structure. This subject is discussed in more detail in a later section 

dealing with gust loads. 

The checked manoeuvre cases have to be investigated also in the flaps- 

down en route and in the flaps-down landing configurations. 

The symmetric manoeuvre cases produce design loads in parts of the I 

wing and fuselage and design almost the whole tailplane. 

7.2 Aileron cases 

Lateral control on the Trident is effected by means of ailerons aug- 

mented by using the airbrakes differentially as spoilers. The original 

design of the aircraft incorporated inboard and outboard ailerons. The 

inboard ailerons only were to be used at high speed and the outboard ailerons 

were brought into play when the flaps were lowered. This introduced some 

interesting design oases for combinations of flap and aileron. However, it 

was found that the lateral control at low speed was adequate using the in- 

board ailerons only and the outboard aileron was deleted. The remaining 

inboard aileron is inset from the wing tip and extends from 6@ to K$ of 

semi-span on the Series 1 Trident. 



In calculating the loads in the aileron cases, the aircraft has been 

designed for a checked rolling manoeuvre at all speeds, the aileron angle 

being limited only by the effort available from the aileron Jacks. The pilot 

effort required is no limitation in this respect. The effort available from 

the JaCkS is obtained by applying the maximum working pressure in the 

hydraulic system to the Jacks. These aileron angles have been associated 

with aircraft normal accelerations of 0 to 1.67g (= 3n,) as required by 

B.C.A.R. 

. 

. 

It is therefore impossible for the pilot to apply more aileron angle 

than the mrcraft has been stressed for. The only way in which he can 

exceed the design case is by applying the maximum aileron angle available 

with more than 1.67g. Fig.10 shows the reduction in aileron angle needed to 

stay within the aircraft strength limitations with manoeuvring load factors 

greater than 1.67. These limitations are based on limit loads so that there 

is still the safety factor of 1.5 in hand before structural failure actually 

occurs. 

Fig.11 shows the boundary of aileron and load factor oomblnations to 

produce failure in the aircraft structure. Since the aileron angle is 

limited physically by booster effort, failure can most easily be produced 

by pulling 3.lg whilst applying full aileron. This is at the very least 

an adequate margin. Fig.11 shows the envelope for VC at 6000 ft. Similar 

figures can be drawn for other flight speeds and give similar results. 

The calculation of the aircraft loads in the aileron cases has been 

done in accordance with B.C.A.R. except that, as said earlier, the aileron 

angle at any speed has been taken as the maximum available. The aircraft is 

assumed to have only one degree of freedom, roll about the centre line. 

The up and down aileron angles obtained by operating the control are 

not equal; more up aileron than down aileron is obtained. Moreover, the 

airbrakes when used as spoilers can be effective on one side only, i.e. the 

spoiler is extended on the wing with up aileron only. By averaging and 

differenoing the angles on the two wings, the ease is split into two cases - 

one purely symmetric, the other purely antisymmetric. 

The symmetric part is dealt with by the programme described in the 

preceding section on manoeuvre loads. The programme for the antuymmetric 

loads takes the stiffness data, aerodynamic and weights data for the wing 

. 

I- 
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elements defined as in the manoeuvre programme and outputs the rate of roll, 

6 the rolling acceleration,and the wing shear, bending moment and torque at 

any number of times selected during the rolling manoeu-. 

-> It is assumed that the aileron is moved to its maximum deflection, as 

limited by the stops or the maximum booster effort available, as quickly as 

possible. Thus, full aileron can be applied in about 4 second. The aileron 

is then held at this deflection for a time whioh is determined by the oondi- 

tion that the angle of bank does not exceed 90'. This is considered to be 

a reasonably severe assumption for a civil aircraft. In any case, the time 

which results from this assumption is such that the aircraft has reached a 

condition of steady unaccelerated roll. The aileron is then fully reversed 

to the maximum deflection in the opposite direction and is held there until 

steady roll develops. The loads throughout this sequence of manoeuvres Bpe 

calculated includmg the aeroelastio effects of wing deflection, and the 

maximum resulting values are used for design. The sequence of events is 

shown in Fig.12. 

c 

. 

In general,the steady roll cases are more severe than accelerated 

roll cases as there are no heavy masses in the wing which are offset from 

the flexural axis and, therefore, the wing inertia loads do not produce 

large torques. The aileron cases are only important insofar as they produce 

torque in the wmgs, and they provide design cases for the outboard spar 

webs. 

7.3 Rudder cases 

The rudder-induced manoeuvre cases can be considered in three phases 

(see Fig.lj):- 

(1) Nl rudder, sero sideslip. 

(2) Nl rudder, peak sideslip. 

(3) Zero rudder, peak sideslip. 

These three stages represent the suooessive states of the aircraft as 

a rudder manoeuvre is carried out. The aircraft has three degrees of 

freedom - lateral displacement, roll and yaw. 

The rudder angle available to the pilot is restricted by a rudder 

limiter which reduces the attainable rudder angle as speed increases. The 

fin was designed for the maximum loads occurring in the side-gust oases 
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(including dynamic cversw~ng effects) and the rudder angle 1s artiriclally 

limited at all speeds so that the fm loads for the side-gust cases are not 

exceeded in the yaw manoeuvre cases. 

The yaw manoeuvre case loads are calculated by considering the alrcraft 

as a rigid body and balancing the external aerodynamic loads by the appro- 

priate lateral, yaw and roll inertia loads. 

As far as antlsymmetric manoeuvre cases are concerned, Loading Actions 

seems to be lagging behlnd aerodynamic calculations on performance. Whereas, 
with modern high-tallplane aircraft, the cross coupling between yaw and roll, 

especially the so-called 'dutch roll', is a matter of detailed investigations 

by the performance engmeers, loadrng actions are still based on the rather 

simple-minded approach of aileron cases and rudder cases as separate subJects. 

At Hatfield we have been looking Into stressing cases which take into account 

the full response of the aircraft in all axes to combined rudder and aileron 

manoeuvres. Although, due to +he severity of the simple cases which have 

been used to design the axcraft, the new cases investigated do not give any 

cause for doubt about the strength of the aircraft, It would appear that, xn 

view of the new aircraft geometries whwh are now coming into vogue, future 

asymmetric manoeuvre cases should be related tc a more realistic representa- 

tion of the aircraft response to control movements. 

7.4 Vertical-gust cases 

The complxcatlons introduced into the manoeuvre and aileron cases as a 

result of vvlng flexlblllty are also present m the gust cases vFlth the added 

problem of the dynamw response of the aircraft to suddenly applied gust loads. 

The primary effect of the wing deflection, as in the manoeuvre cases, is that 

some of the lift induced by the gust is twisted off and the wing loads 

reduced. This effect IS more than counterbalanced, however, by the dynamic 

inertia loads in the wzuIg which increase the wing bending moment so that the 

combined effect overall 1s that the wing bending moments are larger than 

those for a rlgid aeroplane. The loads in the fuselage and tailplane are 

also increased due to dynarmc effects. 

The gust requirements stipulate a gust of sin2 shape. Thu canbe 

consIdered as one cycle of excitation at a frequency determined by the 

length of the gust and the forward speed of the sarcraft. If the gust length 

IS chosen such that the eqruvalent forcing frequency is equal to the natural 

. 

c 

. 

.  

I  

. 
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frequency of vibration of the wing, very large loads may be produced in the 

. . 

‘-: 

-3 

. 

structure. For the Trident, it was agreed by A.R.B. that a minimum gust 

length of 100 ft should be used. This represents a forcing frequency of 

about 4 c/s at VC at Zoo00 ft which is slightly higher than the wing funda- 

mental frequency of about 3 c/s. 

The introduction of gusts of varying lengths into the requirement3 has 

added another complication to the determination of the critical gust loads. 

In addition to selecting the most critical weight, og and payload distribu- 

tion, and the worst speed and altitude, a range of gust length3 has to be con- 

sidered to match up the forcing frequency with the natural frequencies of 

different part3 of the aircraft. For instance, the worst wing load3 are 

produced by a 100 ft long gust on the inner wing, a 125 ft gust on the middle 

of the span, and a 150 ft gust at the tip. The engine load3 are a maximum 

for 125 ft long gusts and the fuselage load3 for a 100 ft long gust. The 

only way to get all the worst loads is to calculate the gust loads for a 

number of gust gradient length3 and to select the worst values from these. 

It ha3 been found from experience on the Trident that it is sufficient 

to calculate the loads for gust lengths of 100 ft, I25 ft claa 1% ft in order 

to get all the critical load3 in the aircraft structure. pig.14 show3 the 

variation of wing bending moment with gust length. 

The gust load calculations for the Trident have been programmed for 

the digital computer. The aircraft is idealised as oonsisting of 48 elements. 

These comprise 12 streamwiae wing strips per side, 5 streamwise tailplane 

strips per side, 7 fmnt fuselage 'slices' and 7 rear fuselage 'slices'. The 

weight of each eleuent is assumed to be uniformly distributed over its width. 

:ience, some care is needed in the selection of the elements so that the cgs 
of heavy items such as engines or dercarriages are not displaced from their 

true position3 in the idealisation. A3 the assumption is also made that the 

air loads are uniformly distributed over each element, the elements have to 

be selected with an eye on the aerodynamic load gradings. Items such a3 the 

airbrakes and flaps produce sharp discontinuities in the air load grading3 

and it is convenient to arrange the wing elements 30 that their boundaries 

coincide with these disoontinuities. In the end it usually transpire3 that 
the choice of wing elements is very restricted and they are almost fixed by 

the a;ircraft characteristics. 
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The stiffnesses of the elements are defined by considering each 

element as a beam with a definite flexural sxLs and specifying the bending 

and torsional stiffnesses. Where the structure is highly redundant, as in 

the case of the ming root and the fin-to-fuselage junction, it is necessary 

to devise an equivalent beam with the same stiffness characteristics as the 

actual structure. This involves some rough estimations being done for project 

work but there is no problem in development work on the aircraft when all the 

structural analyses have been completed. 

Once a given aircraft loading case has been chosen for investigation 

and the masses of all the elements have been calculated, the normal modes of 

vibration of the aircraft are calculated. The aircraft elements have two 

degrees of freedom, translation and pitch. 

The aircraft is then considered as flying through the gust specified 

by the requirement3 for the speed and altitude under consideration. The 

gust is assumed to be of sin2 shape. The aerodynamic loads induced by the 

gust are calculated using the appropriate aerodynamic lag functions 

(Kiissner functions). The aircraft is given 8 degrees of freedom, rigid body 

translation and pitch and 6 modes of vibration. The aerodynamic damping due 

to motion is calculated by means of Wagner functions. No structural damping 

IS assumed.. 

The 6 modes which are used are normally the 6 modes with the lowest 

frequencies. Investigations have been made into the effect of omitting 

some modes and substituting others of higher frequency to assess their 

effect on the structural loads. As a result it was decided to add 3% to the 

loads obtained from the calculations to cover the effect of the modes of 

higher frequency which have to be omitted due to limitations on the capacity 

of the computer. 

The aircraft is assumed to meet a gust which is of constant velocity 

along a line parallel to the spanwise axis, i.e. normal to the direction of 

motion. Thus the root of the swept wing enters the gust first,followed by 

the wing tips after a time determined by the forward speed, and the tailplane 

enters the gust later still. The gust loads on the fuselage are assumed to 

act simultaneously with those on the wing root. 

The equation3 of motion for the dynamic system are solved and, hence, 

the accelerations of all the elements are obtained. The net loads in the 

. 

. 

. 

l 
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aircraft structure are then calculated from the external air loads and the 

inertia loads. 

The computer programme outputs the loads in the structure for any 

desired number of time intervals. It is usually sufficient to consider time 

intervals of the order of 0.015 to 0.020 sec. The integrations are done by 

a step-by-step process and this size of time interval gives reasonable 

accuracy when using modes of frequency up to IO o/s. The modes of higher 

frequency do not contribute much to the final loads, as stated earlier, so 

the loss of accuracy is small. 

The computer output is usually obtained for 16 to 20 time intervals 

covering a total time of about a third of a second. This has been found to 

be long enough, in general, to include the time when the peak structural loads 

occur. For each time interval the computer outputs the shear, bending moment, 

torque, lift coefficient and linear and angular accelerations at each of the 

48 elements. This represents the time history of the aircraft loads as the 

aircraft penetrates the gust. A typical set of output values is plotted in 

Fig.l5. 

'. The difficulties of sorting out the worst weight and og combinations, 

' the worst speed and altitude,and the critical gust length have already been 

mentioned. To these are now added the problem of deterrmning the critical 

time interval. In some cases this is a simple matter. For instance, if we 

are considering a piece of equipment mounted in the fuselage, the design load 

on the attachments may be determined solely by the maximum inertia factor 

at the relevant fuselage station. It is a comparatively easy matter to read 

through all the output values for that station and select the largest one. 

However, matters may be much more complicated in the ease of,say, a 

wing stringer on the bottom surface. The loads in this may consist of: 

(1) an end load dependent upon the wing bending moment, 

(2) a lateral bending moment dependent upon external aerodynamic 

suction, 

. 

(3) a lateral bending moment dependent upon the inertia factor 

acting on the fuel in the integral tank above it. 

It oan be seen from Fig.15, where the timemse variation of these 

values is plotted, that the three values do not all reach a maximum at the 
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same instant and the determination of the crltical time depends on the 

contrlbuticn which each of these values mekes to the flnal stress in the 

stringer. 

Three different solutions to this diffwulty have been tried at dlffer- 

ent times: 

(1) to assume that the peak values of all three parameters cCCur simul- 

taneously. This gives severe design loads and, hence, 18 a safe approach but 

it seems wasteful, to say the least, to carry cut lengthy involved calcula- 

tions on the response of an aircraft to gusts, and then to SubJeCt the results 

to this kind of heavy-handed treatment whxh Invalidates the accuracy of all 

the preceding work. It would be mere economical to use a much less sophisti- 

cated method from the beglnning and cbtaln answers as accurate as those which 

result from distorting the results of the accurate approach. 

(2) to calculate the stress In the stringer at a number of time inter- 

vals and plot the results in order to obtain the maxxnurn value. This is a 

time-consuming process especially as It may have to be repeated for a vast 

number of alrcrsft components. Hcwever, it would be possible to arrsqge for 

the computer to process its own output in this way and output the design 

loads. This needs a lot of organisation of programmes to deal with all the 

data involved since it is apprcachlng the Ideal stage where the computer 

accepts overall aercdynannc and weqht data for the alrcraft and outputs the 

reserve factor8 cn the structure. This pcssiblllty is being investigated 

at the moment. 

‘ 

.  

(3) to calculate the stringer stresses at the three tine IntervLlls 

whxh correspond to maximum wing bendlng moment, maximum fuel lnertla factor 

and maximum external air load. It is then assumed that aqy other time inter- 

vals will give loads only marginally wcrse (< 2%) than the worst value from 

the three times investigated. This method has generally been used in deriv- 

ing the Trident gust loads and checks using method (2) have shown that in the 

vast majority of Cases It gives the correct design loads within a very small 

error. This is because usually one parameter cutweIghs the others in prc- 

ducing stress in the component. 

Fig.16 shows the dynamic overswIng factor for bendlng moments In the 

Trident wing. The factor shown plotted is the ratio af wing bendIng moment for a 
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flexible aircraft divided by the corresponding bending moment for a rigid 

ail-craft. The factor, therefore, includes not only the dynamic effects but 

also the relief due to aeroelastic 'twist off' of lift. As can be seen from 

the curve, the dynamic and aeroelastic effects almost exactly neutralise 

each other over the inner third of the span so that the bending moment for 

the fleldble aircraft is only about 396 higher than that for the rigid air- 

craft. On the outer third of the wing, however, the dynamic increment far 

outweighs the aeroelastic relief so that, at the tip, the net bending moment 

is twice as great as that for the rigid aeroplane. 

The total loads in the gust oases are obtained by adding the gust loads 

to the lg level flight loads to obtain the up-gust case loads. The dovm- 

gust loads are obtained similarly by subtractmg the gust incremental loads 

from the lg loads. 

The gust cases design a large part of the aircraft structure, including 

the mngs, fuselage and engine mounting structure. 

Most of the fatigue damage to the wing is also caused by flying in 

turbulence and the loads used in the fatigue calculations are obtained in 

the same way as described above for the 'static' gust oases. 

7.5 Side-gust oases 

At the time when the Comet was designed, some power-spectral analysis 

was done in connection with the fin loads due to flight through turbulence. 

It was decided to adopt the same approach to the fin loads for the Trident. 

The method used was basically as follows: 

(I) Calculate the worst wing design loads using the B.C.A.R. discrete- 

gust approach. 

(2) Using a standard spectrum of atmospheric turbulence, calculate, 

using power-spectral methods, the frequencies of occurrence of the wing 

design loads given by (1). 

(3) Using the same spectrum of turbulence, calculate the fin load 

which occurs as frequently as the wing design load. This is equivalent to 

having the same probability of failure for the wing as for the fin. 

The fin load thus derived is used for the design side-gust case. It 

was found that for the Trident this fin load was 2% greater than the load 

obtained by working to the discrete-side-gust method of B.C.A.R. 
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Once the fin load has been determined in this way, the method of cal- 

culating the design loads in the side-gust cases is basically the same as 

that used for vertical gusts except that the antisymmetric aircraft modes of 

vibration are used in determining the response of the aircraft. 

The forcing loads due to the lateral gust are applied to the fin and 

fuselage using aerodynamic lag functions similar to those used for the wing 

loads due to up-gusts. Due to the position of the tailplane at the top of 

the fin, the side-gust produces a large tailplane rolling moment in addition 

to the fin side-load. This rolling moment has to be resisted by the fin and, 

in fact, contributes the larger part of the fin bending moment. 

The tailplane rolling moment coefficient varies not only with Mach 

number but also with the symmetrical CD on the tailplane at the time that 

the aircraft encounters the side-gust. This fact adds another difficulty 

to the problem of finding the worst fin loads since a large symmetric down- 

load on the tailplane is associated with a reduced tailplane rolling moment, 

and the net fin loads depend on both down-load and rolling moment. In order 

to obtain the msxlmum tailplane rolling moment it is necessary to have the 

maximum symmetric up tail load. This will occur with aft centre of gravity 

and hence full load in the rear fuselage. The inertia relief on the rear 

fuselage loads is, therefore, a maximum in this case and the m-mum fuselage 

shears due to tailplane torque are associated with reduced direct shear loads 

since there is so much inertia relief. It is not easy to select the worst 

case from inspection of the overall loading conditions and several asses 

have to be investigated to be sure of obtaining the worst loads. 

7.6 Head-on gusts 

These cases design only those components whose loads are dependent 

solely on the forward speed. On the Trident such items are the flaps, air- 

brakes and lift dumpers. The flaps are designed for the loads oorrespondlng 

to specified angles and speeds, and the speeds are augmented by the gust 

velocity to give the design conditions. 

The airbrakes are designed for the loads which occur when they are 

opened to the maximum attainable angle as limited by the jack effort avail- 

able. A rearward gust is then applied and the Jack is unable to close 

because of the irreversibility of the hydraulic system. The jack load is, 

therefore, slightly higher than the load which it osn exert when operated by 

the hydraulic system. 

. 
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7.7 'Round-the-clock' gusts 

In the past, airoraft have been designed for vertical and lateral gusts 

separately. At the time when the Comet was being designed, however, it was 

realised that a gust which hit the airoraft at some angle between the purely 

vertical and the purely lateral gust directions could produce higher loads 

than either the vertical or lateral gust separately. 

If the stresses due to a vertioal gust and a lateral gust, both of 

velocity U, are fv and fS respectively, the stress due to a gust of the same 

velocity coming along an axis at an angle 6 to the vertical will be: 

f = fV 00s 8 + fS sin 8 . 

By differentiating with respect to 8 and equating to eero, it is 

easily shown that the maximum value of the total stress f ooours when 

and that the maximum value of f is 

and must, therefore, always exceed the stress due to a simple vertical or 

lateral gust alone. 

In the worst case when the vertical and lateral gusts produce equal 

stresses in the structure, that is when 

fV = fs , 

the maximum stress due to a gust of velocity U at 45' to the vertical and 

lateral axes is 

f = 1.414 fv = 1.414 fS . 

As the ratio fs/fv is usually different for each part of the aircraft, 

the critical angle 8 also is different. For example, on the wing fv is SO 

much larger than fs that there is negligible error in designing for up-gust 
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conditions and ignoring the lateral gust component. This 1s certainly not 

true, however, for e. component such as a high-mounted tailplane where the 

stresses due to B 50 ft/seo up-gust and a 50 ft/seo lateral gust may be 

nearly equal. The lateral gust produces a large tailplane rolling moment due 

to the presence of the fin and, hence, the fin and tallplane benam& moments 

we large. 

So far as loading actions are concerned, 'round-the-clock' gusts 

Involve no more work than the simple vertical and lateral gusts. The alroraft 

loads for the vert:oal and lateral gust oases are calculated in the normal 

way described earlier, and it 1s the responsibility of the designer concerned 

with the relevant structure to deolde whxh 'round-the-clock' gust produces 

the maximum stress in his component. 

Some oomplloations do ensue due to the fact that the vertical gusts 

excite the symmetric modes and the lateral gusts excite the antisymmetrlo 

modes. As a result, the peak loads in the two dxeotlons may not oolncide. 

This alleviates the maximum loads. Also for most components either fv is 

much larger than fs, or vice versa, and the maximum stress XI, therefore, 

not much greater than that in the simple case. 

It was agreed with A.R.B., when design work on the Trident started In 

1959, that the axoraft would be deslgned to meet the case of 'round-the- 

clock' gusts oomlng from any dxeotion. The gust velooitles were to be the 

normal values of 66 ft/seo at VB, 50 ft/seo at VC and 25 ft/seo at VD. This 

has been done and it has been found that the case produces oritloal loads In 

the tailplane, fin, rear fuselage and engine mountings. The summary of design 

oases in Table I includes the vertloal and lateral gust oases. They have, 

in fact, been oomblned as appropriate to each component so as to produce the 

critical 'round-the-clock' gust oases. 

7.8 IandIng case8 

The landing oases are treated in B slmllar manner to the gust oases, 

except that the fororng loads are supplled by the undercarriage and are 

applied at looallsed attachment points only, whereas the gust loads are 

distributed over the whole aircraft. 
. 

The time hlstory of the undercarriage loads 1s obtained from drop tests 

or from predlotions. This load hlstory is fed into the computer and the 

aircraft is again treated as B dynamic system which responds to the 
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undercarriage loads. Aerodynamic damping appropriate to the flying speed at 

touch-down is included. At present, only symmetric modes of vibration are 

used so that the dynamic load increments are due to symmetric loads only. 

The loads due to side-load on the undercarriage are, therefore, rigia-aircraft 

loads only. 

The rate of descent used for the dynamic landing cases is 8& ft/sec. 

The computer programme output, as in the gust case, is a time history 

of the aircraft loads. The aircraft in the landing cases is assumed to be 

airborne at the moment of touch-down and the Ig level flight loads have to 

be superimposed on the landing loads. 

In addition to the dynamic landing oases at eft/sec it has been 

agreed with A.R.B. that the aircraft should also be designed to meet the 

loads due to landing with a rate of 10 ft/sec but considering the aircraft 

to be rigid (that is, ignoring all dynamic effects). 

It is hoped to develop in the near future more representative calcula- 

tions for the landing cases. The main criticism which can be made of the 

present method is that the undercarriage and aircraft dynamic behaviours are 

not sufficiently coupled. The undercarriage reaction history is obtarned 

from prediction or drop test on the assumption that the leg is attached to a 

rigid aircraft. This history is then applied to the flexible aircraft. It 

would obviously be more accurate to consider the undercarriage and the air- 

craft as a single dynamic system. It is also intended to include the anti- 

symmetric modes in the dynamic system. 

The landing case loads are the design loads for a large part of the 

fuselage and centre-section, and for the structure in the wing root in the 

area of the undercarriage attachments. 

7.9 Take-off oases 

The loads in the take-off cases have been calculated on the assumption 

that the aircraft is rigid. The vertx%J. reaction factor F specified in 

B.C.A.R. has been taken to be 1.70 in agreement with A.R.B. 

The take-off oases provide the design loads for part of the under- 

carriage and the local attachment to the wmg. 



7.10 Ground manoeuvres 

These oases are straightforward and do not require any detailed 

explanations. The turning and swinging case designs the undercarriage side 

stay, and the dynamio'braking case gives design loads on the nosewheel. 

7.11 Fail-safe cases 

Apart from the consideration of fail-safe principles in designing the 

structure of the Trident, great emphasis has been placed on duplicated and 

triplicated control systems as a fail-safe measure.$ As a result, the loads 

in the structure have been calculated on the assumption that parts of the 

control system have failed. 

The flap system will be considered as a typical example of this 

philosophy. The flaps run on curved steel tracks and are extended and 

retracted by two ball bearing screw Jacks on each flap, one at each end of 

the flap span. With the whole system intact, the loads were calculated for 

the flap design speeds and settings with the effect of a rearward gust as 

specified in the design requirements. The normal ultimate factor of 1.5 

is used. 

In the fall-safe oases it is assumed that either of the two jacks has 

failed or become disconnected so that all the flap load is resisted by one 

Jack Only. In this case the design speeds and settings are unaltered but the 

ultimate factor is reduced to 1.00. 

Each flap design case is considered three times, therefore: 

(1) Both Jacks connected, Ultimate factor = 1.50. 

(2) Inboard Jack failed. Ultimate factor = 1.00. 

(3) Outboard Jack failed. Ultimate factor = 1.00. 

Similar principles have been used in designing the aileron which has 

triplicated Jacks. It is assumed that the sileron has to meet limit loads 

after any single Jack has failed. The same philosophy has been applied to 

the other oontrol surfaces. 

8 CONCLUSIONS 

The only criterion which determines whether the load calculations for 

a particular aircraft are satisfactory is the question of whether they pro- 

duce a safe aircraft whose operation is as economical as possible. In 

. 
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practice this optimum can never be attained. There will always be parts of 

the aircraft which are unnecessarily heavy due to inaccuracies in the load 

calculations. 

It is interesting to consider the sources of these inaccuracies and 

what steps, If any, oan be taken to elirmnate or, at least, reduce them. 

It is to be hoped that the accuracy of the actual calculations has improved 

since the lntroduotion of computers for this work. Apart from eliminating 

computational errors, computers make possible a much more detailed investiga- 

tron of aeroelastic effects, for example, which could not have been done by 

hand. 

The danger with computers is that one is led to belleve, for example, 

that the accuracy of the calculated loads osn be improved by xxreasing the 

number of degrees of freedom in the dynamic calculations. This is no doubt 

true to a lirmted extent but the methods used in doing the dynamic calcula- 

tlons are probably more accurate than the basic strffness, weight and aero- 

dynamic data on whxh they are based. Estimated structural stlffnesses can 

easxly be 5% different from the final measured values. The assumptions 

about the behaviour of fuel under dynamic conditions are often Inaccurate. 

The largest source of inaccuracy appears to be the aerodynamic data. Even 

basic values such as the overall e;Lrcraft pltchlng moment coefficient or 

aerodynamic centre cannot be determined to very close limits. Unless the 

accuracy of this basic information can be improved, it is pox+Jess to develop 

mere sophisticated methods of calculating the design loads. 

During flight testing of the Trident many of the aFroraft loads have 

been measured as a check on the calculated values. Good agreement has been 

obtalned on such items as tail loads m manoeuvres. This confirms the aero- 

elastic calculations for the aircraft. Most of the control surface hinge 

moments have also been checked and give reasonable confirmation of the pre- 

dxted values. At present a power-spectral analysis 1s being carrled cut on 

results of flight tests 111 continuous turbulence. Since the Trident was 

deslgned for single gust requirements these results do not give a direct 

check on the design load calculations but they do give a check on the 

behaviour of the a-craft under dynamic loading conditions. If the response 

of the aIrcraft to continuous turbulence agrees with the calculated response 

to the same atmcspherlc conditions, It is reasonable to ass111pe that the 

design load calculations for single gusts are also correct. Results available 
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to date show that the aircraft modes are excited as predicted and that the 

dynamic overswng factors on wing bending moments are a few per cent less 

than those predicted. 

. 
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Table 1 

CRITICAL CASES FOR LOADS IN THE TFUDENT 

AlIwFAm STRUCTURE 

(1) WXNG CENTXd SECTION 

(a) Flight cases 

66 ft/sec up-gust at VB 

50 ft/sec up-gut at VC 

25 ft/sec am-n-gust at VD 

50 ft/sec down-gust at VC 

50 ft/sec side-gust at VC 

2.5g manoeuvre at V D 

(b) Ground cases 

Landing 

Take-off 

Ground manoeuvring 

(c) Fatigue loads 

(d) Miscellaneous 

Pressurisation loads 

Pilot's effort on controls 

Emergency alighting 

(2) INNERWING-RICES1 TO 8 

(a) Flight cases 

66 ft/sec up-gust atVB 

50 ft/sec up-gust atVC 

50 ft/sec dam-gust at VC 

2.5 g manoewre at VA 

2.5g manoeuvre at VD 

Og manoewre at VD 

-1 g msnoewre atVC 

-1g flaps-down en route 

Aileron cases at VC 

Flaps down 50' at VF + rearrnard gust 

Flaps dmn 20' at VF t rewm.rd gust 



(b) Ground cases 

LEU-dinng 

Take-off 

Braked taxying 

Ground manoeuvring 

Jacking 

(o) Fatigue loads 

(d) Miscellaneous 

Flap-motor torque loads 

Pilot's effort on controls 

Spanwise g on moveable leading edge 

Undercarriage retraction losds 

(3) OUTWWING -RIB 8TO TTP 

(a) Flight oases 

66 ft/sec up-gust at VB 

50 ft/sec up-gust at VC 

50 ft/sec down-gust at VC 

2.5g manoeuvre at VA 

2.5g. manoeuvre at VD 

Og manoeuvre at VD 

-1 g mame- at VC 

Aileron oases at VC 

Axleron oases at VD 

Flaps down 50' at VF + rearward gust 

AIrbrakes open with rearward gust 

(b) Miscellaneous 

Pilot's effort on controls 

Spanwise g on moveable leading edge 

(4) MUVEABLEWINGLEADINGEDGE 

2.5 g manoeuvre at VA 

-1g manoeuvre atVG 

50 ft/sec up-gust at VC 

66 ft/sec up-gust at VB 
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(6) 

(71 

(8) 

FLAPS 

5o" flap at 193 kt + 25 ft/sec aft-gust 

20’ flap at 225 kt + 25 ft/sec aft-gust 

Both cases considered with: 

(a) Both jacks connected 

(b) Inboard jack failed 

(c) Outboard jack failed 

AILERONS 

Maximum Jack effort at any speed 

UNDERCARRIAGE 

Landmg 

Landing with burst tyre 

Spring-back 

Brakedtaxying 

Turn and swing 

Rolling back 

Take-Off 

Pivoting 

Jackmg 

Rebound lsndmg 

Fatigue 

FRONT FUSEIAGE 

2.5g manoe-e at VB 

2.5g manoeuvre flaps-down en route 

-1 g manoeuvre at VC 

50 ft/sec up-gust at VC 

50 ft/sec down-gust at VC 

Landing 

Internal pressure 

Emergency alighting 

Fatigue 
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(9) FUSELAGE CENTRE SECTION 

Landing 

50 ft/s& up-gust at VC 

2.5~ W-IO~UV~ at VF flaps-doian en route 

-1g manoeuvre at VC 

Internal pressure 

Emergency alighting 

Fatigue 

(lo) REAR FUSELAGE 

Landing 

Take-off 

50 ft/sec up-gust at VC 

50 ft/sec side-gust at VC 

2.5g checked manoeuvre flaps-down en route 

-1g manoeuvre at VC 

Internal pressure 

Emergency alighting 

Fatigue 

(II) TAIL FUSELAGE 

2.5g checked manoeuvre at VC 

2.5g checked manoeuvre flaps-down en route 

50 ft/sec up-gust at VC 

50 ft/aec down-gust at VC 

50 ft/seo aide-gust at VC 

25 ft/sec side-gust at V,, 

Landing 

Tail bumper loads 

Emergency alIghtIng 

Fatigue 

(12) TAILPLANE 

2.5g checked manoeuvre flaps-down en route 

2.Og checked manoeuvre flaps 45' 

2.5g checked manoeuvre at VD 

2.06 steady manoeuvre at VF 

50 ft/sec up-gust at VC 

50 ft/sec side-gust at VC 

. 
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(13) FIN 

y3 ft/seo up-gust at VC 

50 ft/seo side-gust at VC 

Yaw manoeuvre at VC 

2.5g checked man~ewre flaps-down en route 

(14) ENGINE MOUNTING 

2.5g checked manoeuvre at VA 

50 ft/seo upgust at VC 

50 ft/sec down-gust at VC 

50 ft/seo side-gust at VC 

Take-off 

.Emergency alighting 
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DISCUSSION 

Mr. H.P.Y. Hitch, British Aircraft Corporation, Weybridge said that 

Loading Actions problems were approached in much the same way at Weybridge 

as at Hatfield. (He added that he did not have any direct responsibility 

for Loading Actions - there were present, however, certain representatives 

from his organisation who had.) He thought that this could be because they 

both dealt with the same type of aircraft and asked whether Mr. Vann had had 

any experience of dealing with fighter aircraft and, if so, whether the 

Loading Actions picture was different for these. It seemed to him that the 

Loading Actions specialist, partly as a result of pressure from the stress 

office, conducted a dedicated search for the 'worst case'. This search had 

led over the years to a large increase in the number of cases considered; 

for example, whereas fifteen years ago only two rolling cases were taken to 

be sufficient to demonstrate adequate strength this number had now been 

increased by a factor of 10 or more. Mr. Hitch wondered whether this was 

worthwhile and actually produced an aircraft mth a larger factor of safety. 

. He thought that with Mr. Vann's paper following Mr. Tye's another 

point succinctly emerged. That was that those working in the Loading Actions 

field were split down the middle since, on the one hand, if they complied 

with the regulations they got their products passed, which was one of their 

fundamental obJectives, while, on the other hand, if they chose to deviate 

they had to convince their own organisation that they were right. So on the 

one hand there was the 'legal' point of view and on the other what could be 

called the 'true' situation. He noted that while Mr. Vann had mentioned that 

point he had not said to what extent he found there was a fight within his 

organisation - that would be interesting to hear. Fundamentally, a reserve 

factor of 0.99 was complete and utter disaster but a reserve factor of 1.01 

was conspicuous success: A lot had been heard about cases not 'in the book' 

and it was interesting to learn that a fin load 2% greater than that given 

by B.C.A.R. had been adopted for the design of the Trident. Mr. Hitch 

wondered how they had decided to tackle the 'round-the-clock' gust case and 

how they resolved the issue of whether to say that the component in one 

direction and the component in another direction should both be the maximum 

of 66 ft/sec or to say that the inclined value should be 66 ft/sec. 

Mr. Hitch thought that the representation of the aircraft for aero- 

elastic calculations was perhaps the main source of difference between what 
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was done by B.A.C. at Weybridge and Filton and what was done at Hatfield. He 

gathered from Mr. Vann's paper that they had chosen to describe the aircraft 

in terms of 48 elements, determine the first 6 vibration modes, and then use 

these modes in each of the cases of interest. At Weybridge they took each 

load distribution per se, found the variation due to static aeroelastic 

distortion, and then used this changed distribution in subsequent calcula- 

t1ons. He wondered whether this point of view had been considered at 

Hatfield and whether Mr. Vann would like to comment on it. 

As regards gust cases, Mr. Hitch asked Mr. Vs.nn if & thought that the 

power-spectral-density technique could ever be of use as a design tool, since 

Mr. Tye had expressed some doubts on this point - this question seemed rather 

topical. 

Mr. Vann hsd mentioned that the rough-air speeds could be dictated by 

buffeting and Mr. Hitch wondered whether he had considered the possibility 

that the buffeting could give rise to loading actions even greater than those 

which were being guarded against. He said that he, and he hoped others, 

would be very interested to la-~ow whether the loads in the 86 ft/sec landing 

case were greater or less than those in the 10 ft/sec case for the rigid 

aircraft. With respect to buckling or the time which it took for failures 

to occur, Mr. Hitch stated that a lot of thought had been given to this but 

the disappointing fact was that this time was of the order of the period of 

the local piece which failed, which could usually be assessed in 

milliseconds. 

Mr. Vann said that it was ten years since he had worked on loading 

actions for fighters. The main difference was that they were largely 

designed by manoeuvre cases whereas civil aircraft were designed by gust 

cases. In consequence, the questions on pilot response were more important 

for fighters than for civil aeroplanes. He said that rolling cases had 

certainly become more complicated and he, also, sometimes wondered whether 

they produced a better aircraft than the two original cases. He felt that 

the point was that once you hew something about a set of cases you could 

not push this to the back of your mind and use old fashioned methods, so 

you hoped that the new methods produced aircraft that were lighter but Just 

as strong. On the point of complying with requirements, he said that the 

only times arguments arose were when the A.R.B. were being asked to accept 

a less severe case than they called for in the requirements: If, on the 

r 

. 



other hand, a fxm suggested mere severe cases, the A.R.B. asserted that this 

was entirely the firm's decision. Mr. Vam could not recall any great argu- 

ments regarding Trident design cases. Descrlbmg their approach to 'round-the- 

clock' gusts, he said that they had assumed that the maximum gust velcclty 

called for was that of a gust from any direction round a sphere. In fact the 

only cases that were signlfxxnt were those where the gust was in the plane 

transverse to the dlrectlon of motion and 111 that case velocities of 66 ft/sec 

at VB and 50 ft/seo at VC had been assumed, directed from any point round the 

circle. 

Mr. Vann said that the method of altering the load gradings to take 

account of aeroelastic effects on the wing had been applied in the case of 

the Comet but that for the Trident it was decided that a better way was the 

one he had described which Involved calculations of the deflected shape under 

load and of the load on a twisted mng using a I&hemann matrix of serc- 

dynamic coefficients. 

Mr. Vann thought that, though It was undoubtedly the correct approach 

for deriving fatigue loads, power-spectral anslys~s would not in the fore- 

seeable future become a method of deslgnlng for static loadmg. The tiffi- 

culty was that, for example for gust loads, so much had to be known about the 

aircraft and, whereas at one time only the shape and the design speeds were 

required, nowadays all the stiffnesses and modes of vibration were needed; 

to cope mth power-spectral analyst led further Into this complxation. He 

thought that it would be useful to apply power-spectral techniques to assess 

the true potentialities of a design and perhaps use it in subsequent optlmisa- 

tion processes but he could not see its being useful for initial design. 

The effect of buffet on loads had been discussed with the A.R.B. who 

were of the opinion that there might be less risk to an aeroplane in flying 

faster than the rough-air speed, and so possibly undercutting the strength 

factor, since a significant gain In controllablllty in severely turbulent 

conditions could result. There could well be a greater danger of brealang 

the aircraft by loslng control than by having direct structural failure. On 

landing cases, Mr. Vann said that some of the aeroplane was deslgned by the 

IO ft/sec rigid aircraft case and scme by the % ft/sec dynamic (flexible 

aircrafti) case. 

Mr. W.C. Heath, Hawker Siddeley Avvlatlon, Woodford was fascinated by a 

remark of Mr. Vann's In whxh he had expressed,m the neatest possible way, 
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a belief to which he himself would subscribe. This was that instead of 

calculating the structural loads for a given aircraft one calculated the 

aircraft which would fit a given set of loads. He thought that everyone 

realised that this was true, and that from the papers to be presented later it 

would also be discovered that nowadays one could not design an aircraft until 

one had flown it. This was rather like saying that one could not get a new 

pair of shoes cn until one had worn them cnoe or twice, but it was true never- 

theless. He wondered, in view of the fact that an aircraft was always deve- 

loped into the strength available, whether there was not a case for two 

standards of Loading Actions requirements. On the first level one would 

have a rather arbitrary set, the 'old fashioned' set about which Mr. Tye 

had spoken, to get the aircraft designed, built, and flown, while on the 

second level there would be a more sophisticated set to be used when all 

the aerodynamx. and stiffness properties had been determined by tests; from 

the latter set of requirements a development set of loading actions could be 

derived. 

Mr. B.J. Beele, British Aircraft Corporation, Preston agreed with the 

previous speaker and said that III many oases there was a continuing process, 

producing a multi-level set of calculations. Their own efforts were currently 

concerned with splitting this into a number of recognisable phases. There 

was an initial design phase in order to get a project going, and then a 

further ~sue of sets of loads which were used to produce drawings for the 

aircraft. Nothing further was then done until the check-stressing stage 

wherein the CbJeCtlV.? was to find cut what the aircraft would really do: this 

enabled one to proceed to a flight test stage with reasonable confidence in 

the safety of the szcraft. Once the aircraft had been ground tested and 

flight tested one had even more information and one could, if necessary, go 

through the same exercise agaln to establish whether mere could be extracted 

from the aircraft than was at first thought. 
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SUMMARY 

The present paper considers certain of the aerodynamic aspects which 

form part of the Loading Actions problem. These are dealt with under the 

headings of overall forces snd moments on the one hand and pressure distribu- 

tions on the other, whilst in another section of the paper t$e extent to which 

the avaIlable experimental techniques are able to yield the necessary data is 

consdered. 
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1 INTRODUCTION 

The purpose of the present paper is to show, mainly by means of example, 

the general level of achievement and the main directions in which progress 

may be expected in the problem of specifying the aerodynamics for the purpose 

of' making Loading Action investigations. . 

So that we may the more easily identify the nature and extent of the 

claim of this work on the aerodynamicist's attention it is perhaps worthwhile 

(briefly, since this is dealt with fully elsewhere) to outline the various 

facets of the Loading Action worker's task. His main ObJective is to ensure 

safety of flight under all possible or usable flight conditions, sith the 

added itqolioation that this is achieved in the most economic manner as 

regards the structure weight. 

Design procedures and requirements attempt to fulfil this aim by the 

provision of rational bases for the specification of critical flight condi- 

tions and by 0~~119 of 'factors'. These latter reflect the other short- 

comings of the approach to the problem of designing for adequate safety, 

and the accuracy to which the aerodynamic forces can be specified has a 

direct bearing on the degree of efficiency attained 34,35 
. 

The Loading Actions investigation can usually be divided into two parts 

thus: 

(a) The work on which specification of the (generally dynamic) flight 

condition rests. This is essentially the calculation of the response of the 

aircraft during prescribed deliberate manoeuvres and such inadvertent 

manoeuvres as those resulting from gust encounters, engine failures etc., 

or a combination of these as in recovery action by the pilot. 

(b) The calculation of the distributions of the aerodynamic and inertial 

1cad.s over the structure associated with the flight conditions as they come out 

of (a), and their application to the stressing problem and definition of a 

satisfactory structure. 

The background work to (a) the Loading Actions man shares, to a not 

inconsiderable extent, with others interested in flight dynamics topics 

ranging over handling qualities, stability including automatic flight 

control systems, and flutter. It is not proposed to discuss this aspect of 

the work in the present paper, and its mention only serves to illustrate 

. 



. 

that there may be somewhat different formulations of the aerodynamics appro- 

priate to the various stages of the work. 

To be more specific, we may consider a simple case of an aircraft which 

for the purposes of conducting stage (a) of the work may be considered rigid. 

The classic approach to the aerodynamic problem 1s to use a linearised 

formulation of the aerodynamics in the form of quasi-steady derivatives of 

the forces and moments with respect to the response variables (u,v,w,p,q,r) 

for stage (a) and pressure distributions, associated with each variable, 

which may be linearly superimposed to obtain the resultant aerodynamic load 

dlstrlbution, for stage (b). Both the derivatives and the load distribution 

are considered functions of Mach number and Reynolds number, In general. 

The extent to whioh present techniques, theoretical and experimental, 

meet the need of the Loading Actions investigator is discussed for two 

principal type3 of aircraft: the Wing-fuselage combination in which the wing 

may be swept, but of moderate to large aspect ratio, such that the attached 

Kutta-Joukowski type of flow of the 01ass1os.l aerofoil forms the design basis; 

the other being the slender wing emplopg the separated type of flow with 

coiled vortex sheets above and behind the wing. 

Even with some of the restriction that 1s Implied in the foregoIng 

remarks it is clear that, within the scope of a single paper, it is impossible 

to give an exhaustive survey of all the work done and possible future develop- 

ments. Some of the references quoted themselves give broad surveys of certain 
topics3’4’34,37 and so make up for this defiolency. Being more broadly based 

the present paper merely illustrates by example the main lines of progress, 

the order,of accuracy achieved (comparisons of theory, wind-tunnel and free- 

flight test results are made) and the need for a more intensive attack on 

some aspects of the general problem. 

For convenience the subject matter is dealt with under three main 

headings: the prediction of the overall forces and moments on the aircraft 

(Section Z), the calculation of pressure distribution over component parts 

of the &-craft (Section 3) and some tisoussion of expexxmental techniques 

(Section 4). 

Although the methods and teohnlques, experimental and theoretical, 

apply more generally, the present paper is confined to the application of 

these to the problems of aeroplanes mth en upper Maoh number 1lmi.t of 2.5. 
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Certain other topics such as the repercussion of the aerodynamics and 

the response of the aeroplane on the formulation of the most critical ' 

manoeuvres, having regard to the structural integrity of particular components, 

are excluded from the discussion, as are also gust and buffet inputs. 

2 OVERALL AERODYNAMIC FORCES AND MOMENTS 

As mentioned in the Introduction it would be out of the question to 

give anything approaching a detailed account of the present position on the 

estimation of the aerodynamic derivatives, or any other formulation of the 

overall forces and moments on an aeroplane. In any case, an attempt to out- 

line the position as it then was has been made in a paper by Thomas'. In the 

bibliography appended to this paper further papers relevant to the subject 

are listed. 

Comments on the general position and possible lines along which 

improvement may be sought are made below as they refer to particular types 

of aircraft. 

2.1 Swept-wing, tailed aircraft 

Within this class of aircraft we have at one end of the scale the 

subsonic, large-aspect-ratio transport type of aircraft and at the other 

the high performance military aircraft with wings of moderate to small 

aspect ratio (4 3 A 2 2, say) and high angle of sweep. From the viewpoint 

of the estimation of their aerodynamic derivatives, these represent extremes 

in degree rather than type. 

. 

The relatively smaller body diameter to wing span of the former permits 

certain relaxations to be made in the calculation of the derivatives; for 

example, for many derivatives the component contrib+ons may be considered 

additive. On the other hand the relatively bigger body to wing siea in the 

latter case precludes any such simplification. Here we must seek a more 

integrated approach to the aerodynamics of the assembly of wings, fuselage 

and tail surfaces. Nevertheless, the first step is to obtain methods which 

adequately predict the forces and moments on isolated components. Hence a 

good deal of effort has been expended for some time in the quest for a 

reliable lifting-surface theory to deal with the type of wing under considera- 

hon. Much has been achieved already, but there is evidence that a yet 

greater degree of accuracy may be attained. Garner, in some recent work, 

has demonstrated that even within the general framework of edsting 

. 
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lifting-surface theories greater accuracy follows from a specialised distri- 

bution of collocation points. Other work by Hewitt and Wallace6* aims at a 

renewed attack on the problem embodying some fundamentally different concepts. 

Notwithstanding these future possible developments, the existing methods are 

judged to be capable of providing overall forces and moments with accuracy 

sufficient to meet the needs of the early stages in the design procedure. 

The fuselage, which is usually a near-body-of-revolution, has been the 

subject of a number of studies. No entirely satisfactory treatment has 

emerged and there is undoubtedly need for further work here. 

Fundamentally, the tail surfaces may be treated along the same lines 

as the wing. The important point here is that under no circumstances may we 

entirely neglect the interference between the wrng and these surfaces. 

Strictly speakmg, we are concerned even in the simplest case with aerofoil 

surfaces operating within a field of flow which is non-uniform. Even though 

it is possible in many oases to average out the non-uniformity of flow it is 

as well to bear in mind that, handled on a digital computer, the calculation 

of the force on a tailplane or a fin for a completely arbitrary distribution 

of incidence may be lightly undertaken. The comparative ease with which the 

flow field surrounding a wing and the action of this on aerofoil surfaces 

immersed in it can be calculated has not been sufficiently exploited or so 

it would seem. 

Thomas and Spencer5 indicated the possibilities in calculations relat- 

ing to the tailplane contribution to damping-in-pitch. More recently, 

Hewitt6 has made more extensive comparisons covering downwash and sidewash 

at specific points in the neighbourhood of the wing and again damping-in- 

pitch. Sam of his results are shown here as Figs.1 and 2. We shall return 

to this topic again in Section 3. 

In the meantime, having outlined some of the general trends, we oon- 

sider the level of accuracy achieved in prediction of the derivatives for 

the broad class of aircraft under discussion. We choose a rather extreme 

case, for which test results are available from both wind-tunnel and free- 

flight model tests5', see Fig.3. In Fig.4 the derivatives sw and mw as esti- 

mated by the available theories are compared with the wind-tunnel and free- 

flight test results. The two sets of experimental results are in good agree- 

ment generally, although there sre differences in sw at transonic speeds, for 

* This work is being conducted by B.A.C., Warton under an M.O.A. contract. 
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which there is also mere scatter in the free-flight results. Similar 

remarks apply to the stiffness-in-pitch derivative, mw. Part of the scatter 

in the free-flight results may reflect the non-linear character of the 

pitching moment variation with incidence, smce the models flew at somewhat 

different lift coefficients or trimmed incidence. The theoretical estimate 

for em is in good agreement with the experimental values, but at subsonic 

speeds the estimate for mm shows an appreciable discrepancy, probably due to 

the inadequacy of methods for estimating the downwash at the tail. 

It is, of course, a feature of many test techniques that damping 

derivatives are yielded in combination as they occur in the damping character- 

istics of a mode. For this reason Fig.5 shows a comparison of (mq + m;) as 

determined by experiment and theory. The experimental results give a nearly 

constant damping in pitch at high subsonic Mach numbers. This somewhat 

unusual feature is not present in the calculated values, which are otherwise 

in good agreement with experiment. 

During the same free-flight experiments lateral stability derivatives 

for the same models were obtained. These are compared with estimates and 

mind-tunnel measurements, where these are available. The general level of 

agreement is not uniform and in scme cases there are appreciable discrepancies 

between tunnel and flight as well as between experiment and estimates, see 

Figs.6, 7 and 8. For cv, the estimate includes incidence effects appropriate 

to the model which yielded the experimental points indicated by the circles 

in Fig.6, and the agreement is remarkably good. The sideforce and yawing 

moment due to sideslip, yv and n v, depend largely on the fin effectiveness, 

and the estimate, including wing, body and sidewash interference effects, 

gives much larger values than obtained experimentally, Fig.6. An analysis 

of several configurations suggests an empirical factor of between 80 and % 

on fin effectiveness, but it is seen that 85% fin effectiveness gives results 

which are still greater than the experimental values of nv. (It may be 

noted that a large reduction in nv was indicated in the same series of tests 

for models flying at higher CL s.) On the whole, the agreement between 

experiment and theory is good for g and n 
P r' 

2.2 Slender-wing aircraft 

As indicated m the Introductmn the aircraft based on the slender- 

wing concept belongs to a distinctive class. The type of flow employed here 

is typified by coiled vortex sheets above and behmd the wing. 

166 

. 
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The calculation of the flow about a wing at uniform incidence is a 

formidable task. Not unnaturally the first attempts to tackle the problem 

have made the assumption of conical flow. Even so, real progress has only 

recently been made in dealing with an entirely ab initio calculation of the 

flow field and the shape of the coiled vortex sheet. 

It is not surprising, therefore, that the estimation of the various 

aerodynamic derivatives has rested to a large extent on the predictions of 

lifting-surface and slender-body theories empirically modified as necessary 

on the basis of a number of systematic tests. The procedure is discussed 

fairly fully elsewhere4, and so we content ourselves here with some ocm- 

parisons of theory end experiment tc illustrate the Fresent status of estima- 

tion methods, based in the main on Refs.1, 2 and 7 ta 22. 

Before passing on to discuss these, it is worth remarking that the 

most recent work by Smith 31 does take us some way toward. the complete frame- 

work of theory such as we have been exists for the swept wing. 

We first consider the wing-fin arrangement shown in Fig.9, for which 

free-flight model test results are available covering a number of deriva- 

tives33. Wind-txnnel test results are also available for the damping-in- 

pitch derivative (I$ = mq + m;). 

In Fig.10 are plotted the variations of .sw and mw with Mach number as 

predicted on the basis of a number of theoretical solutions. The circled 

numbers indicate the curve or point yielded by the method given in the 

reference of corresponding number. Apart from the near-sonic conditions the 

estimates are in fair agreement with experiment. For the damping in pitch 

the estimates consistently lie above the measured values from tunnel and 

free-flight tests. There is appreciable scatter of the experimental results. 

More is said of the experimental techniques involved in a later section. 

Turning to the lateral derivatives of this layout we see from Fig.11 

that the side-force derivative, yv, is predicted with good accuracy. For 

this arrangement the yaw-stiffness derivative, nv, has a comparatively high 

value throughout the Mach number range covered by the tests an3 is reasonably 

well predicted by the calculations (Fig.11). In contrast the rolling moment 

derivative, cv, is numerically small at these Mach numbers and at the 

incidenoes encountered in the tests. Consequently the prediction is at 

the mercy of opposing effects (see Fig.l2), one of which is of questionable 
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&XXU.XCY. The general level of the experimental results as well as the 

trend of the variation with Mach number are, nevertheless, reproduced. 

To illustrate the essential difficulties relating to the estlmatlon of 

the derivatives of this type of aircraft, namely the prediction of their 

dependence, often quite strong, on incidence, we now discuss the expsri- 

mentally determined and predxted derivatives of the HP115 aircraft (see 

Fig.13). 

The comparisons are made in Figs.14, 15 and 16. Departure of the 

estxmates from the measured values tends to become more marked as incidenoe 

is increased. The only means by whioh the estimates can be brought into 

closer agreement with experiment is to account for the effect of the flow 

separation at the leading edges. In particular, the wing contribution to 

the derivatives yp and np arises from the suction forces along the leading 

edges, which are zero if the flow is completely separated. Reasonable 

agreement between theory and experiment has been obtained (Figs.15 and 16) 

by applying a factor derived from the experimental values of induced drag, 

which lie between the theoretical values for attached and separated flows. 

The recent progress in the calculation of the loading for symmetrical 

flight conditions at uniform incidence holds out hope that a rational basis 

can be found for dealing with pitching, rolling, yawing and sideslippIng 

conditions also. 

3 PRESSURE DISTRIBU!PION 

Underlying the estimation of the overall foroes and moments is the 

problem of calculating the pressure distribution over aircraft components 

in comblnatuzn as a flying vehicle. Basic to this in turn is the oalcula- 

tion of the pressure distributions on the various components in isolation. 

This 1s of particular importance to the Loading Actions investigator 

as we have mentioned already. He is fundamentally concerned with the loads 

generated by the air as it flows around the structure of the aircraft. More 

specifxally, we shall here discuss the pressures exerted by the air on, and 

their distribution over, the external surfaces of aircraft shapes. These can 

be conveniently expressed in the form of a pressure coefficient 
P - PO cp = - 

&PO 0 2' 
where p, and p, are the ambient pressure and density and V. is 

the flight speed (or free-stream speed). 

. 

. 

. 
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Ideally, one would like to be able to estlmste Cp (x,y,s,t) as a func- 

tion of the space coordinates of the surfaoe and of time for all manoeuvres 

and conditions that are likely to occur during flight. Apart from the tires 

dependence introduoed through the dynamics of the manoeuvre, the local pres- 

sure must be expected to fluctuate withtime,under all conditions of flight, 

as a result of excitations by turbulence in the boundary layer, by noise 

from Jets or propellers, or by other unsteady flow phenomena. Here, we 

would like to be able to estimate the amplitude and frequency spectrum of 

the oscillations as well as the phase correlations. To obtain a complete 

and consistent answer, account must be taken of the fact that the structure 

responds to these air loads and deforms, thereby introducing changes in the 

loading. Clearly, we are still a long way off being able, as a matter of 

Course, to undertake estimates of such generality. Nevertheless, the 

mtegrated aerodynamic and structural analysis of the flying vehicle must 

remain an important aim of future research work. 

3.1 The swept-wing aircraft 

We consider first the swept-wing-fuselage combination. It may be 

assumed that the wing-fuselage layout has been designed to have a certain 

pressure distribution m the cruising condition and that the wing shape is 

cambered and twisted accordingly. 

An important feature of this class of aircraft is the fact that, to a 

first order and over nearly al.1 the usable incidence range of the aircraft, 

the loating due to incidence may be taken as additive to that of the warped 

wing. Furthermore so long as xe are dealing with attached flow the aero- 

dynamic load distribution due to incldenoe is nearly independent of the 

value of the lift coeffxxent and may thus be scaled up and down aooordingly. 

Here again we can do no more, within the compass of this paper, than 

give some illustrations, and refer to documents wherein the existing informa- 

tion may be found in greater detail. 

A typical design loading for a swept wing at cruising condition is 

shown UI Fig.17. This is largely determined by the desire to obtain nearly 

straight isobars (not generators!) at least over the upper surface of the 

wmg. Performance considerations lead to a fairly large load over the rear 

of the section and also to some peak load near the leading edge. Again for 

reasons of performance, the spanwise loading 3s nearly elliptic. A typical 

loading for a swept wing at an angle of incidence is shown in Fig.18, where 



that of an unswept wing is also shown for comparison. This exhibits the 

characteristic changes in the chordwise loading due to sweep (with larger 

loads over the rear near the centre of the wing and sharp peak loads at 
d 

the leading edge near the tips of the wing); and also the characteristic 

loss of lift in the spanwise distribution near the centre and the increase of . 
lift near the tips. Existing methods for calculating these loadings are fairly 

well documented, and we refer here to Thwaite 3, 23,Pearoey21c, Lock and Bagley 

Bridgewater , 25 and especially the Data Memorandum2 prepared by the Royal 

Aeronautical Society. Thwaites's book, in particular, also refers to methods 

for calculating the effects of boundary layers; of slats and slots; of 

joining bodies (such as intersecting wings, wing-fuselage and wing-nacelle 

combinations); of non-uniform mainstreams (in the spanwise and in the lift 

direction); and also some non-linear effects (such as those caused by tip 

vortex sheets). All these effects produce some characteristic changes in 

the load distribution. 

Thus far we have discussed the design of the wing to have some desired 

pressure distribution and the calculation of the pressure distributions at 
-, 

uniform incidence. It is implicit in these that we can deal with other c 

distributions of incidence. In dealing with the loadings produced in quasi- 
. 

steady n!a.noeuvres reasonable approximations may be obtained, within the 

framework of theory outlined above, by taking account of the sideslip ani 

angular velocities, by forming additional incidence distributions associated 

with the kinematics, e.g. py/Vo for rolling. 

The same methods are available for dealing with the tail surfaces pro- 

vided due account is taken of the field of flow in which these surfaoes 

operate, as indicated in Section 2. For dealing effectively with such calcu- 

lations it is necessary to make the fullest use of the capacity of present- 

day computing machinery. 

Founded on the same basis, methods have been developed, and continue 

to be improved upon, for calculating the pressure distribution on oscillating 

tings. Under certain circumstances (high values of the frequency parameter, 

transonio Mach numbers) the pressure distributions are markedly frequenoy- 

dependent. A wide range of frequency can s.n principle be covered. 

To date most of the work has centred around the oscillation-in-pitch 

motion, but there would seem to be no fundamental reason why the application 

of the techniques should not be broadened. 
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3.2 The slendepwing aircraft 

l , 
./ 

A typical design loading for a slender wing is shown in Fig.19, taken 

from Ref.32. This is largely determined by imposing the condition that the 

attachment line lies along the leading edge (and in oonsequenoe there is eero 

load there) and by the desire to have low vortex and wave drags, It is also 

necessary to achieve a certain position of the centre of pressure to keep the 

trim drag as low as possible, In an actual desi@ the wing may, at cruise, 

operate at a larger angle of incidence than that for which the attachment 

line is along the leading edge. 

Fig.20 shows the loading due to incidence on an uncambered wing at 

supersonic speeds. A rough approximation to the loading on the cambered wing 

at cruise incidence may be obtained by combining the loadings of Figs.19 and 

20. 

In Fig.21 the load distributions on a delta wing at various angles of 

attack ani at low Mach numbers are shown. It is seen that with increasing 

incidence the vortex moves inwards and the peak suction produced under it 

moves inboard. This may be contrasted with the state of affairs for the 

swept ming (see Fig.i8), for which a single curve is obtained. 

For attached flow along the leading edge the surface or load may be 

calculated - ss for the swept wing - from linear theory. When the leading 

edge vortex sheets are present, however, it becomes necessary to account for 

their presence - snd more or less faithfully reproduce their strength and 

their location - before a reasonably sound estimate of the loadings can be 

obtained. Some recent progress along this road has been made. 

Treating the flow as conical, J.H.B. 31 Smith has obtained a solution 

in which the shape, position and strength of these vortex sheets is deter- 

mined and in consequence the pressure distribution calculated. Some of his 

results are compared with measured values in Fig.22. A point to note is 

that the other comparisons made with experiments indicate that the position 

of the vortex and its core is given with reasonably good accuracy by this 

theoretical calculation. 

Extension to non-conical flows and wings with thichess is considered 

possible and is currently being looked into. 

All this holds out hope that, in time, more rigorous methods of dealing 

with wings in sideslip or rotating in roll, yaw or pitch will become available, 

as will also improved methods of dealing with the wing oscillating in pitch. 



80 
166 

To give some idea of the types of pressure and load distributions 

theory will have to cope with we give some further illustrative cases in 

Figs.23, 24 and 25. In Fig.23 is given the load distribution on a delta wing 

of aspect ratio 1 and in Fig.24 that of a gothic wing of the same aspect 

ratio to show the effect of planform. Fig.25 demonstrates the variation of 

the pressure distribution with Mach number. 

With regard to the structural aspects of these loadings, we note that 

both the swept wings and the slender wings have loadings which are far from 

uniform and also quite unrelated to the expected weight distribution. In 

both oases, a good deal of the lift 1s generated by high localised suction 

forces. These are generally lower in the case of slender wings, and there 

is a possibility, as yet unexplored, of designing warped slender wings with 

a view to obtaining a better match with the weight distribution and to 

achieving more favourable stress distributions in the curved surfaces near 

the drooped leading edges. 

4 THE USE OF MODELS 

The consideration of the application of model techniques to Loading 

Actions problems virtually embraces the whole of some fifty years develop- 

ment of aerodynamic testing and a complete survey is beyond the scope of 

this paper. A fairly broad survey of some of the current experimental 

techniques has been given by Taylor 37 and the application of model tests 
38 to a particular aircraft is well illustrated by the article by Webber on 

the VC IO. The approach adopted here is to consider the applicability of 

some model techniques to the determination of manoeuvres and the resulting 

loading. A fuller study would inolude many other aspects where model tests 

could contribute; for example, the representation of gusts 58 ) the deterrmna- 

tion of buffet boundaries end loads 59 
60,61 

and other effects arising from 

unsteady airflow The special techniques developed for V/STOL and 

high-lift model testihg62 are a subJeot in themselves, as also are the 

means of representing engines 63 , and are not discussed. Three classes of 

aircraft only are considered, the high-aspect-ratio subsonic transport, the 

slender-wing supersonic transport and the 'manoeuvring' aircraft. 

4.1 Test requirements 

It has been pointed out by Molyneux 39 that the full representation 

in model tests of all the possible parameters defining the fluid motion 

. 

. 
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and the structural behaviour of an aircraft is so formidable a task that 

complete similarity becomes possible only when the model and the aircraft 

4 are identical. From a practical point of view it is therefore necessary 

to introduce many restrictions. Attention is directed mainly to rigid 

models and no consideration is given to representing thermal conditions. 

Basic aerodynamic loading data usually stem of necessity from tests of rigid 

models. As noted by Taylor, attempts are being made to simulate flight 

conditions on complete aeroelastic models in a wind tunnel. How far this 

attempt is worthwhile and whether the proper simulation of inertia and 

gravity loads is possible must be debatable. 

It would appear more profitable to develop and improve methods of 

prediction of aeroelastic effects (which must in any case be used in design) 

by reference to experiments in which the problem is treated step by step; 

for example by testing under steady conditions and making elastic only a 

component of a model such as a wing on a stiff fuselage. 

For rigid models the parameters considered are generally reduced to 

two, namely Maoh number and Reynolds number. It is usually essential to 

represent Mach number correctly* and it should be pointed out that this is 

true in some instances even at very low speeds, for example in stalling 

tests, where local high peak suctions may lead to compressibility effects. 

generally the representation of full-scale Reynolds number is not possible 

but some minimum Reynolds number may be defined, above which the character 

of the flow is little changed. This minimum will depend upon the type of 

flow. Some particular types are discussed. 

For full-scale aircraft with high-aspect-ratio wings transition from 

larmnar to turbulent flow may be assumed to be near the leading edge. The 

minimum acceptable test Reynolds number is then that for which transition 

may be brought forward on a model without using a trip of excessive sise. 

Experience suggests that this IS of the order of two million based on wing 

chord. The flow will then be qualitatively similar to that at the large 

full-scale Reynolds number but some quantitative correction will be requzed. 

As an example Fig.26 shows the dependence of lift curve slope, at low speed, 

upon Reynolds number for an unswept aerofoil of 11 degrees trailing edge 

amOf as given by Spence" and by the R.Ae.S. data sheets'. There 13 some 

* In subsonic flow when shock w3ve3 are absent so-called analogous models 
may be used in which change of Mach number is represented by change in 
thickness40. 
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4.2 discrepancy (which has been discussed by Beasley but not resolved) in the 

absolute level of lift curve slope but fair agreement in the change with 

change of Reynolds number. The effect of increasing angle of sweep may be 

expected to increase the Reynolds number dependence, and there is a need for 

more work both theoretical and experimental on the effect of sweep. For 

wings near maximum lift the stall, particularly for thin wings, may be 

very sensitive to leading edge conditions and thus the use of trips (to try 

to fix transition) may be undesirable. Williams and Kirkpatrick 43 suggest 

that for testing near maximum lift the minimum Reynolds number may oon- 

sequently need to be increased to about 6 million. 

For slender wings with sharp leading edges, as might be used for a 

supersonic transport aircraft, the main scale effect likely to be significant 

in the context of Loading Actions is the behaviour of the secondary separa- 

tion on the upper surface at high incidence. If the boundary layer is 

laminar the peak suction is smaller than for turbulent flow and occurs 
WC further inboard . There is thus a dependence of the spanwise loading 

distribution upon boundary layer conditions. However, provided the Reynolds 

number based on mean chord exceeds about two million, particularly if a 

transition trip is used, the loading appears to follow the turbulent pattern 

and little change of the flow occurs with further increase of Reynolds 

number. There is also no evidence of any significant scale effect on vortex 

bursting (in some ways akin to the stall on high-aspect-ratio wings). Good 

agreement has been found between tunnel and flight on the HP115 slender- 

wing research aircraft. 

For bodies of revolution it is not easy to define a simple minimum 

scale condition. For bodies at incidence the flow is dependent both upon 

a longitudinal scale and upon a transverse scale. The transverse scale can 

be related tc the flow conditions on a cylinder normal to an airstream. By 
use of this correlation a dual condition may be devised. An example of the 

correlation is shown in Fig.27, extracted from Ref.45, for a body of fineness 

ratio 10 tested at a Mach number of 1.61. At lnoidences up to about 14 

degrees the crossflow Mach number is less than 0.4 and the Reynolds. number 

is sufficiently high for the smaller turbulent crossflow drag to hold. For 

higher incidences the crossflow Mach number rncreases and produces a higher 

crossflow drag (as in laminar flow) resulting in a larger normal force 

coefficient. When a long body is combined with a low-aspect-ratio wing the 
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effects shown in Fig.27 may be magnified because of the interaction of the 

vortices shed from the body with the wing. However,Fig.ZT implies that if 

the longitudinal flow can be made turbulent then the loading will be quali- 

tatively the same as for higher Reynolds numbers at the same Mach number. 

There is generally no problem in establishing transition near the nose of a 

body of revolution. 

4.2 Static measurements 

The essential loading information in the design of an airxaft comes 

from static testing, in wind tunnels, of pressure-plotting models and of 

models on which are measured overall forces. It is thus of interest to see 

how far the mind-tunnel model can cover the flight envelope over which 

loadings are required. A simple representation of the flight envelops of 

an aircraft can be obtained as a lift coefficient - Mach number boundary. 

Pig.26 shows such boundaries taken as being typical of three classes of 

aircraft. Positive lift coefficients only are considered since the loading 

requirements at negative lift are less stringent. For these boundaries, 

aerOdyIX3mic loadings, for wind-tunnel models about five feet long which 

meet the minimum requirement of wing ohord Reynolds numbers of two million, 

have been plotted. Strictly, if tailplane or fin loads are required very 

accurately, some increase in Reynolds number, ani consequently loading, 

would be required to maintain sufficiently high Reynolds numbers on the 

appropriate surfaces. The examples are based on specific models but their 

application is probably fairly general. The models are sting-mounted and 

manufactured of high tensile steel. All three models were designed for the 

minimum practicable distortion due to the sting support, and had completely 

internal six-component balances. As a result, the load limitation is that 

of the balance rather than the model. Nevertheless it is clear that, within 

the scale requirements suggested in Section 4.1, the loading requirements 

can be met. For pressure-plotting models the strength reduction due to the 

installation of tubing runs will reduce the model loading lxnit, but not 

below that for the sting, so that the picture is not materially affected. 

As model size is reduced, loadings will be increased to maintain a given 

Reynolds number, and an increase in the model distortion to accommodate the 

sting and balance may be inevitable. 

The figures are drawn for aircraft without high-lift devices. Repre- 

senting take-off and landing configurations would of course increase the 
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lift coefficients required at low speeds, and the increased Reynolds numbers 

suggested for stalling tests involve further increases in model loading. 

The loadings at Mach numbers up to 0.2 are, however, small and a fivefold 

increase could be tolerated except for the subsonic transport which would 

require a stronger sting and balance. The Reynolds number requirement of 

6 nnllion at a Mach number of 0.2 would be hard to meet in existing facilities 

on a complete model. 

Fig.28 shows only design loading boundaries and omits other boundaries 

which may have significance both full scale and model scale. For example 

the subsonic transport may have a buffet boundary at a lower value of lift 

coefficient than that taken for the design loads. It is unlikely that a 

highly loaded wind-tunnel model could be tested without mishap beyond the 

buffet boundary. This shortcoming is acsdemoc since the aircraft also would 

be unlikely to survive far beyond its buffet boundary. 

Techniques of measuring loads and pressures under steady conditions 

are so well established as to need almost no comment here. With the introduo- 

tion of strain gauges it is possible to obtain loads on almost any component 

or part of a component as desired. There are, however, problems of model 

support which need careful consideration. Taking an example from Fig.28, 

for which models with minimum distortion were selected, corrections are 

still required. Fig.29 shows the effect of the sting fairing on a model 

of a supersonic transport aircraft. The results plotted were obtained by 

measuring the loads on a single sting mounting, and then making additional 

tests with the model so supported that loads on the rear part only, with 

and without the sting fairing and a dummy sting, could be measured. In the 

longitudinal plane there is a change in Cm0 and a change of about $$ chord 

in aerodynamic centre. There are also changes of about 2% in nv and about 

1% m yv. 

Other undesirable effects may arise from tunnel constraint corrections 

on high-aspect-ratio wings. It has been common practice to apply a simple 

incidence correction to lifting models to account for wall constraint. 

Recent work by C.R. Taylor has drawn attention to the spanwise variation of 

this correction and the additional incidence variation across the span 

caused by bending of a swept wing. Fig.30 shows the variation of the correo- 

tion to incidence across the span for a 30-degree swept wing made of steel 

and of span equal to two-thirds tunnel height. For a tunnel with solid 
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walls as plotted, the two effects almost cancel for a Reynolds number of 

4 million at M = 0.2 and for 2 million at M = 0.8. Increase of Reynolds 

number to 4 million at M = 0.8 introduces some 3% variation in the Fncidenoe 

corrections aoross the span. For a transonic tunnel with ventilated walls 

the situation is worse in that the constraint correction 13 of opposite sign 

and is additive to that due to the wing bending. 

one aspect of pressure plotting may be of some interest. Pressure- 

plotting models take longer to design and build than balance models and 

there is thus a reluctance to commit pressure-plotting models at an early 

stage in a proJeot, and furthermore the primary aims in the early stages 

are to assess stability and performance. WebberJ8 suggests that loading 

data are produced in four stages. 

(1) At the early proJect stage when simple estimates and experience 

are used. 

(2) Reappraisal of (1) in the light of performance and stability model 

testa. 

(3) Using data from specific loading tests combined with estimated 

stlrfness and inert18 data. 

(4) Corrections to (3) from the results of fhght testing. 

It may be helpful at stage 2 to be able to make some limited pressure 

distribution measurements. An attempt has been made to do this using 

pressure-plotting tubes external to the model. (This is not new in prmciple. 

The use of creeper statx tubes attached to wooden models has been a standard 

technique in low-speed wrnd tunnels for many years.) Fig.31 shows a pressure- 

plotting r&e used on a model aircraft fin. The rake was 30 designed that 

the statlo pressure tubes would lie in contact with the model surface, and 

the rake could be traversed in the longitudinal direction. The arrangement 

is obviously difficult to use in regions of high curvature or near leading 

edges. It 13 too expensive in tunnel time to be used extensively but may 

have applioatlons over limited regions in the suggested context. 

A direot check of the accuracy of pressure measured with the rake is 

not available. Flg.32 shows a comparison of pressures measured in a conven- 

tional fashion, on s. fm and dorsal extension, with pressures obtained from 

the statx rake on a stra;tght-leading-edge fin. Other differences are 8 
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change in the position of the wing relative to the fin and a change in the 

sweep of the fin trailing edge. The trailing edge is supersonlo in both 

oases and the change in sweep will have small effect on the pressures. The 

dorsal extension will, however, increase the loading near the leading edge, 

and the change in relative position of the wing flow field will have a small 

effect on the fin pressures. The agreement between the two measurements is 

thus probably as good as could be expected but a specific comparison is 

clearly desirable. 

4.3 Oscillatory derlvatlve measurements in wind tunnels 

For a review of possible model techniques for the extraction of aero- 

dynamic derivatives the reader 1s referred elsewhere, for example to Bratt 46 
. 

One specific technique only is discussed here. This is the method devised 
47 by Thompson and Fail which has been as highly developed as any other, and 

in which the aim has been to produce a self-contained equipment not depen- 

dent upon the use of a special wind tunnel or model support. Measurements 

have been made in three wind tunnels, the ARA 9 ft x 8 ft Transonic Tunnel, 

the R.A.E. 13 ft x 9 ft Low Speed Tunnel and the 8 ft x 8 ft Tunnel, 

together covering a range of Mach numbers from zero to 2.8. Provided the 

geometry of the model support is suitable for the strng mounting used in the 

equipment, and 1s of adequate stlrfness to avoid the development of undesir- 

able modes of oscillation, there seems no reason why any tunnel of adequate 

size should not be used. 

There aTe, however, restrictions on the acceptable model loadmg. 

Testing has been confined to slender aircraft shapes and for such shapes 

the maximum loadings are about 0.4 psi for longitudinal derivative measure- 

ments increasing to about 1.6 psi for lateral measurements for models of 

the same size as the supersonic transport model used in Fig.28. There is 

thus a restriction of either lift coefficient or Reynolds number for longi- 

tudinal derivatives. 

Recent developments in the equipment have been described in Ref.47. 

In its present form five degrees of freedom (oscillations in the axial 

direction are not included) are covered in two stages, pitch-heave as one 

stage and roll-yaw-sideslip as the other. The technique is one of forced 

oscillation at the natural frequency of each mode, measurements being made 

of the amplitude and phase of the excitation force and moment and of the 



87 

. 

. . 

accelerations. The model lnertias are derived by calibration. The equations 

of motion are then treated m either two or three degrees of freedom aa 

appropriate, and the aerodynamic derivatives are determined aa differences 

between results wind-on and wind-off. 

The derivatlves are defined with respect to earth-fixed axe3 in the 

mean posltion of the oscillating model, and are as follows (in the notation 

of Ref047):- 

Longitudinal 

Stiffness 

Damplng 

Lateral 

Stiffness 

DampIng 

Ill- e m. 2 

The Stiffness derivatives with respect to 8, JI and 'p are obtslned as 

a by-product in the dynamic tests and can be checked against results from 

static testing. AdditIonal checks can be made using f and 8 derivatives 

which are equivalent respectively to Jr and 8 derivatives e.g. -4 
* = -L;oosa* 

Acceleration derivatives with respect to j; and k' cannot generally be deter- 

mined with any accuracy. Unless a range of frequency of oscillation is 

studied, they cannot be distmgushed from derivatlvea due to displacements 

y and 3 (which in prlnclple are zero), and with some exceptions appear as 

very small changes in effeotlve stiffness. The direct-damping derivatives, 



mi, n. and C?are relatively easy to measure,being determined by the change 
6 

in excitation with and without airflow. The cross-damping derivatives are 

more difficult to obtain and show a fair amount of scatter. Ecamples for 

results of the Important cross-damplng derivatives 8 
B end ";, are sho* in 

Fig.33 for a model of them 115 slender-wing aircraft. Other cross-damping 

derivatives, "6, y; and y.,required for transferring to an ~1x1s orogin other 
'p 

than that used for the measurements, show similar amounts of scatter. 

As a further example of results obtained, values of cp, nr and yp for 

a model of the HP115are compared in Fig.34 with those deduced from analysis 

of the dutch roll oscillation of the aircraft 48 . The Reynolds number of the 

tunnel test based on mean chord is about 3 million compared with full-scale 

values of the order of 20 million. There is fair agreement m values of 4 
P 

snd yp but gross disagreement in nr. The flight values of nr are dependent 

upon assumed values of n . 
P 

A brief reanalysis of flight data at an incidence 

of about 13 degrees where the biggest disagreement occurs, using tunnel 

results for n 
P' 

has been made. The results shown are in good agreement with 

the tunnel data*. 

Thir natural extension to the extraction of oscillatory derivatives from 

model testing 1s the measurement of pressures and this is almost an essential 

pre-reqwsite to the establishment of satisfactory methods of predlction. 

Little experImenta work has been done in this direction mainly because of 

the lack of suitable pressure-measuring devices. The work of Bergh 49 at 

N.L.R. offers a means of circumventing some of the drfficulties and possibly 

opens up a new field in Loading Actions studies. 

4.4 Rocket-launched models 

The rooket-powered model may be regarded as being complementary to the 

wind-tunnel model. The advantages it offers are the absence of any modlfica- 

tion to the model shape because of model support requirements, the absence 

of the wind tunnel constraint corrections and the ability to attain high 

Reynclds number. For models of typical siee, chord Reynolds numbers in 

excess of IO nullion can be obtalned at supersonlo and transonic speeds. The 

range of lift coefficients which can be obtained is, however, limited because 

* Very recent work has shown a dependency upon frequency parameter of n 
measured m the tunnel. Further work is required to clarify the effeot %f 
tbls upon the comparison shown. 

. 
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of the low mng loading inevitable on models. For sirmlar structures wing 

loading will be proportional to scale size, though the model mng loading 

will be increased by using solid material where space perrmts. At a given 

lift coefficient the normal acceleration of a node1 compared with the full- 

scale aircraft will be given by 

where subscripts a and m refer to au-craft and model, q 1s kinetlo pressure, 

p density of model or aircraft and C is length scale. At a given Mach 

number the kinetic pressure for the model ~111 be greater than for the au-- 

craft (because the model is flown at low altitude) and may be assumed to 

cancel any increased density of the model. Thus the normal acceleration of 

the model will be increased over that of the aircraft inversely as the scale. 

For a manoeuvring-type aircraft the model would be about one-twelfth scale. 

By flying models In a barrel roll, large normal accelerations can be mam- 

Wined but the limits are about equivalent to level flight on the full-scale 

aircraft. 

Derivatives are extracted from flight tests by analysing the decay of 

disturbances produced by 'honkers'. The methods of analysis are discussed by 

Hamilton and Hufton 50 , and by Turner 54 . 

Reference has already been made to Fig.9 whhlch compares free-flight 

data for pitch damping derivative from Ref.33 on a slender-wxng research 

model with unpublished data obtained by Thompson and Fail In two wind 

tunnels. The data are all at or near zero lift. The Reynolds number of 

the free-flight experiment 1s some four tunes that of the tunnel but no 

partxxlar trend with Reynolds number is apparent. The data from the two 

tunnels have an unexplained disagreement which 1s roughly the same as the 

scatter band of the free-flight data. The tunnel data were measured about 

an axis some 1% root chord aft of that shown and the results quoted allow 

for this and so include some scatter from the ineasurement of normal force 

derivative. 
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6.5 Use of models as analogues 

Free-fall modela 

The use of freely flying models as an analogue to complex motions which 

cannot easily be synthesised has been long established in the particular 

oontert of spinning. More recently there has been increased interest 53 in 

their application to other types of motion and in the extraction of deriva- 

tives from analysis of the motion. The aim of the work has been to study 

the handling problems of slender-wing aircraft at low speeds but it 13 worth 

considering whether a more direct contribution in the Loading Actions field 

might be made in respect of response characteristics. 

For slender-wing models adequate Reynolds numbers can be obtained. 

Bisgccd53 shows that for dynamically similar models flown at the same height 

as the aircraft the ratio of model to full-scale Reynolds )lumber is equal 

to the (model sc~Je)~/~. ' Taking as an example unpublished work by Bisgood 

on a quarter-scale model of the HP115, aReynolds number of about 3 million 

is obtained. Fig.35 shows that the motion of the model appropriately scaled 

agrees very olo3ely with that of the full-scale aircraft. Static lateral 

derivatives are g$ven in Fig.36 which also agree tolerably well with those 

for the aircraft and from wind-tunnel tests 54 . 

Wind tunnel-flight d.ynamlcs simulator 

An alternatIve approach to freely flying models 13 that proposed by 

Beecham, Walters and Partridge 55 . In this scheme a model 13 supported In a 

wind tunnel in a conventional manner and the statx forces and moments so 

measured are used in conJunction with continuously computed gravitational, 

inertial and aerodynamic damping terms to solve the equatlons of motion for 

the three velocity oomponents along the model axes. The velocity components 

are then used to control the tunnel speed and model lncidenoe so that a ccn- 

tinuous flight path may be generated. The accuracy of this type of simula- 

tion depends upon the significance of the damping terms and the accuracy to 

which they can be estimated and computed. The technique has so far been 

applied only m a small supersonic wind tunnel but could, m principle, be 

used in any size of tunnel so that the Reynolds number cbtalnable may be 

considered to be the same as for steady static testing as shown In Fig.28. 

Other uses for the simulator have been suggested such 89 the simulation of 

store relesse56'57 , m the determination of trim boundaries, where the 
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problem is essentially static, but where, when motion in more than one plane 

1s involved, analytlcal determux3tion requres very extensive data and 

ana1ysj.s. 

Aeroelastlo static tests 

As suggested earlier, it 1s oonsldered that aeroelastlc static testing 

is likely to be more profitable as applied to component parts of an airoraft 

rather than to the aircraft as a whole. An example 1s the work of B.A.C., 

Filton on fin and rudder effectiveness. The model fin (Fig.37) 1s manufac- 

tured of light alloy spars covered with an etched light alloy skin stablllsed 

by uuertlng preformed foam plastic blocks. Leading and trailing edges are 
made of balsa wood. The rudder hinge and Jack stiffness IS represented by 

machined flexures and the aft fuselage is made of a light alloy cone 

lncorporatlng etched stringers covered with moulded plastic foam with a 

finishug surface of gelcoat. 

The essence of the design 1s the bulling of the alrcraft structure so 

that the stiffness can be represented by local spars m the model. The 

stiffness ratios are then at a given Mach number 

and the skin thlokness ratio is 

% 52% 
t, = q, Ca ' 

The stiffness of the rudder mounting scales as 

For the fin shown a ratlo of q,,/qa = 0.8 was chosen and for an assumed 

tunnel stagnatIon temperature of 35'C the range of tunnel condltlons for 

full-scale loadrng sunulatlon are shown In Flg.38. With a tunnel capable of 

being pressurlsed totwo atmospheres a wide range of axcraft condltlons 

oan be simulated, m fact well beyond the design speed. At the lower speeds 
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the results must be in some doubt because of the low Reynolds number - the 

stagnation pressure for fin chord Reynolds number of 2 million is shown. 

However, at the lower equivalent speeds, data can be compared with tests on 

rigid models at higher Reynolds numbers. 

5 DISCUSSION AND CONCLUSIOIB 

There are clearly many aspects of the wide Aerodynamics field which may 

enter into the deliberations of the worker in the Loading Actions field and 

a good number have not been discussed herein. This is inevitable in a topic 

so wide that it could n&. possibly be brought within the scope of a short 

paper. 

Perhaps more important is that in the preceding text we have tended to 

gloss over the fact that, as the Loading Actions oalculation is oft-times 

concerned with some limiting flight condition, we shall go beyond the point 

where the aerodynamics are linear in form. For the slende*wing aircraft 

the aerodynamics are essentially non-linear over a wide range of incidence 

except where the attachment line lies along the leading edge. Generally, 

howe,ve,r, these non-linearities become important when a large incidence - 

angle of attack or sideslip, or both - is mvolved. To date the only avdl- 

able convenient formulation to cope with these more trying conditions has 

been the coefficient form of th6 forces and moments, which could be expressed 

as some function of the variables as determined by experiment. There has 

been "o theoretical oounterpart of this, but some work is 111 progress on 

problems of this nature. 

Attempts have been made to provide methods which analyse flight data 

on the motions of aircraft - model or full-scale - on a non-linear basis. 

However, within the framework of the more usual theory as outlined, 

much remains to be done. 

From the few illustrative cases quoted, and the general background of 
knowledge contained wlthin the various references given, it is concluded 

that: 

(1) Though this paper omits many interesting applications of model tech- 

niques it is shown that, with the combination of the few standard techniques 

discussed, the essential Loading Action information can be obtained. 

(2) There is scope for more direct application of both tunnel and free- 

flight model techniques to the manoeuvre part of the Loading Actions 

requirements. 
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(3) The measurement of dynamic pressures as an adJunct to dynamic derlva- 

tives is worthy of mere attention than hitherto. 

(4) There 1s a need for work on a broad basis on the experimental confirma- 

tion of loading calculations including the effects of dlstortlon. 

(5) The avaIlable methods (theoretical and semi-empirical) of predicting 

the forces and moments, although falling short of what is ideally needed, 

do provide a reasonable basis for early design work. 

(6) More could probably be got cut of the avallable theory by a mere 

efficient harnessing of the computer to the problems, particularly those 

relating to interfering surfaces, e.g. wing-tail problems. 

(7) Improvements in the basic lifting-surface theory and that for the flow 

with vortex sheets are likely and such basic progress should bring m its 

train developments ~nthe mere general manceuvrlng case. 

(8) A long-term sun must be the development of an integrated aerodynamic 

and structural analysis of the complete flying vehicle as a deformable body, 

making full use of modern computers. 

(9) Some aspects of flight testug of full-scale aircraft have been touched 

on, but there 1s a self-evldent case for more broadly based tests, to ald the 

Loading Actions procedure In pmtuular cases and to give the ultimate check 

on the varlcuz stages of the predlction process. The scope ai??. nature of 

such tests are considered In some detail In Refs.36 and 37. 
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DISCUSSION 

Mr. R. Rills. Aircraft Research Association stressed the point, men- 

tioned in Mr. Thomas's written paper but not discussed by him, that Loading 

Actions calculations were often concerned with limiting flight conditions, 

which went beyond the region where the aerodynamics were linear in form. 

This meant that, if possible, calculations shculd be continued into regions 

where the flow was separated: some of Mr. Thomas's slides had shown that 

for slender wings something was being achieved in this respect. However, 

there was still a lot to be done particularly with regard to Mach number 

effects at high-subsonic and transonic Mach numbers. He thought that this 

stressed the importanoe of experimental methods of measuring loads. 

Looking at this from the point of view of someone who ran a large wind 

tunnel, where a lot of work had been done for foreign customers as well as 

for British firms, he had found that foreign firms seemed to requre a lot 

more pressure plotting on complete models than did the A.R.A.'s member firms 

in this country. He wondered whether the Loading Actions people had been 

pressing hard enough for data. Five years previously pressure plotting had 

involved laborious measuring of pressures on manometers, and results had taken 

a long time to work cut. This was no longer the case. A complete model 

could have 4.00 to 500 pressure points and be tested right through the tran- 

sonic speed range; results could be worked out, plotted and integrated all 

on the computer, to give detailed loads over the whole model. He suggested 

that this technique should really be used mere in this country to cover 

regions, such as transonic speeds and high incidences, where the flows would 

tend to be separated. 

Mr. Rills pointed cut that one did have to be very careful in inter- 

preting the results of wind-tunnel tests. Mr. Thomas had dealt in his 

written paper with the question of test Reynolds number and had suggested 

that if this were of the order of 2 million, based on sing chord, then one 

would generally get the same sort of wing flow as at full scale. Mr. Hills 

thought that recent evidence both in Britain and in America suggested that 

when shock waves were present there might be some quite appreciable differ- 

ences between model results and what happened on the full-scale sircraft. 

It had been found that the shock waves might be further back on the latter 

which, in turn, would imply considerably greater rear loadings and hence, 

for swept wings, considerably larger torsions. Whilst it could normally be 



assumed that mind tunnels would give pessimistic answers as far as performance 

aspects were concerned, the same might not be true for loadings. Individual 

cases had to be looked at very carefully and in this, again, pressure distri- 

butions helped one in deciding whether they were applicable to full scale. 

He said that for CL there was a known scale effect at low speed and noted 
msx 

that Mr. Thomas had suggested that for determining this quantity one required 

a Reynolds number'of about 6 million. 

Mr. Hills said that this completed his comments, except that he would 

compliment Mr. Thomas on his achievement in dealing with a subjeot, whioh 

really required s. book, in .s very readable report snd a lecture of 20 minutes. 

Mr. H.C. Garner, National Physical Laboratory said that in his paper 

Mr. Thomas had referred to some work of his (Garner's) in which he had used 

specialised distributions of collocation points. He thought that he ought to 

make it clear that in fact this work did not use anything very special by 

way of collocation points. However, he had read recently B paper by 

van de Vooren which did so: a novel spsnwise distribution of collocation 

points was used and this seemed to be particularly relevant to T-tails and, * 

possibly, to swept-wing junctions. He thought this might prove to be quite 

important. (The reference to this paper is:- A.I. van de Vooren Some 

additions to lifting surface theory. Mathematisch Instituut Universiteit 

Groningen. Report W-35.) 

Mr. B.J. Beele, British Aircraft Corporation, Preston took up 

Mr. Hills's point about pressure-plotting models. He said that people in 

Britain were by no means averse to using them but pointed out that there 

was a great deal of expense involved in the production and testing of such 

models and a great deal of time involved in assimilating the results. Con- 

sequently, one had to compromise in several respects. The time when the 

information was needed was at a fairly early stage in the designing of an 

aircraft, which was the very time when least was bown about its actual 

shape. Hence one had two alternatives: either one did testing at an early 

stage, on a model which one accepted would probably turn out to be unrepre- 

sentative, or one left it until very late on, by which time it would be 

rather late to incorporate the results into the design. He considered, 

therefore, that while pressure-plotting models were useful one also needed 

to have a method for modifying any pressures that had been measured on one 
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configuration when one changed to another. Mr. Beele said that a further 

problem was that If pressure information was desired on wing, tailplane, 

and fin then the size of model was often prohibitive for a lot of the avail- 

able tunnels. 

Reverting to Mr. Thomas's statement that in many oases one oould get 

qute reliable estimates of pressure distmbutions on wings, Mr. Beele 

recalled Mr. Hills's point that one was often concerned with regions where 

things were no longer linear and said that he would, himself', like to empha- 

sise another point which they had come across quite recently. This was t&t, 

even in a linear region, the assumptions made by most theories about the 

behaviour at the leading edge became of importance rf one had a leading edge 

slat, even though they might not matter very much as far as the wing as a 

whole was concerned. It was then crucial that one knew Fn detail the 

pressures around the very nose of the wmg: if one was not able to make any 

reasonable assessment of these values then the loads predicted by theory 

would be mldly out. 

., 

Mr. Thomas ssld that he accepted all Mr. Beele's remarks and that he 

hoped he had not palnted too rosy a picture. He had stressed that his 

remarks applied to the range of Incidence where linearity could be assumed. 

It had always been a source of some amaeement to him that in Loadmg Actions 

one did xn fact get away with so much on this assumption because, since 

critical cases were being dealt with, it would have been reasonable to suppose 

that one would be knocking up against that limit all the time. He supposed 

that it was all hidden somewhere in 'that factor of 1.5'. He agreed that 

this type of problem furnIshed the reasons for contlnulng to work on such 

topics as thxk wings as opposed to thin mngs, the effect of large incidences 

as against small lncidences and so forth. 

Mr. C.H.E. Warren. Structures Department. R.A.E. said that Mr. Thomas's 

paper was concerned mainly with aerodynamic forces and loadings m steady snd 

quasi-steady situations. There was also the very big problem of knowing the 

aerodynamic forces in transient and other unsteady conditions such as one met 

with gusts. It might be thought that in this situation one would be faced 

with the task of calculating directly the aerodynamic forces in these tran- 

s1ent 00nd1t10ns. He said that he would like to bring to the attention of 

those present an alternatlve approach which they had been looking at. In 

the study of flutter they had had to amass a vast amount of aerodynamic 
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uSormation appropriate to the case of oscillatory motion and they now had 

very extensive programs for oalculatlng the aerodynarmcs of mngs of a large 

variety of geometries, for quite a mde range of Kach numbers, and over the 

highly relevant range of frequencies. As was well hewn, If the aerodynamlos 

of a rnnng were known for various frequencies then,in theory, the powerful 

methods of the Fourier transform enabled one to derive the variation of the 

aerodynamics with time m a transient situation. Mr. Warren guessed that 

this might have been looked into in the past but that It would not have been 

a practical proposltion because the aerodynamics had not been known for a 

sufficiently large range of frequencies: strictly, the Fourxer transform 

method required this to extend from zero to infinity. He said that in 

recent work it had been possible to derive the aerodynamic forces that 

occurred in gusts by using the vast body of informatIon available for oscll- 

latory aerodynamics. In other words, the method did work in the cases at - 
which they had looked - he thought that this might not be generally known. 

. 
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I INTRODUCTION 

166 

There is a good chance of some misunderstanding arising from the term 

'load measurement'; on occasion it has merely meant the measurement of 

the acceleration at the centre of gravity. However,m this Paper, concerned 

mainly with structural interests. the expression is used in two ways. It 

can denote either the measurement of the net external loads, i.e. the alge- 

braic sum of the aerodynamic and inertia loads, acting on a maJor component, 

in order to check that the loads used in the design calculations or applied 

to the static strength specimen are reasonably representative of the flight 

loads, or the measurement of the internal load distributions in the structure 

for the assessment of fatigue life. For the latter purpose it is necessary 

to establish the magnitudes and frequencies of occurrence of these internal 

loads and their associations with the environments expected during the opera- 

tional life of the aircraft. In general this latter task can be done only 

by strain gauges attached to selected structural members. The alternative 

of measuring accelerations and aerodynamic pressure distributions would be 

precluded because the relevant loads in the members would be obtainable only 
via theoretical stressing analysis from the measured external loads. This 

would be a most formidable exercise involving the investigation of a multi- 

plicity of flight conditions each of which may be significant at a particular 

point in the structure. 

The interpretations of flight and ground strain measurements for these 

two purposes are drscussed in this Paper. 

2 IXT~ATION OF THF: STRAIN EASCRE?JENTS 

2.1 Design envelope conditions 

The most widely used and successful technique for flight load measure- 

ment has been the statistical method' developed by the N.A.C.A.: although, 

until a few years ago, it had rarely been used in British experiments. The 

early attempts to utilise flight strain measurements involved the comparisons 

of the measured values with those either calculated in the stressing or 

measured at similar positions on a strength test specimen. The conversion 

of gauge responses into stresses involves assumptions of gauge sensitivity 

and modulus of elasticity and these quantities can vary about their mean 

values. The calculated stresses are usually SubJect to some simplifying 

assumptions and, as in the case of stresses measured on the test specimen, 
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they will be known only for a limited number of design conditions which will 

not necessarily match the particular flight oondition. The derivation of 

the overall load parameters - bending moment, torque and shear - at seleoted 

sections of the major structural components from the measured flight stresses 

introduces further inaccuracies from the uncertainties regarding the effective 

areas and moment areas associated with the stresses. 

These difficulties are overcome by the use of a statistical method' 

which interprets the flight responses by means of a regression fitted to the 

response data of selected gauges obtained from a comprehensive calibration 

by a series of individual loads applied to the structure. The regression is 

applied to the distributed loading on the basis that the latter is a oombina- 

ticn of mdlvidual loads each of which can be estimated by the regression. 

Thus the validity of the procedure requires the structure to oonfor!d with 

the prmclple of superposition. Theoretically the regression, which can be 

chosen to estimate bending moment, torque or shear, can be used over a limit- 

less range of distributed loadings but in practice the accuracy of prediction 

will vary with the posltion of the centre of pressure, The standard error 

associated with the regression - that is the statistical error of the regres- 

slon operating on the sample - is not reliable for indicating the error for 

the distributed load but, in general, acceptable accuracy, say 2 to 396, is 

obtained on medium- to high-aspect-ratio structures. The procedure requires 

gauge installations that respond predominantly to each of the loading para- 

meters - bending moment, torque and shear-and regression analysis is intro- 

duced because generally an installed gauge will respond to two or more of 

the parameters. Laboratory tests on a Lightning fin showed that the standard 

errors were unacceptably large for a multi-spar construction of low aspeot 

ratio and the method was modified2 by ohsnging to a sample of distributed 

loakngs with their appropriate response data. In this case the justifica- 

tlon for using the regression is based on the flight loading being within 

the sample. The increase in accuracy is obtained by limiting the movement 

of the centre of pressure. The standard error then has some significance 

and can be used to estimate the reliability of the forecast of a flight 

loading. However,in the flight trials on the Lightning fin it was necessary 

to cater for comparatively large movements of the centre of pressure and the 

regressions were based on a mixed sample of distributed and individual load 

data. Figs.2 to 4 show the residuals of the forecasts by the regressions on 
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each item of the sample shorn in Fig.1. The use of the regression and the 

acceptance of the lndlcated aoouraoles would be justified by comparing the 

distribution of the flight responses with the appropriate member of the 

sample. 

The partloular exercise on the Lightning fin did not introduce any 

support problems - the calibration loads on the fin were reacted at the main 

undercarriages. However, it was necessary to obtain oalibratlon response 

data for loads inboard of the measuring section. These data were included 

in the matrix with an associated zero input for the individual load sample 

and were automatically taken into account in the obtammg, by superposition, 

of the responses associatedwith the distributed loads. When the gauge 

responses are affected directly by the reactions at the supports it is neces- 

sary to obtain oslibratlon data for loads acting anywhere on the structure. 

For any flight condition the distributed loads must be in equilibrium (i.e. 

the aerodynamic loads must equal the Inertia loads) and the effects of the 

supports will vanish. 

The relevant flight parameters - speed, altitude, accelerations, rates 

of pitch, roll and yaw, control surface positions etc.- must also be measured 

to Identify the particular flight condition. In general It should be neces- 

sary only to investigate a limited number of flight conditions matching the 

critical modes of maJor structure failure and ideally It would be desirable 

to compare directly the flight loads with the unfactored loads of the struc- 

tural strength test programme. However,this may not always be possible and 

the measured flight loads would be then used to establish confidence in the 

Loading ActLon calculations. The shortcomings arise from two souroes. Firstly, 

It may be physically lmposalble to match flight and design conditions or it 

may be too hazardous to simulate an emergency condition specified for the 

aircraft. Secondly, there are difficulties from the oholce of datum levels 

from which the gauge readings will be interpreted. Recordings taken at 

ground static conditions do not always correspond to zerc load levels in 

the component and the estimation of the relevant ground loads lntroduoes some 

uncertainty. In early stress investigations the use of the ground zero resd- 

ings was very dubious because of the drifts of the gauges an3 recording 

equipment. Some improvement is effected by temperature-compensated systems 

such as half or whole bridge installations and further gains aooure from 

the use of 'selective-melt' gauges whose temperature characteristics are 
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matched with those of the structural material. An American technique 
establishes datum levels of zero stress in flight but it involves acceptance 

of the assumptions that 'zero-g and zero-q' conditions produce zero stress 

throughout the structure and that the corresponding gauge responses can be 

extrapolated from measurements taken during roller-coaster manoeuvre3 at 

various air speeds. Thus it is not uncommon to interpret only the incre- 

mental gauge responses from the lg level flight condition, it being assumed 

that the loading appropriate to this condltlon is known to reasonable 

accuracy. This does not entirely preclude the use of ground static levels 

when there is evidence of the stability of the instrumentation but the incre- 

ments from these levels may then include thermal loads as well as the usual 

external loads. It 13 envisaged that the gauge installations will be internal 

and thus protected from any rapid changes of temperature but doubtless the 

guages would respond to any self-equilibrating losds induced by differential 

expansions of the structure. However, in the time scale of a manoeuvre or 

the sampling of flight in turbulence it is most unlikely that the lg level 

flight datum levels would change and thus there are msny advantages to be 

gained from the use of incremental strains (from level flight zeros) for the 

estimation of the aerodynamic ard inertial loads. 

When the thermal loads are important m the structural clearance of 

the aircraft it is probably more accurate to measure the thermal loading 

action directly by means of temperature measurements rather than by strsin 

measurements. The stress distributions could then be investigated in suit- 

able laboratory simulation teats. 

2.2 Fatigue life substantiation 

The above methods can supply the time histories of the bending moments, 

torques and shears at selected sections to a reasonable accuracy but this 

howledge may be of little assistance for fatigue studies. A successful 

assessment of fatigue life will depend on the identification of those regions 

where local damage may occur and initiate a major structural failure. The 

damage oould arise from the fluctuating stresses induced by local or remote 

external loads and the detail design of the structure can be a dominant 

factor. The magnitudes of the local stresses and the relative frequencies 

of oocurrenoe are both important and, because there is no reason to expect 

the local stresses to maximise throughout the structure at the same instant 

of time in any loading action, the processing of the time histories of the 

overall loads to provide the local load data would be an impossible task. 
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It would also appear to be unprofitable to attempt to measure the 

local stresses for a direct fatigue life assessment from an appropriate S-N 

curve. If the physical difficulty, or often impossibility, of installing a 

gauge at the significant position is ignored, there would be inaccuracies 

from the averaging of the strain over the area of the gauge a& from the 

variations in gauge sensitivity and Young's modulus. Another method would 

be to measure the local load adJacent to the stress concentration but, 

additional to the possibility of the errors previously mentioned, this 

implies a bowledge of the effective area to be assooxated with the measured 

strain and also a reasonably uniform uni-axial stress distribution. This 

latter condition is only to be found some distance from the stress concen- 

tration but, if existing, it would allow multi-gauge installations which 

would maximise the bridge output from the gauge station and improve the 

temperature compensation. 

Many investigators, such as Rbyne and Murrow 3 , used the response from 

a steady symmetric manoeuvre for the interpretation of the gauge responses 

from flight through turbulent air. This procedure allows the comparison of 

the root mean square (rms) of the centre of gravity accelerations with the 

rms of equivalent accelerations at each gauge station. These comparisons 

then indicate the degrees of amplification arising from the dynamic response 

of the aircraft to the disturbances and, for a large flexible aircraft, the 

amplifications of bending strain varied from about 1.1 at the root to about 

2.0 at the midspan of the wing. The internal loads induced by the steady 

manoeuvre can be estimated by normal stressing procedures and the flight 

responses can then be converted into loads. The overall accuracy depends 

on a howledge of the aerodynamic ati inertia loads of the manoeuvre and on 

the accuracy of the stressing calculations. Nevertheless the derived fluc- 

tuating loads and some appropriate detail tests may be satisfactory for the 

analytical assessment of the endurance of the structure. Some guidance, 

based on technical appraisal or practical experience, is required on whether 

the local chordwise and/or spanwise loads attributable to shears and/or 

bending moments should be measured. In general the 'known'distribution of 

the external loads of the manoeuvre would not be suitable for direct applica- 

tion to a complete structural test specimen and ma,Jor modifications to the 

distribution might be necessary to ensure that the various regions were 

adequately tested during the fatigue test. 
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The previous interpretations have not necessitated the load calibration 

of the structure. When this has been done the gauge installations, preferably 

fully aotive bridges responding to shear or bending moment, would provide 

measurements of the internal loads at a number of stations in the structure. 

The procedure would not necessitate the interpretation of the gauge responses 

as either stress or local loads. The gauge responses and og accelerations 

would be recorded as oontinuous traces under manoeuvre and turbulent flight 

oonditions at seleoted speeds, altitudes and weights consistent with the 

flight plan of the operational aircraft. The severity of the turbulence or 

manoeuvre in these samples would be assessed from the og accelerations and 

thus related to the average expectations implicit in the flight plan. The 

continuous trace records at each station would be analysed by the counting 

method most appropriate to fatigue oonsiderations and then extrapolated to 

the average flight plan by the relationships obtained from the og aocslera- 

tion data. Thus at every station gauge response spectra for manoe-e and 

turbulence conditions can be assembled. In general these spectra will vary 

throughout the struoture, espeoially when the dynamic response is significant. 

In the conventional fatigue test the continuous distributions of magnitude 

and frequency of oco-rice are represented by a limited number of loads 

whose magnitudes and frequencies of application are seleoted to produce 

equivalent fatigue damage. The particular load distributions to satisfy 

these conditions oould be obtained by an iterative procedure using superposed 

calibration data. In some oases it may be sufficiently accurate to dispense 

with the calibration of the flight aircraft and use the responses of similar 

gauge installations in a test specimen under the test loadings. 

It is tacit in the method that there will be an accompanying full-scale 

fatigue test and that there will be a little significant error in aooepting 

the interpolated conditions for the remainder of the structure from the 

conditions obtained at the point of measurement. As the struotural design 

becomes more redundant and the dynamic response more complex, there may be 

a need to monitor chordwise as well as spanwise loads. If the fatigue life 

of a particular component is governed by both chordwise and spsnwise fluctuat- 

ing loads or by the combined action of fluctuating shear ani direct loads, 

the phasing of the various loads becomes important. The flight installations 

would of necessity become more specific and detailed. This could be under- 

taken but naturally it would not Overcome the severe problems then inherent 

in the fatigue test. 
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2.3 Undercarriage clearance 

The gauge installations outlined above could be used for general struc- 

tural load measurements under landing and ground manoeuvring conditions. 

There still remains, however, the need to establish the structural integrity 

of the undercarriage. The landing cases have always been diffioult to 

investigate experimentally - partly because pilots are reluctant to land at 

vertical velocities near the specified value and partly because of the prob- 

lems of measurement. 

Despite the apparent simplicity of the average undercarriage structure 

the measurement of the three load parameters - vertical load V, drag load D 

and side load S - presents many formidable problems, espeoially for the land- 

ing conditions. The three loads do not act through a common point: the 

vertiosl load acts through the hub, the side load through the point of tyre 

contact and the drag load through the hub or the point of tyre contact 

according to whether the load is from spin-up or from an application of the 

brakes. In many practical cases the side and drag loads are deduced from 

bending strain measurements and thus the geometry of the undercarriage, 

whioh changes under the action of the various loads, and the attitude of the 

aircraft relative to the ground must be hewn before a reliable estimate can 

be made of the ground loads. The system behaves in a non-linear fashion 

because of damping and generally at least two of the load parameters use the 

same load path. The time history of the drag load is dependent on the hori- 

zontal speed and the local conditions of friction whereas that of the verti- 

Cal load depends on the rate of vertical descent and the characteristics of 

the shock absorber system. Thus the two loads will not usually maximise at 

the same or related times after touch-down, and the processing of any prac- 

tical measurements can be most complicated. However, it should be satis- 

factory to achieve reasonable accuracy only at the maximum load conditions 

and the appropriate geometries would then be needed for a very limited number 

of conditions. 

The procedure adopted in previous investigations has been to select 

the more promising positions for the strain ga'uges and then to calibrate the 

system for various geometries by the separate application of static loads V, 

D and S at their appropriate positions. If reference axes in the uoder- 

carriage are adopted the calibrations must include moments about the chosen 

axes as well as loads along them. There 1s a consequential need for 
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additional gauge stations to cater for the moment determination but some 

advantage accrues because the need to measure the attitude of the aircraft 

vanishes. However, this latter measurement is still required if the ground 

loads are to be established. In some experiments the undercarriage compo- 

nents have been individually calibrated and the relationships between the 

various parameters and the gauge responses are based on the geometry uf the 

assembly. The use of separate loads or calibrated components can mask sig- 

nificant interaction effeots: for example the estimate of a drag load from 

a bending strain may be inaoourate because of the added bending moment induced 

by a vertical load acting on a struoture deflected by the drag load. For 

such reasons ani to allay doubts that the static calibration procedure can 

cater adequately for dynamic conditions it is recommended that the accuracies 

of estimation should be checked with gauge response data obtdned from drop 

tests of the undercarriage on a calibrated platform which provides indepen- 

dent measurements of V, D and 5. 

It is evident from the preceding discussions that the processing of 

the data could be most time-consuming, and as an alternative it might be 

expedient to introduce statistical methods snd to establish relationships 

between the load parameters end the gauge responses by regression analysis. 

The sample data could be obtained in one of the following ways: 

(a) from a series of drop tests on a calibrated platform in which 

drag and side load conditions would be simulated by pre-rotation snd moving 

platform techniques (the wedge technique would be unsatisfactory because it 

produces drag or side loads which are directly correlated with the vertical 

load throughout the impact cycle); 

(b) from a number of static calibrations in which various combinations 

of V, D and S are applied to an undercarriage; 

(c) from the superposition of response data obtained from component 

calibrations and a knowledge of the geometries of the undercarriage. 

It would be most convenient if the regressions could be used univer- 

sally but it is more likely that acceptable accuracies will be obtained 

only for a limited range of geometry. Thus samples to match particular 

ranges would be required. 

The preceding discussion has been written with the single- or twin- 

wheel undercarriage in mind. For these the selection of the critical 
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conditions from the time histories of the load parameters should not be 

unduly difficult.. In the case of bogie undercarriages, either the front or 

rear wheels contact the ground initially and the bogie beam rotation is con- 

trolled by a shook absorber until eventually the other wheels impact with 

the ground. Thus, in general, the critical ground loads will be deduced 

from the time histories of three loads and three moments at each end of the 

beam and from the shock absorber load. A further complioation will arise 

from the fairly large changes in geometry. The loads from ground manoeuvring 

should be easier to determine because the rates of changes of the loads and 

of the geometries will not be so high. 

With uncertainties regarding the positions of likely fatigue failure 

sxoilar to those discussed in Section 2.1 it 1s evident that the fatigue life 

substantiation of an undercarriage must be based on local strain measurements 

under typical operating conditions rather than by the inspection of overall 

load measurements. 

3 CONCLUSIONS 

The interpretational problems of fli&t and ground strain measurements 

in the interests of structural integrity have been discussed for design 

envelope conditions and for fatigue life assessment. The latter presents the 

greater difficulties because there is an increased number of modes of struo- 

tural failureand these are dictated by the frequencies of occurrence as 

well as the magnitudes of the local loads. It is suggested that for fatigue 

life substantiation the local internal loads in the structure should be moni- 

tored for a sample of operational conditions by suitable gauge installations. 

The validity of the associated fatigue test can then be established by com- 

paring the gauge responses for the test loadings with those estimated to 

produce fatigue damage equivalent to that produced by the spectra of gauge 

responses assembled from the flight data and the operational data for the 

typical aircraft. The responses for the test loadings may b-e obtained 

directly from similar gauge installations in the test specimen or from super- 

posed data obtained during a calibration of the flight aircraft. With 

systematic arrangements of gauges at sections of the main components the 

calibration data can be used either directly or by superposition as dis- 

tributed loadings to supply regressions for the estimation of the overall 

loads acting on the components. 
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The measurement of undercarriage loads introduces many formidable 

problems and it is unlikely that these programmes will be as successful as 

measurements to establish the integrity of the other major struotural 

components. 
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1 IN!l!RODUCTION 

Design reqmremnts for aircraft have developed largely as a result of 

theory, experiment and experience of operational reliability. Loads may be 

predicted by theoretical methods, working to an error of, typically, less 

than I%, or determined by experiments which can be in error by less than 

1%; operational loads are, however, seldom known to such accuracies. It 

may be considered that the mun purpose of operational research 1s to 

increase the efficiency of aircraft design and usage by providing a more 

accurate model of the aircrsft environment and behaviour. Inevitable bp 

products are improved design requrements and reduced accident risk. 

. 

With current operational research techniques, cost and available man- 

power usually limit general operational research studies on any one aircraft 

type to about ICQOO flying hours. Nevertheless, when speclallzd techniques 

or instruments are developsed, studies of one aspect of operational research 

oan be made on a larger scale at an acceptable cost. 

The small sample of flight experience normally available is not a 

serious limitation when fatigue dsmage is the design problem, and valid 

quantitative information can be produced; when ultimate strength and 

sccldent risk design requirements are being studied., the sample is so small 

that quantitative estimates lean heavily on extrapolation of data. Then 

defect experience must be used to assess the numerical values to be inserted 

m the requirements but operational research may still shew that the form in 

which the design requirement is drafted has a poor correlation with the 

physical phenomena which create the requirement. 

It is seldom possible to design operational equipment whioh msasures 

significant parameters directly, as simplicity and reliability of instrumen- 

tation 1s an overriding consideration. Therefore, operational parameters 

should be measured mth similar instrumentation during experimental flying 

and correlated with the comprehensive measurements made during the experi- 

mental flight programme. 

i 

Operational research to aid Structural and Aerodynarmc Design probably 

began with the V-g recorder. This instrument measured extreme aircraft 

accelerations and associated speeds, thus providing information for symmtrio 

manoeuvre and gust strength reqmements. The need for fatigue loading 

information led to the development of V-g-h continuous trace recorders in 
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the U.S.A. Subsequently, Counting Accelerometers and Fatigue Load Meters 

were developed in the U.K. to provide operational information on symmetric 

loads and gust velocities; current work is producing operational evidence 

of the reduction in structural loads due to the use of storm-warning radar 

and is monitoring the usage of fatigue life. Information from Fatigue Load 

Meters is to be presented to aircrew in flight to assist them in developing 

techniques for conserving fatigue life. 

The Civil Aircraft Airworthiness Data Recording Programme was initiated 

in 1962 with the purpose of obtaining a wider understanding of operating 

procedures in civil airlines and their relation to design requirements by 

the use of continuous trace recording. 

2 CML AIRCRAFT AIRWOR'JXNESS DATA RECORDIXG PROGRAMME 

This is a co-operative programme involving the A.R.B., B.O.A.C., B.E.A., 

Aero and Structures Departments, B.A.E. Speed, acceleration, height, control- 

surface movements, aircraft attitude and a number of auxiliary signals are 

recorded on photographic paper for subsequent study and numerical analysis. 

Super VC10 and Trident aircraft are currently fitted with recorders; 

recording on Boeing 707 and Comet 4 aircraft is nearing completion. Records 

are,being obtained at a rate of about 10000 flying hours per year: about 

5000'3 hours have already been obtained. 

CAADRP records provide a valuable new source of information on tine 

nature of problems that are met in airline service, which can become a guide 

to future experimental and theoretical research. In particular, new informa- 

tion is being obtained on the reasons for severe loading due to gusts, 

manoeuvres, landing impact and high-speed talgring. 

The data recorded include vast quantities of information in a form 

which is expensive to analyse and the prime difficulty in running the pro- 

gramme is to decide which aircraft operating characteristics should be 

studied with the limited resources available. All flight records are 

inspected by staff of degree standard with a wide range of background 

experience, e.g. A.R.B., Airline, Aerodynamics, Structures. The objective 

of this inspection is the development of a mental picture of the normal 

characteristics of the trace records and then to select, for subsequent 

analysis, all periods of flight which appear abnormal. It will be appre- 

ciated that tkls form of activity is not amenable to computer programming 
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except when simple events, e.g. a large gust or excessive speed, are 

detected. These abnormal periods of flight have provided the main guids.WS 

for directing the effort spent on analysis but assistance from aircraft ad 

equpment manufacturers, pilots and accidents investigators is needed. 

A wide range of special studies IS being made. These include cockpit 

acceleration levels; elevator, aileron and flap operation; take-off, 

descent and landing procedures including auto-flare trials; observance of 

plaoard speed limitations and emergency descent procedures. Turbulence and 

undercarriage performance investigations are of partloular interest to 

Structures Department but most investigations have some Loading Actions 

implications. It is hoped that further studies of control surface movement 

may lead to improved design requirements for check manoeuvres and asymmetric 

msnoeume s . 

2.1 Turbulence investigations 

Gust frequency and fatigue damage caused by turbulence cannot be 

derived economically from CAADRP records and they continue to be recorded 

by counting accelerometers and fatigue load meters. Attention has been 

directed to a study of the behaviour of aircraft in severe turbulence of 

the type met about once per 100 to 1000 hours. Figs.1, 2 and 3 are examples 

of reccds obtalned in operational encounters with turbulence. The original 

records shea more detalled information than can be reproduced. 

Current design requirements are based on the assumption that turbu- 

lence consists of discrete gusts and there is an jnterest in replacing this 

by a power spectrum of turbulence. A study of 3286 hours flying by Comet 

and Boeing 707 has shewn that the extreme accelerations are met in turbu- 

lence with power-spectral charaoterlstios but that extreme values are about 

3% larger than predicted by a Rayleigh distribution; whether this is due 

to the atmosphere, pilot or aircraft cannot be resolved from the records. 

Fig.1 illustrates a prolonged encounter with turbulence of an inten- 

sity such that significant fatigue damage will be produced but there will 

be a negligible risk of achieving a static design load. The steady air- 

speed and the lirmted elevator activity shew that both pilot and aircraft 

functioned efficiently but that speed was not reduced to the rough air 

speed. 
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Fig.2 is a record of the most severe clear air turbulence event recorded 

in 50000 hours. A 150 hot jet stream was encountered over the Atlantlo at 

night. The root mean square acceleration 1s about 0.23g (13 ft/sec equi- 

valent gust velocity). Two peaks of -C.ag and -0.85g (66 and 49 ft/sec 

equivalent gust velocities) occurred. On the assumption that acceleration 

followed a Rayleigh distribution, peaks of 0.65g would have been expected: 

the probability of the recorded peaks being achieved would be only about 1%. 

The aircraft did not reduce speed to the rough sir speed. The elevator 

oscillations with a period of abollt 30 seconds indxate that there was some 

difficulty in maintaining constant pitch attitude. 

Fig.3 illustrates a typical encounter with severe turbulence, over 

Borneo, mth a duration of 15 seconds, The peak acceleration was -0.P5g 

(67 ft/sec equivalent gust velocity) and airspeed was reduced only after the 

event. The aileron activity 1s considerable and it is probable that the 

autopilot was in height lock and heading modes at the time of the incident. 

Severe turbulence appears to be of short duration, mostly between 4 

and 2 minutes. Speed was reduced during only 9 of the 24 severe turbulence 

events so far recorded. Further work is needed on a larger sample of 

flying, perhaps using Mandatory Flight Recorders. Records from VC10 and 

Trident aircrsft include pitch and roll attitude traces; these will pro- 

duce more information onthe causes of the extreme values. 

2.2 Landing and undercarriage performance 

Undercarriage design is dominated by a design requirement to meet .a 

specified rate of descent onto a smooth runway with the aircraft weight 

supported by wing lift; it is also required that the rebound energy shall 

not be more than 33% of the descent energy. This encourages undercarriage 

designers to produce systems with low damping and CAADRP records shew that 

multiple bounces occur on most landings; also, heaving and pitching oscllla- 

tions occur during high-speed tax@ng. Theoretical research on undercarriage 

damping is being co-ordinated with operetlonal irformstion with the aim of 

specifying new reqmements. These will represent real conditions more 

accurately and influence designers to provide more damping. This should 

lead to considerably smaller vertical load fluctuations on tyre and under- 

carriage and nay lead to an alleviation of the loads causing fatigue 

damage. 
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B.L.E.U. are actively co-operating with CAADW and the A.O.R.B. to aid 

in certification of the auto-flare facilities on Trident aircraft. This 

work includes a comprehensive study of manual landing procedures as opera- 

tional lolowledge is required for comparison with the safety standards 

achieved with auto-flare. 

2.3 Manoewres and handling characteristics 

Autopilots appear far from satisfactory when flying in turbulence 

and it is now common to insist on manual flight through turbulence, partly 

to assist in crew training. It is clear that both pilots and autopilots 

increase fatigue damage rates and that considerable improvement in fatigue 

life could be obtained with autopilots or blind-flying instruments capable 

of producing stable flight paths. Aircraft systems frequently oscillate in 

pitch at a frequency of 10 to 30 seconds per cycle in instrument flight con- 

ditions and on autopilot in the height lock mode. These oscillations are of 

such small amplitude that they produce negligible fatigue damage in still 

air but, when they are combined with mild turbulence, the increase in fatigue 

life consumption is sxgnlfioant. Fig.4 is a record of a severe form of this 

behaviour during approach on a glide path. The oscillation has an amplitude 

of 0.2g and a period of 20 seconds, which indicate an oscillation in rate of 

descent with an amplitude of 1200 ft/minute. 

As the period of the oscillations does not correspond to known aero- 

dynamic characteristics of the eircraft it may be profitable to expend more 

effort in studying the handling properties of aircraft in instrument flight 

conditions. It seems likely that these oscillations may only be reproduced 

in experimental flight conditions if the operationd. attitude to maintenance 

of prescribed altitude and airspeed is slmulated by the test pilot. 

3 MANDATORY FLIGHT RECORDERS 

Mandatory Flight Recorders are now carried on all large British civil 

airoraft and provide records of height, speed, normal acceleration, pitch 

attitude and heading up to the time of an accident. It is fortunate that 

Airline Management decided to purchase recorders suitable for operational 

research as well as accident investigation. As a result many of the 

recorders ha-?e a considerably higher accuraoy and recording capacity than 

specified in the mandatory requirements. The value of this was demonstrated 

in the Vanguard accident inquiry. 
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Operational research with Mandatory Flight Recorders is likely to be of 

considerable value in the future as it promises to provide information cn the 

character Of rare events which define the strength requirements of aircraft. 

A case can already be made for using them with slight modification to obtain 

more information on turbulence and landing loads. When considering many 

other strength or safety requirements no automatio method of identifying 

relevant data is known; further work with CAADRP and accident investiga- 

tions may lead to a solution of this problem. 

Mandatory Flight Recorder information from aocidents end major incidents 

is likely to appear frequently in the future from civil and military aircraft. 

It is probable that a si&ificsnt proportion of all aocidents could be pre- 

vented by a study of alarming incidents which may pnoede an accident. These 

incidents may erroneously be attributed by the crew to turbulence, action of 

a crew member or aircraft malfunction, but expert study of Mandatory Flight 

Records would lead to more accurate diagnosis. Identification of these 

incidents seems impossible except with the aid of a pilot reporting procedure. 

4 CCNCLCSIONS 

Operational research information from civil aircraft is being collected 

at a rate of 10000 flying hours per year by use of continuous trace photo- 

graphic recording, Therefore, the nature of loading actions which occur 

less frequently than once in 10030 hours is not known. Loading actions, if 

based on these data, therefore presuppose that the structural accident risk 

is produced by more severe forms of the events already discovered. 

Progress has been made in understanding the loading actions produced 

by turbulence, manoeuvres, landing and high-speed taxying. 

Loading actions defining the strength of an aircraft are based on 

events which occur once in I 000 000 or more hours. Mandatory Flight 

Recorders are already recording data on an appropriate scale but the data 

are destroyed 30 days after being recorded. Thus aocurate information on 

loading actions is now within reach if data retrieval can be organised at 

a reasonable cost. 

As improved knowledge on operational loading actions becomes available 

new methods of alleviating the loads by improved design, operation and main- 

tenance procedures emerge and can lead to improved safety or reduced structure 

weight. 
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DISCUSSIOli 

Mr. R.M. Hare, Hawker Siddeley Aviation. Hatfield first congratulated 

the speakers on their papers. He said that it could be seen that a lot of 

valuable work was being done on the measurement of loads on aircraft. Much 

of this was obviously fraught with difficulties, one of which was that when 

measurements were taken one had to decide how well they oould be extrapolated 

to design conditions. 

He considered that the tasks confronting a structural engineer could 

be divided into three categories. Firstly there were those related to the 

stiffness characteristics, secondly those related to static strength condi- 

tions, and thirdly those related to fatigue behaviour. In each category one 

could regard the anrk as the balancing of two sides of an equation. The 

right-hand side dealt with the properties of the materials used, the calcula- 

tion of the load distribution in the structure, the derivation af the stresses 

resulting from these loads, and the calculation of the allowable stresses. 

He said that this right-hand side seemed fairly well understood since in 

addition to the large amount of theoretical knowledge available there was a 

wealth of experience in dealing with structures - it was possible to carry 

out experiments relatively easily and there was already a large accumulation 

of test evidence. Thus this was a reasonably satisfactory state of affairs. 

The left-hand side dealt more particularly with the environmental conditions 

which were set up by the various design requirements: it was in this field, 

where data were often lacking, that the measurements referred to by the 

speakers would help to produce less vagueness. His first question, therefore, 

would be "Do you think that enough effort is being spent at the moment in 

producing the evidence which is required to check the validity of the design 

conditions?' If the answer was that there was enough then he would also 

ask "Are the present design conditions satisfactory or would you like to 

see any changes?" 

Mr. Hare said that in designing an aircraft there were varying amounts 

of effort applied to the various portions of the structure and that in the 

past much of this had been applied to such main items as the wing and fuselage, 

largely because the weight of these items was a large percentage of the total 

structural weight. However, with high-lift devices such as slats and flaps 

and particularly with the heavy components one now had at the rear of an 
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aeroplane - all of these items constituting large, dense pieces of structure - 

the percentage of the total structural weight concentrated in the main wing 

box was becoming a much smaller one than it used to be. Therefore his last 

question would be "Is enough of the effort which 2 being applied to load 

measurements being directed towards the greatest unknowns?" 

Mr. J.C. Chaplin, Air Registration Board said that he would like to 

comment on Mr. Sturgeon's paper in particular. Mr. Sturgeon had shown three 

slides relatrng to flight in turbulence and on two of these he had shown 

some large peaks in g which were not part of the general family. Mr. Chaplin 

had noticed that all these were negative peaks and he wondered whether this 

was fortuitous or whether there was some significance in this fact. He had 

the xnpression that there was a tendency for the large peaks in g to be 

negative ones rather than positive ones and he wondered whether there was 

sny evidence on this point. Also, the slides emphasised the difference 

between the discrete gust approach and the power-spectral approach and made 

it clear that the term 'discrete gust approach' was a misnomer since this 

approach was really based on the acceleration history of the aircraft and 

might not say muoh about the atmosphere, whereas the power-spectral approaoh 

was based entirely on the atmosphere and did not say muoh about what the 

aeroplane-pilot combination did. This point was made clear to him, when 

looking at these records, by the movement of the elevator which clearly 

showed that the pilot was playing an important part in producing some of 

the peaks. Here, perhaps for the first time, it would be possible to build 

up a comparison of the two approaches and perhaps to begin to understand how 

to combine them. Mr.-Chaplin said that he would also like to comment that 

although Mr. Sturgeon had stated that the pilot did not change the airspeed 

the records showed, nevertheless, considerable fluctuations in airspeed and 

so one wondered whether some account should be taken of this when considsr- 

ing the strength of an aeroplane in turbulent conditions. 

A final point was that Mr. Sturgeon's fourth slide had shown movements 

of the elevator end of the ailerons, combined in some phasing or other, 

associated with very big fluctuations in normal acceleration. Various 

speakers had mentioned the need for work on control surface usage and 

Mr. Chaplin queried whether it was not this sort of record which gave the 

type of evidence needed to commence such work. 
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Mr. P.F. Richards, Air Registration Board said that he would like to 

direct two questions to Mr. Hove& It seemed extremely desirable that in 

making flight load measurements one should manoeuvre to lirmt load conditions. 

One did, however, get a firm impression that pilots were not prepared to do 

this, and one could certainly sympathise with them. Therefore it would help 

to know to what extent one could extrapolate from a manoeuvre of reasonably 

low severity to limit load conditions and he would ask if Mr. Hovel1 could 

give any idea of this, taking into account the possibility that one was not 

able to make the extrapolation in a linear fashion because of distortion 

effects and so forth. Also, Mr. Hovel1 had not mentioned other methods of 

recording information, in particular pressure plotting, nor the possibility 

of measurrng distortions by optical means. Mr. Richards invited him to 

comment on these. 

Mr. B.J. Beele. British Aircraft Corporation, Preston had three ques- 

tions to put to Mr. Hovell. The first, which was purely for interest's 

sake, was concerned with some illustrations which showed the Lightning fin 

with centre of pressure positions well ahead of the actual fin; would 

Mr. Hovel1 like to comment on the preotioal signxficanoe of these cp posi- 

tions? The second query was that, while in his paper he had mentioned that 

it was important in certain cases to consider loads applied inboard of a 

gauge station it was not clear how this sort of approach could be used on an 

aircraft such as Concord where it was presumably difficult to distinguish 

between the contributions of the fuselage and of the wmg. Also, he asked 

what sort of accuracy Mr. Hovel1 would expect and what degree of calibration 

he would have to do for an aircraft of this type. Mr. Beele said that in 

his third question he was following the lead of the Chairman in inviting 

comment on the cost effectiveness of the flight measurements proposed, 

particularly as regards fatigue. An additional point was that he noticed 

that the records reproduced in Mr. Sturgeon's paper were entirely analogue 

ones. He presumed that the degree of analysis required on such records must 

verge on the prohibitive if one wished to investigate a large number of air- 

craft. Mr. Beele asked if there was a proposal to replace this by digital 

recording and let machines compile the data. 

Mr. Sturgeon referred to Mr. Chaplin's first point that the high peaks 

in g were all negative ones. He stated that it was tiown from counting 

accelerometer records that, at the higher levels, positive peaks were slightly 



more common than negative peaks but it was clear from CAADRP records that at 

least half of these positive peaks were ALE almost entirely to events which 

were incontrovertibly manoeuvres, i.e. events lasting for 2 or 3 seconds. 

Therefore there was, in fact, some possibility that in heavy turbulence 

negative peaks were more common than positive ones and he would suggest, , 
in contradiction to one of the morning's speakers, that this might be due 

to a belief of the pilot that when he was in turbulence it was safer to 

apply a lot of negative g than a lot of positive g. Thus he might tend 

to push his elevator control forward sharply when he was alarmed whereas 

he might be very doubtful about the safety of severe backward movements. 

Mr. Sturgeon said that this was speculation, and he would say that in 

general there was a reasonable number of positive peaks occurring in severely 

turbulent conditions. Adrmttedly, the worst peak of all he had shown - 

equivalent to a 67 ft/sec gust - was a negative one. 

Mr. Sturgeon said that the problem of changing requirements to fit in 

with the knowledge that was gained from operational records continually taxed 

resouroes and mental capacity. It was found that real events did not fit the 

requirements very easily, but one had to remember that operational research, !+ 
at least in this country, had only begun on its present scale about four 

years ago. Certainly, he said, he felt a beginner compared with many of the 

experts who had talked on related SubJects and who could perhaps refer back 

to many years of experience helping them with their activities. Control 

surface usage was of vital interest and information on this was being 

gamed : the difficulty was to program a measuring process which would 

give useful information. This related to Mr. Beele's question on digital 

versus analogue recording since if one knew, in a qualitative sense, exactly 

what it was desired to discover then one should have digital records and 

employ a computer to do the quantitative work. However, from the very small 

sample of data that had been presented in the slides it could be seen that 

if a computer were programmed to find out from operational data the numerical 

values which should be inserted in existing design requirements one could be 

led severely astray. This was a very serious difficulty. Referring to 

control surface usage, he said it was clear on the fourth slide that there 

was some form of mild oscillation of a servo-loop, which almost certainly . 

included the pilot but of which the other parts were not known, since it . 

could not be said with any confidence which instruments were dominating the 
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pilot's actions when he was descending in that particular manner. He said 

that, even so, some information on control surface usage had been derived 

for a Boeing 707 and it was hoped to extend the methods used, when they 

had been further developed, to all the aircraft on which data had been 

obtained. 

Mr. Hovell, answering Mr. Hare's point on whether enough effort had 

been spent on checking the validity of the design conditions, said that he 

liked to think that the flight load measurements and the operatIona data 

recording system were somewhat complementary in that for the interpretation 

of the one the other was needed. He did not thlnkthatanything couldbe 

done in the way of mod.ifying design conditions until flight load measure- 

ments were started: at the moment they were possibly the best guesses that 

could be made and had been modified after each accident or incident. For 

this reason he would duck the question aa to whether they were satlsfaotory. 

As regard8 the direction of enough effort to the greatest 0owns, he said 

that Structures Department, R.A.E. would favour a mandatory requirement for 

flight load measurements which followed the methods in use in the U.S.A. 

where' they required measurements of bending moment, torque and shear force 

at a'number of wing stations and a number of fuselage stations, tail loads, 

fin loads, etc. He thought that out of these programmes would come attention 

to the greatest &owns because these would surely be where the differences 

between the measured loads and the estimated loads were greatest. On 

Mr. Richards's questlon of extrapolation to limit load conditions, Mr. Hovel1 

said he understood that in the U.S.A. aircraft were flown to limit load con- 

ditions and that the loads measured at these conditions were applied to their 

strength test specimens. He said that the question of pressure plotting 

versus strain measurement was a perennial battle that Structures Department 

had fought from its point of view; his own opinion was that structural 

loads were the quantities with which they were concerned, although they did - 
arxse from aerodynamic and Inertial loads. The trouble with pressure 

plotting seemed to be that in order to get a reasonably accurate measurement 

of overall load a large number of measuring points was necessary. One was 

then forced to a multiplexing type of instrumentation which then lxnited One 

to investigating quasi-steady conditions and not the transient ones which 

might be of importance in the design. Mr. Hovel1 thought that the measure- 

ment of distortIons was a more or less lmmedlate consequence of a declslon 
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to adopt pressure plotting since any discrepancies between pressures measured 

in flight and ~fl a wxnd tunnel had to be explained and the most convenient 

explanation lay m the differences in stiffness between the aircraft and the 

model. Answering Mr. Beele's question about the centre of pressure lying 

off the fin, Mr. Hovel1 referred to his Fig.1 in which was seen a cluster of 

posItIons on the fin which corresponded to somewhat mistaken ideas of where 

the centre of pressure would be ~fl the flight trials, whxh were essentially 

for measuring fm loads In formation flying. However, that flight programme 

was preceded by a series of manoeuvres ard steady sldeslxps wherein the 

centres of pressure did lie off the fin. - He would not say that any of the 

measured centres of pressure were at points 1, 4 or 7, or 2, 5 or 8 but these 

were ucluied In the statistical sample Just In case they occurred in the 

programme. As regards inboard loads, Mr. Hovel1 said that these produced 

gauge responses and therefore had to be taken into account in the interpreta- 

tion of the total responses. The statistIca method as described would 

determine the total loads outboard of the chosen section. Mr. Hovel1 felt 

that he would leave the question of cost effectiveness, which was a political 

one as well as an e‘cncrmc one, to others. 
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I INTRODUCTION 

166 

Airworthiness codes specify a number of circumstances (flight manoeuvre, 

gust and ground conditions) for which the structure shall have minimum pro- 

perties. For flight manoeuvre cases these circumstances may be specified in 

terms of pilot'3 action, control surface movements or in terms of the cver- 

all motion of the aircraft. 

From a knowledge of the aerodynamic derivatives and of the character- 

istics of the control systems, calculations must be carried out to establish 

the response of the aeroplane in sufficient detail 30 that, at the critical 

times, the various parameters affecting the loading are known. These include 

angles of attack, control angles, rates of motion, acceleration factor3 etc. 

These data, together with appropriate pressure distributions and mass dis- 

tributions, provide the basis on which sets of external design loads are 

obtained for the various components of the structure. 

In this Paper an attempt is made to indicate some of the features 

which have led to developments in the manoeuvre lead requirements following 

the introduction of modern high-speed aeroplane configurations. 

2 EXISTIXG REQLUREMERTS 

The provisions of existing published structural requirements (Av.P. 970, 

B.C.A.R.) for pilot-initiated manoeuvre3 are briefly outlined in Fig.1. The 

pilot's action is given in general as a control movement of the elevator, 

aileron, or rudder - each on its own - and the calculation of the benaviour 

of the aeroplane requires not more than two degrees of freedom. The control 

angles may be limited by any of the following:- 

(a) maximum pilot effort 

b) control stops 

aJd (0) maximum hinge moment provided by a servo-control Jack. 

The pitching case used to ask for consideration of loads to balance a 

pitching acceleration given in terms of aeroplane speed and maximum normal 

acceleration factor; in fact F.A.R. 25 is still in this form. British civil 

and military codes now give the elevator action to be considered and the 

control displacement is limited to keep the normal acceleration in the 

manoeuvre to the design value of n,. The design value of n, 13 obtained 

I 
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1 IIWRODUCTION 

Airwcrth~ness codes specxfy a number of circumstances (flight manoeuvre, 

gust and ground ccnditxns) for whxh the structure shall have minimum prc- 

perties. For flight manceuvre cases these circumstances may be specified in 

terms of pilot's action, control surface movements or in terms of' the cver- 

all motion of the aircraft. 

From a knowledge of the aercdynarmc derlvatlves and of the character- 

istxs of the control systems, calculations must be carned cut to establish 

the response of the aeroplane in aufficlent detail 30 that, at the crItica 

tMnes, the varu~~s parameters affectxng the loading are known. These include 

angles of attack, control angles, rates of motion, acceleration factors etc. 

These data, together with appropriate pressure dutrlbutlcns and mass dis- 

tributions, provide the basu on which sets of external design loads are 

cbtalned for the varloua components of the structure. 

In this Paper an attempt 13 made to indxate acme of the features 

which have led to developments in the manoeuvre load requirements fclloilnng 

the introduction of modern high-speed aeroplane configurations. 

2 EXISTING REQIJIREMEN'S 

The prcvlsicns of existing published structural requirements (Av.P. 970, 

B.C.A.R.) for pilot-initiated manoeuvres are briefly outlined in Fig.1. The 

pilot's action is given in general as a control mcvement of the elevator, 

aileron, or rudder - each on Its own - and the calculation of the behavuxr 

of the aeroplane requres not mere than two degrees of freedom. The control 

angles may be llrmted by any of the fcllcwing:- 

(a) maximum pilot effort 

b) control stops 

and (cl maxuuu hinge moment provided by a servo-control Jack. 

The pitchmg case used to ask for ccnslderatlcn of loads to balance a 

pitching acceleratlcn given in terms of aeroplane speed and maximum normal 

acceleration factor; in fact F.A.R. 25 is still in this form. British civil 

and rmlltary codes now give the elevator action to be ConsIdered and the 

control displacement is limlted to keep the normal acceleration in the 

manoeuvre to the design value of n,. The design value of n, is cbtalned 
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from statistical data on load factors and the effect of 'g' on the pllot can 

act as a natural deterrent, particularly for high-g rmlitary aeroplanes. 

The final loading is limited as a result of the 'g' llmlt. 

For the asymmetric manoeuvres the situation 1s rather different; there 

is less information regarding the manner in which ailerons and rudder are 

used, particularly in emergency. There is no natural pllot deterrent like 

'g' and the airworthiness requirements cannot so readily provide a limit to 

the results of the pilot actlon as ~TI the case of symmetrx manoeuvres. 

For the rolling cases current rules prescribe either an aleron angle 

or a rate of roll for each of two conditions, acceleration in roll or steady 

rate of roll. These give incremental loads whxh are added to those from a 

symmetric manoeuvring condition. 

In the yawing cases a rudder application is specified - the civil 

requzement defining three particular oases during the manoeuvre and the 

military requirement defining the rudder action only - and the design cases 

are selected from a study of the resulting response. Pilot reoovery action 

following engine cut also needs to be considered. 

For conventional aeroplanes these structural design conditions appear 

to have been satisfactory from service experience but as aeroplane speeds 

and thezr characteristics change it is necessary to examine whether prooe- 

dures found acceptable in the past will continue to be so at the present 

time. 

3 EFFECT OF N!J%V CONFIGURATIONS ON RESPONSE CHARACTERISTICS 

A more complete study of the response of the aeroplane to the pre- 

vlously specified control movements is called for. The symmetric pitching 

manoeuvre requirements need a response study Introducing the necessary 

degrees of freedom and, having been developed more recently, are already at 

a standard which appears to meet the situation. Attention at the present 

time is therefore concentrated more on the asymmetric manoeuvres. 

3.1 Rudder-induced manoeuvres 

A comparison of the response to rudder applioatlon for a conventional 

and a high-speed aeroplane, obtained using three degrees of freedom In the 

calculation, is shown in Flg.2. As the sidesllp builds up the high-speed 

aeroplane develops much larger bank angles than does the conventIona aero- 

plane and possible pilot action to correct the roll must be considered. 
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The increase in the resulting roll follows from the tendency of the 

highspeed configurations to have reduced roll inert= in comparison with 

the pitch and yaw inertias and the effects of inertia cross-coupling are 

likely to be greater and must also be studied. A calculation with five 

degrees of freedom is required and the results of such a calculation are 

shown in Fig.3 in comparison with those for three degrees of freedom. The 

change in incidence during the manoeuvre and the resulting variation in 

normal acceleration will affect the stressing condition to be considered, 

and pilot action to correct the pitch response may be introduced. The effect 

on the lateral loads on the fin and rudder may, however, be relatively small 

as shown in Fig.&. 

3.2 Suppression of roll in rudder-induced manoeuvres 

The effect of aileron application to suppress the resulting roll is 

indicated on Fig.5. The reduction is most signifioant if the aileron is 

introduced early in the manoeuvre. For the aeroplane configuration shown, 

the fin lies in the pressure field caused by the aileron, and increased 

lateral loads on the fin and rudder result if the corrective aileron is 

applied before maximum sideslip is reached, as is indicated in Fig.6. At 

the peak load the components due to sideslip, rudder angle and aileron angle 

each result from different aerodynamic pressure distributions and this will 

be taken into account in the structural analysis. 

3.3 Form of rudder application 

For the rudder application manoeuvre the form of the application and 

its duration are significant parameters. The resulting peak fin and rudder 

loads for step, ramp and triangular time histories are compared in Fig.7 

where the load is plotted against base time. The curves plotted for step 

and ramp applications are the envelope of points marked X on Fig.6. Wnen 

the base time is long and the control is returned to zero after the time of 

maximum sideslip the maximum load is that for rudder deflected and held. The 

most severe ramp type will be that when the rate of control displacement is 

a rnaxlrnulll. 

4 FIVE-DEGREE-OF-FREEDOM RESPONSE CALCULATIONS 

We have seen that, in general,asymmetrio manoeuvres involve five 

degrees of freedom, with all controls playing a part and design offices 

f66 
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involved in the design of high-speed aeroplanes must develop procedures for 

dealing with these problems. As the number of degrees of freedom increases 

the number of parameters about which information is needed also increases as 

illustrated in Fig.& In the early stages of design all these data will not 

be available and designers must have recourse to some relatively simple rule- 

of-thumb method; this is discussed later. 

4.1 Computing facilities 

The complexity of the calculations to give five-degree-of-freedom 

response data is such that the use of a modern computing facility is abso- 

lutely essential; in fact, without this the task would be almost impossible. 

A typical sequence, starting from the basic data for the aeroplane and ending 

with loads for stressing, is outlined in Fig.9. The actual response caloula- 

tion is shown as being carried out by either an analogue or a digital 

facility. The elapsed time for the calculation tends to be shorter using a 

digital computer but the analogue oomputer has advantages in that trend 

investigations can be more readily carried out. An output of structural 

loading data in addition to the aircraft response quantities can be obtained 

using either process. 

In the data preparation process the weight, centre of gravity, speed 

and altitude are specified and the initial caloulation for trim III pitch is 

done. The basic aerodynamic data, usually given about a reference position, 

are converted to the specified cg and where the derivatives are functions 

of lift coeffioient the initial values for the case are calculated. The 

effect of aeroelastic distortions on, say, the fin terms is established for 

the flight case under consideration and new total derivatives, including 

this effect, are computed. 

4.2 T.ypioal variations of parameters 

Typical variations of some of the more important aerodynamic parameters 

needed for computation of asymmetric manoeuvres are shown on Fig.lQ. They 

are dependent on the lift coefficient, particularly at high Mach numbers, 

and this effect is indicated. Flexibility effects can be important, parti- 

cularly at high SAS, and in calculation of total derivatives for the oom- 

plete (flexible) aircraft they can be allowed for by applying 'quasi-static' 

corrections to the rigid-aircraft values of component contributions, as 

appropriate. Modifications to the loading distributions are required to 
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account both for this effect and for the resulting changes to the stressing 

cases considered in design. 

On the high-speed aeroplane, the range of speed, altitude, etc. to 

be considered is greater than was the case on earlier conventional aero- 

planes and the number of points to be examined is very much larger. Con- 

sequently the total amount of work involved in a complete study can be quite 

prodigious. 

4.3 Manoeuvres initiated by rudder deflection with subsequent aileron 
deflection 

Typical computer results for manoeuvre cases involving ruider and 

aileron at low and high Mach numbers are given on Figs.11 and 12. The 

rudder is returned to neutral at the static equilibrium angle in yaw and 

corrective aileron is applied when the bank angle is about 15'. The ele- 

vator is fixed at the level flight trimmed position. The frequencies of the 

motion at high and low Mach numbers are different as the natural frequencies 

for the mode involved are different. 

The maximum fin and rudder load ooours in association with a normal 

acoeleration greater than 1.0 in these oases and this will affect the design 

loads for the rear fuselage, under the combined lateral bending, vertical 

bending and torsion. It was the practice in the past to associate l.Og 

vertical bending loads with the lateral loadings. 

The effect of lift coefficient on the derivatives has been referred 

to earlier. The effect on the response and loads following rudder appl?ca- 

tion is shown on Figs.13 and 14. Two initial 'g' conditions were consIdered 

for a mall delta aeroplane. A significant effect on the fin loads 1s 

indicated in Fig.14. 

4.4 Engine failure oonditions 

Engine failure conditions are likely to provide structural design 

criteria when the engines are installed in outboard positions and the 

corrective action could be expected to involve all three controls. Air- 

worthiness rules ask for rudder application at the maximum sideslip angle 

unless the time to reach this angle is large, in which case a reasonable 

time delay is accepted. Calculations have been made with the following 

assunptions: 

. 
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(a) rudder applied at 3 seconds and hpld; 

(b) aileron applied when the bank angle reaches 15', held for a short 

time and returned to neutral; 

and (o) elevator applied when An = 0.25 an3 returned after a shcrt time 

to the n = 1.0 trimmed position: 

results are given in ~igs.15 snd 16. The response and loads are shown for 

cases when the rudder alone is applied, whefl the rudder and aileron are 

applied, and when all three controls are used. The thrust decay was of 

exponential form, reducing to 8ero in 2 seconds. The pilot's action is not 

very realistic (it arises from the assumptions fed into the computer) but 

the calculated results do serve to illustrate the effects on response and 

loads. If corrective action to reduce the roll and pitch is effective the 

sideslip and, consequently, the fin and rudder load sre increased. 

The timing of the pilot's action is all-important and 111 an actual 

design case one should introduce, as far as is possible, a realistic action 

particularly with respect to the aileron and elevator. This 1s difficult 

to judge aud a study of flight simulator results would be helpful in giving 

a guide to the probable action. Some early results from engine failure 

simulations carried out for a slender delta aeroplane with a fixed-base 

simulator suggest that the pilot applies rudder and ailercn at about the 

same time, the rudder generally preceding the aileron, with the delay from 

start of engine failure being around 1; to 2 seconds. In some oases the 

correction was initially by aileron action and the yaw was trimmed ozt some 

7 or 8 seconds after engine failure. 

The engine thrust line for the subject aeroplane is below the cg and 

the initial feature of the response to engine failure in pitch 1s a nose-down 

attitude (indicated by the Initial reduction in n on the upper part of 

Fig.16). In the simulator studies no elevator action was taken until some 

time after the engine failure and It 1s probably relevant to repeat that the 

simulator was fixed-base. 

Note that the pilot's corrective actions compared ln Flg.15 m no way 

take account of the existence of autostablllser devices fitted to the air- 

craft. The signifioance of these is discussed later. 

. 
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4.5 Hinge moment limitations 
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Requirements allow the control movement to be limited by stalling load 

in a servo-control jack. If such a limitation is relevant for a rudder jaok 

in the -pilot-initiated manoeuvre, the initial control angle applied csn be 

reduced. As the response builds up the jack is allowed by the reducing 

hinge moment to achieve the angle demanded. This is illustrated diagram- 

matically in the lower left of Fig.17. 

In the case where rudder is used following engine failure and is 

applied before maximum sideslip is reached, the hinge moment increases during 

the contin~ng response, where hinge moments due to sideslip end due to 

rudder are additive. Values above the stalling hinge moment could then 

occur a8 indicated on the lower right of Fig.17. This could be significant 

for design loads on the rudder itself and the earlier the rudder is applied 

the more severe IS the result. 

4.6 Manoeuvres initiated by aileron deflection 

The yawing motion induced by roll is important from a Loading Action 

point of view since it could provide the critical condition for fin ati 

rudder lateral loads. To establish the response of the aeroplane to aileron 

application it is agiun necessary to carry out five-degree-of-freedom res- 

ponse calculations. The results of a typical calculation on a slender delta 

configuration are given in Fig.18. The aileron is applied, held for a short 

time and then returned to 3er0, with the aeroplane initially in the wing% 

level conditions at n z 1.67 and with constant rudder and elevator angle 

during the manoeuvre. 

A further illustration of the response in the same type of manoeuvre 

is given in Fig.19 for a rear engined configuration. Three different aileron 

time histories are considered and different maximum angles of bank and of 

sideslip result in each case. Fig.20 shows the results obtained when the 

ailerons are held until after the -mum sideslip angle has occurred: a 

different maximum bank angle result8 for each time history, since the rate 

of roll attained is modified subsequent to the point where the sideslip angle 

is a maximum. 

A3 stated earlier, previous airworthiness requirements considered the 

condition of acceleration in roll following a step application of aileron 

. 
. 
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and also the resulting steady roll-g condition. To calculate the latter 

the airoraft was assumed to respond in roll alone. These conditions oorres- 

pond to the points marked A and B on the dashed curve in Fig.21, which 

shows the single-degree-of-freedom roll response to step aileron application. 

Fig.21 also shows (solid curves) the results of a five-degree-of-freedom 

calculation of the response to a ramp-shaped tune history of aileron applica- 

tion. For this case the aeroplane is initially flying in a steady turn at 

n = 1.67 (angle of bank about 53'); the ailerons are deflected and returned 

to zero so as to bank the aeroplane into a turn in the opposite direction. 

The maximum rolling acceleration occurs at point C and this is smaller than 

at A, while the maximum rate of roll occurs at point D and is smaller than 

that for the step aileron. 

. 
. 
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The yaw developed in rudder-fixed rolls modifies the ma;ximun rate of 

roll, and its variation with time, and in their turn, the development of 

yaw and the maximum value attained are dependent not only on the aileron 

angle applied but also on the length of time for whxh it is applied (i.e. 

the final angle of bank attained). Thus a full estimation of the magnitude 

of yaw which develops in rolling pull-outs, and Its effect on the loading 

of the aircraft, depends on the manoeuvre which is specified. 

The previous method m use for establishing loads is an unsatisfactory 

basis if the effects of yaw are Important because no specific manoe- 

whloh the aeroplane must perform 1s Implied by the method. 

The pox& C and D of Flg.21, together with a case at the maldmum 

sldeslip angle, derived from the calculated response data, provide a basis 

for obtaining the loads on the aeroplane since a specific manoeuvre has been 

considered. It may also be necessary to consider a condition where the 

manoeuvre is performed with yaw suppressed as far as is possible by suitable 

rudder applxation. 

4.7 AsymmetrIc weapon release 

A condition which may be of interest on military aircraft is the oom- 

bIned yawing and rolling manoeuvre associated mth asymmetric weapon release. 

The aeroplane is in a symmetric pull-up at some 'g' when the weapon on one 

side 1s released. This applies a yawmg moment to the aeroplane giving 

response in yaw and roll. Rudder 1s applied to correct the yaw and at the 

same time aileron 1s applied to roll. the aeroplane away. The results of a 



calculation for such a manoeuvre are shown on Fig.22. The elevator is 

assumed held at the value required for the entry 'g'. This condition could 

well give rise to an overriding design case for the fin and rudder and the 

'g' limit for weapon release could be defined by the fin strength in the 

subsequent breakaway manoeuvre. 

5 DEXELOP!BNTOFREQUIRFMENTS 

The structural design requirements for an aeroplane must provide a 

structure sufficiently strong to cater for all the various conditions it osn 

meet during its lifetime with an acceptably low probability of failure. 

Many different kinds of asymmetric manoeuvre are required, amongst which 

are the following: level roll, rolling turn, sidestep, engine failure 

correction, erroneous rudder application; and special manoeuvres which apply 

to military aeroplanes only, such ss the weapon release oonditxon described 

above. Autopilot or stability augmentation system runaways will also give 

rise to asymmetric manoeuvring conditions. 

The configuration of the modern high-speed aeroplane is such that 

the application of the aileron or the rudder induces responses which may 

require use of all three controls and the previous requirements, which oon- 

sidered one control at a time, are not sufficient. 

To provide a basis for setting up structural design cases, a more oom- 

plete definition of the manoeuvre, whioh is representative af actual pilots' 

behaviour, is required and handling and stressing become more interrelated. 

In general, handling requirements are based on manoeuvre levels below 

those considered for the strength oases where, in the past, controllability 

was not defined. The interpretation of control actions in the strength oases 

is then rather diffioult and a study of several likely actions must be 

carried out. On military airoraft operational requirements may well give 

overriding design oases and handling requirements can coincide with the 

strength requirements as, for example, in the :gt limit for weapon release, 

which could be defined by the fin strength in the breakaway manoeuvre. This 

is less likely to be the case on civil aeroplanes where the strength oases 

are, in general, related to the very rare oiroumstanoes which occur in 

emergency, following an upset due to turbulence, for instance, and about which 

there are hardly any data. 
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The definition of the worst control movements is difficult and the 

tendency is to consider full travel on aileron and rudder and restrictions 

on their travel, e.g. by stops, may be required to protect the aeroplane. 

Boll rate limitations are somewhat nebulous and the peak roll rate may differ 

from the mean in strongly coupled manoeuvres. Use of the aileron in stopping 

the roll is more difficult. The use of the longitudinal control during 

rolls, intentionally or inadvertently, is difficult to establish. &pen- 

ence on one military aeroplane type suggests that a longitudinal control 

input which would produce about l.Og normal acceleration (incremental 

to entry 'g') could occur at any time during the manoeuvre. This may not, 

of course, have any relevance to civil aircraft. The use of rudder in rapid 

rolling manoeuvres is discouraged since it may well increase the sideslip 

in strongly coupled manceumes. 

The use of the feel system to restrict control angles is an approach 

which can give rise to undesirable handling features in that excessive forces 

may be required in other more normal circumstances. 

The most recently published requirements (TSS 8) take as their starting 

point the control applications previously specified and extend these by ccn- 

sidering the action which the pilot might be expected to take to eliminate 

the undesirable features of the resulting response. Until more information 

is available from flying experience this approach seems the most logical 

since we might expect that, when these conditions are applied to conventional 

aeroplanes, the design oases which were formerly used would result. In a 

particular case where the handling requirements require investigation of 

inertia cross-coupling effects, an extension of the handling requirement is 

introduced into the structural requirement. 

6 THE LSE OF RULE-OF-THUMB MFPHODS IN DESIGN 

Asymmetric manoeuvre conditions can give critical structural loading 

cases for a number of parts of the aeroplane. These include the fin and 

rudder, the tailplane and elevator (or the moving tail or elevona, depending 

on the configuration), rear fuselage, the cuter portion of the wing includ- 

ing the ailerons and, for military aircraft, external stores. 

Examination of the response in asymmetric manoeuvres requires five- 

degree-of-freedom calculations and a considerable quantity of data must be 
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avaxlable before these can be performed. A3 stated earlier, this will not 

be possible at an early stage in the design and recourse to a rule-of-thumb 

method must be had. This is partloularly relevant to the fm where all the 

design cases derive from the asymmetric conditions and an example of the 

rules of thumb a designer might use is as follows. 

The ultimate design mean pressure on the fm and rudder clear of the 

body for a number of aeroplane types, plotted against the maximum design 

EAS,namely VC for civil aircraft and 0.9 VD for rmlitary aircraft, is given 

in Flg.23 and thu oould form the basis of a rule-of-thumb approach. 

Having once committed hlmself to a stressing design figure, the 

designer will use the more complxated studies which will be carried out as 

more data for the aeroplane become available, to provide a basis for Judg- 

ment as to the adequacy of the selected figure. This process will be 

repeated several tunes during the design. 

Limitations such as autopilot and stability augmentation system 

zthorities ~111 lnltially be set to be mthin the design strength when run- 

away oonditxons are consdered and these will be oontlnually checked. A 

similar approach could be followed with regard to control-stop limitations. 

In the early stages of flight trials, limitations will be established 

which provide margus to allow for uncertmnty in the knowledge of the aem- 

dynamlo derivatives and other relevant parameters. These will gradually be 

changed as more information becomes avadable. 

The stabdity augmedation system is likely to have the effect of 

reducing the response and consequently the loads, and throughout this Paper 

the effect of such a system has been omitted in all the typxal results of 

response calculationv presented. The reliability of such a system is the 

crucial issue and, unless complete reliability can be shown, manoeuvre oon- 

dltlons mth the system Inoperative will require examination. 
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DISCUSSION 

Mr. T. Ceaykowskl, Structures Department, B.A.E. remarked that the 

characteristic behaviour of the aircraft, in the many cases presented by 

Mr. Sellers, was mainly due to the proverbial inertia coupling and aero- 

dynamic coupling effects. He thought that if he had to introduce this 

subject to someone unfarmllar with it he would refer him to Mr. Sellers's 

Fig.13 where one found the case of a rudder angle application for one 

second which had forced the aircraft not only to yaw to a maximum of 4’ but 

also to bank, the angle of bank reaching something of the order of 90'. This 

was due to rudder applxatlon only. On the other hand Fig.18 showed a case 

of aileron application which had forced the aircraft not only to roll but at 

the same time to sldesllp to something like 6'. This Impressed even him: 

He noted that it had been stated that all the cases had been calculated 

mthout automatx stabilisation and he thought that, whhlle automatic stabil- 

lsation rmght reduce the response of the aircraft at-d therefore also the 

loading, in some exceptional cases, If one added artificial stabilisation 

and particularly static stablllty 111 one mode of motion, there might be an 

Increased response in other modes. He wondered if Mr. Sellers had any 

experience on that point. 

In connection with Fig.10, where it could be seen that the aerodynamic 

derlvatlves changed their values fauly rapidly around Mach 1.1, 

Mr. Czaykowskl asked whether calculations for six degrees of freedom might 

not show something lnterestulg. He thought all the derivatives seemed to do 

somethrng there and he wondered ti Mr. Sellers had any results. Referring 

finally to a diagram, in the top corner of Fig.10, which showed the flexi- 

bllity effect, Mr. Czaykowsla confessed that he was not clear how It should 

be understood or applied and he asked Mr. Sellers to comment. 

Mr. Sellers replied that the simple answer to Mr. Czaykowskl's first 

two questions'was "No: he did not know". He was prepared to take 

Mr. Czaykowsla's advice that automatic stabllulng with respect to one 

degree of freedom might increase the response m other senses. He hunself 

had no experience III that respect but, clearly, u1 the designing of an air- 
. 

craft, that would be the kind of tbg which would be lnvestlgated U-J the 

course of time. 'Sl1t.h regard to the Introduction of SIX degrees of freedom 

he really had no experience. The flight simulator, whxh was really a 



six-degree-of-freedom device, might provide such experience but he had not 

investigated this. With regard to the little picture in Fig.10 labelled 

'flexibility effect' he said that this was intended to illustrate a quasi- 

static way of allowing for the effect of flexibility on that pert of a par- 

tiouler term which was due to the fin rather than its effect on the total 

. 

term. 
. 

Mr. W.J.G. Pinsker. Aerodynamics Department, R.A.E. (Bedford) remarked 

that Mr. Sellers had spoken about an area where Handing and Loading Actions 

were entirely intermingled and he said that it always distressed him some- 

whet that some of the structural design cases seemed to be based on very 

artificial control applications. He would have thought that in some areas 

one ought by now to be able to put in some more realutic inputs. An 

example was the engine-out case where the structural designer worked entirely 

on some assumed pilot reaction. He thought that m the CAADRP exercises, 

extending over some 5oooO hours, en engine must have cut et some tune and 

he wondered if one could derive some help from the records in seeing how e 

react end whet the actual aircraft response would be to this 

event. He thought that es en alternative it was high tims that some flight 

test work be devoted to that area to put it on a more solid bests. Another 

point was that, in s.n area where eFrcraft stability and loading were inter- 

acting as In the inertia-cross-coupled manoeuvres, the effect of the aero- 

dynamic derivatives on the loading had become more unportant than appeared 

et first sight because, for example, varletions in the aerodynamic derive- 

tive nv did not only cause a proportionate effect on the loads on the fin 

by itself but could also cause a disproportionate effect on the response 

of the aircraft to pilot ectlon. Therefore one was required to know these 

derivetlves to a much better degree of precision than the actual Loading 

Actions aspect by itself would suggest. 

. 

Mr. Plnsker said that dlffuxilties had been met, for example, with 

the derivative n 
V 

which was one of the most difficult ones to determine in 

wind tunnels because one usually had to distort the rear end of models. 

Consequently, it was customary to employ some empirical correction when 

going from tunnel date to flight date. The empirical correction was sxmply 

based on e comparison of some flight tests end tunnel tests. One found that 

flight date, which were invariably obtained by dutch rolls of very small 

amplitudes, might give quite a misleading snswer about the nv applicable to . 
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large amplitudes. This was due to the posslhle occu?xence of a rather 

inslgnificant-looking non-llnearlty wtich only came out if one did an 

extremely careful and very fanely spaced wind-tunnel test over a range of 

sidesllp at intervals of possibly $'. He said that unless ths was done one 

might obtan very misleading answers. 

Mr. Hufton, Deputy Director (A). R.A.E. (Chairman) asked Mr. Sturgeon If 

in his CAALW work he had any data ~~volvlng englne cuts as dlstlnct from 

engine shut-downs. 

Mr. Sturgeon referred the question to Mr. J.C. Chaplin, Air Registration 

Board who said that he was not aware of any. 

Mr. Hufton thought that this was slgniflcant. 

Mr. Sellers said that it would be a brave man who crossed the engine- 

out case out of the requirements. 

Mr. Huf'ton queried one of Mr. P'msker's remarks about non-lmeanty 

close to the origin. He said that if it was as close to the origin as 

Mr. hnsker suggested he was surprised that it had much significant in the 

kind of area being dlscussed. This suggested to him that fins and rudders 

ought to come off very much more frequently. He understood that when one 

was trying to make preolse measurements one could get disturbed answers but 

he wondered If this was really relevant to what was being discussed. 

Mr. B.A. Tyler, British Airoraft Corporatzon, Preston commented that 

the Important thong was how one extrapolated the data to high-load conditions 

and not what happended in the area round the or~,g~n. 
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1 INTRODUCTION 

Interest III fundamental design prnciples has been renewed of late 

because over the past few years there has been an lnorease in the number of 

undercarru3ge failures. This increase has emphasised the riced to design 

future undercarnages vnth longer lives. With thx! 111 mind, work 1s now 

proceeding aimed at a better understandIng of the loads developed in the 

~undercsrnage. The response of the an-craft structure to ground-Induced 

loads is of great importance, especially for slender-mng an-craft, and 

this facet of aircraft operation is also being studled, the a=m being to 

ensure that structure, occupants and equipment are subJect to acceptable 

vlbratlon levels. Finally, the loads produced at the ground are of prxne 

importance for the alrfleld engneer. 

Most of this paper 1s devoted to a study of the 'state of the art' XI 

respect of the undercarnage loads, but some mention 1s made of the other 

aspects noted 1x1 the preceding paragraph. 

2 CURBENT PROBLFlds 

The following 1s a list, by no means complete nor in any specific 

order of importance, of problems that are occupying workers in this 

field at the moment. 

(i) Shimmy. 

(ii) Brake-Induced vibrations. 

(iii) Runway roughness. 

(iv) Towing. 

2.1 shimq 

In the past, shimmy has been confined to nose and tall wheels; the 

wheels, having the facility to rotate in then steering capacity, are free 

to oscillate. The etlffneas 1s provided entirely by the tyre. The problem 

is reasonably well understood and ad hoc ewes adopted have been dampers in 

the steering mechanism and the lntroductwn of frxtlon III the system. 

Recently, shimmy of main undercarnages has occurred and this problem 1s 

much more oomplex n-wolvmg, as It does, freedoms 1n bending and torsion 

of the leg. The predIctIon of this type of motion 1s hampered by the fact 

that there 1s inadequate knowledge regarding the tyre forces Involved, and 
. 
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of the importance of the parameters that govern these forces, It is neces- 

sary to determine lateral stiffness, torsional stiffness, relaxation length 

and footprint length. A programme of measurements has been started at R.A.E. 

by British Aircraft Corporation (Operating) Ltd., armed at improving our 

understanding of the tyre forces involved and the predlctian techniques fcr 

the tyre forces and the structural oscillations. This nork, which is being 

done under aontract for the Ministry of Aviation, was initiated by Mechanical 

Engineering Department, R.A.E. which continues to monitor it. 

The work so far accomplished has been concerned :mth a study of the 

effects of stiffness and inertia variations on the shimmy speed for a specific 

aircraft leg. In the experimental study severe shimmy cases have been found 

and it has proved difficult, up to this stage, to correlate the experimental 

results with the existing theory. Even under reasonably controlled con&- 

tions the shimmy does not manifest itself in a consistent manner. 

2.2 Brake-induced vibration 

Two separate types of problems are involved here and they are: 

(a) those involved with brake linings, and 

(b) those associated with automatic anti-skid braking systems. 

Type (a) is mainly concerned with properties of materials. Solutions are 

normally sought on an empirical basis. The typical problem is of non-linear 

lining characteristics. Rigid body motion of the aircreft cn the oleos may 

be excited and romplications in regard to brake cooling may occur. Tyre 

forces are known to affect this type of vibration and it is hoped that the 

measurements mentioned in Section 2.1 will yield useful information in this 

respect also. The uneven operation of anti-skid type brsking systems can 

lead to significant torque loads on undercarrm,pe legs. STcific modifioa- 

tions are usually adopted to curs problems of type (b) and s call has recently 

been made by the Oscillation Sub-Committee of the Aeronautical Research 

Council for an analysis of a typical aircraft system The publication of 

the results of such an analysis would he a significant addition to the 

literature on the topic. 

2.3 Runway roughness 

Since the requirement for V/STOL operation from rudimentary forward 

airfields was formulated by Defence Staffs, great efforts have been expended 
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in assessmg the performsnce of existing systems and in devising undercarriage 

systems that till operate successfully on such surfaces, in specifying the 

degree of roughness that is acceptable and in devising alternative artificial 

surfaces that will extend operational capabilities beyond the naturally 

occurring areas. Movement on a particular surface is dependent on the geo- 

metry of that surface and the soil characteristics. The study of the 

behavmur of soils under dynamic loading is still very much in its infanzy. 

The effect of surface roughness can only be detexxined from a study of the 

interaction between the aircraft and the runway surface. 

During the Summer of 1965 a test area was laid down at Waterbeech 

Aerodrome to standards suggested in a J.A.C. paper. Ten artifioial undula- 

tions were set up of 150 ft wavelength and 26 inches amplitude. A Beverley 

aircraft was taxied at varying speeds, 10-68 hots, over these undulations. 

Subsequent to the high-speed run, structural damage was found at the wing 

root-fuselage Joint. The tests were discontinued at this stage. It was 

felt that the number of regular undulations was unrepresentative of what 

happened in practice. 

This year tests have been made on an Andover aircraft at Boscombe 

Down over similar undulations but reduced in number. Three separate strips 

have been prepared, each of which has three undulations with wavelengths of 

50, 75 and 19 feet, as specifie<m J.A.C. Paper 855, but with amplitudes 

reduced to two-thirds of those recommended. There is, apparently, limited 

evidence that three is the maximum number of undulations that will occur in 

succession naturally. The most significant parametric variation measured 

in these tests was that of the nose leg end load. Maximum values of this 

load, depending on the piloting technique, could approach proof load during 

operations over the two longer-wavelength profiles and operation over the 

75 foot length waves could lead to an extremely uncomfortable pilot envlron- 

merit whioh, SubJectively, was considered to be limiting. Take-off has 

proved to be possible from the 150 foot waves. Mention should be made of 

the fact that these tests were made on an extremely hard surfaoe with a 

California Bearing Ratio (CBR) of more than 1%. Further tests have been 

made Over a soft, stony surface with a CBR of 3 to I+ss. Apart from heavy tyre 

wesr there is apparently nothing to suggest that this aircraft cannot operate 

in these conditions. 

., 

. 
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A Sub-Committee of the Short Term Airfield Research and Development 

Committee has been set up to formulate and advise ensneering officers in 

the field, in relation to acceptable standards of ground in regard to sur- 

face conditions, runway lengths, overall runway gradients, overruns and 

shoulders, approach zones and taxiways and aprons. 

Some theoretical work concerned with approach paths and related aero- 

dynamic effects has been completed. &perimental work to date has involved 

slow-flying aircraft in steep approach patterns and mere full-scale work is 

required. Theoretical work is needed to relate, on a statistical basis, the 

ground loads with variations in approach paths and techniques. 

Prefabricated surfacing materials have been developed by MEXE to permit 

operation from soft surfaces. Extruded aluminium alloy mats and neoprene- 

coated nylon membranes have been tested and show promising results in regard 

to support characteristics but the latter have limitations in regard to the 

low coefficient of friction developed. 

The question of the effect on fatigue life of operating from short- 

term rudimentary airfields remains to be considered. 

The problem of runway roughness has so far been discussed mainly from 

the point of view of V/STOL operation. It is of course important also for 

normal operation from commercial or military airfields, It is appropriate 

in this context to mention scme work proposed by the late J.K. Zbroeek in 

what was possibly his last paper'. He came to the conolusion, from a study 

of American experimental work, that it should be possible to establish on a 

power-spectral basis different levels of runway roughness as they affect the 

aircraft response. The American work shows that the spectra of cg accelera- 

tion for large and small aircraft, when measured on the same runway and at 

comparable speeds,are similar enough to allow extrapolation from one aircraft 

to another. The suggestion is, therefore, that measurements of cg aocelera- 

tion even on a small aircraft can be a reasonably good measure of runway 

roughness and it is possible that such measurements can be extrapolated to 

larger aircraft. 

So far little consideration seems to have been given to towing as a 

significant ground loading action. It has become known recently as a result 
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of operational control problems that aircraft are being towed quite signifi- 

cant distances from servicing areas to stands at major airports. There seems 

to be a high probability that this operation, made under unskilled control, 

will lead to the development of loads of magnitude and frequency that were 

never considered in the design. 

3 DATA COLLECTING 

Some three years ago the Civil Aircraft Airworthiness Data Recording 

Programme began. The programme has been described adequately in the paper 

by Sturgeon and all that remains to be said at this stage is that large 

quantities of data concerning the landing and take-off of aircraft are 

becoming available. The information that is obtained is in the form of the 

acceleration measured at the cg of the aircrsft. Certain special events 

are singled cut for detailed analysis: these xnclude the occurrence durnng 

the landing phase of incremental accelerations in excess of ig, and the 

occurrence in the ground role of (positive or negative) increments greater 

than &g in amplitude. 

Operational events at London (Heathrow) Airport are being monitored by 

the Aviation Operational Research Branch of the Board cf Trade. They are 

studying, with the sxd of cameras and radar, the landing and. take-off of 

aircraft and are making a further study of manoeuvres actually carried cut 

on the ground at the airport. It has been evident for some time that such 

manoeuwes give rise to a significant proportion of the fatigue loads to 

which an undercarriage is subjected. 

For some time, efforts have been made at R.A.E. to devise a fully 

automatic airborne rate of descent recorder measuring the change in vertical 

velocity during landing. Our current view is that the production of such an 

instrument is impracticable. Despite this, much useful information has been 

obtained in the attempt and this corroborates results obtained in the course 

of CAADRP. 

With the help of the information gathered from these programmes it may 

be possible to devise a better fatigue load spectrum to which undercarriages 

should be designed. 

3.1 Results obtained in these data collecting programmes 

With regard to landmg, both CUDRP and the R.A.E. programmes have 

shown that there are two classes of landing. The fwst comprises normal 
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light Landings which are common in practice, such as is illustrated in 

Fig.1. An initial landing at a vertical velocity of 3 ft/sec or less may 

be followed by a second lending, mere severe than the initial impact, which 

is experienced about one second after the first. The second class comprises 

heavy landings which may involve one or mere touchdowns of which the second 

is frequently of about the same severity as the initial landing. This is 

illustrated in Fig.2. These characteristics may well contribute signrfi- 

cantly to undercarriage failures and should certainly be taken into account 

in future undercarriage stressing and life assessment. It is of great 

interest that the French airworthiness requirements mention that the designer 

should consider the possibility that the vertical velocity of descent on a 

second or subsequent impact may be greater than on the first. There is no 

such British or American requirement nor any rider in them to this effect. 

The A.O.R.B. studies have produced some interesting results and amongst 

these we may list the following: 

(I) that all landings are one-wheel, snd 

(ii) that,on the basis of limited samples, (a) for an instrumented 

landing system approach in a 5 knot headwind, 1 in 10 landings will involve 

bounce, and (b) for manual control of approach in .s 30 loot crosswind, 1 in 

3 landings will involve bounce. If these figures can be substantiated in 

bigger samples then there will be a strong case for the modification of 

requirements that certainly do not reflect statistics such as these. 

In the taxi phase of operation, typical Airline Operational Records 

obtained during the course of CA4DRP show that large oscillations may be 

set up in the aircraft during ground operations. The recorded parameter of 

interest is the acceleration at the centre of gravity. A typical record is 

shown in Fig.3. It can be seen that low frequency oscillations at about 

I c/s, corresponding to rigid body motion of the aircraft on the under- 

carriage, are excited by ground roughness. 

4 DESIGN CONSIDERATIONS 

Probably the most pressing problem is the provision of an adequate 

fatigue loed spectrum that till provide a satisfactory basis for design. 

The only paper that gives guidance on the appropriate loading conditions 

for all aspects of ground operations is an old one by MoBrearty'. A serious 

limitation in the spectrum is that side load data, appropriate to both land- 

ing and ta@.ng, were derived from ~nfornation that was suspect in quantity 



end quE%lity. Past American estimates of fatigue loads resulting from run- 

way roughest have employed power-spectral techniques. Recent analysis has 

shown that the spectra on which these estxnates were based are suspect end 

that they do not extend to the longer wavelengths that are becosnng more 

important. 

Reference has been made in the paper by Hovel1 to the dlffioulty of 

measuring ground loads and, until these difficulties have been resolved, 

little progress is likely in the provision of a realistx spectrum for liflng 

the undercarriage. Work is in hand at present to measure undercarriage loads 

on the following aircraft: Victor, Herald, Vulcan, Uomet, and the R.A.E. 

is participating to some extent in all these programmes. A satisfactory 

load measurement scheme will enable one to estimate the ~mportanae of phase 

lags between the vertical,drag and side components and, further, to 

decide how such loads should be associated in any realistic spectrum. Most 

of the aircraft noted above have bogey undercarriages and the application 

of a fatigue load spectrum derived from a consideration of earlier, less 

complicated mechanisms to such units seems somewhat doubtful. Ultimately 

it may be found that variations between individual combined aircraft- 

undercarriage systems are so great that the provision of a general fatigue 

load spectrum would be meaningless. The most that would be possible in these 

circumstances would be to make sure that the loads applied in a fatigue test 

were based on strain measurements on the particular aircraft. In any event, 

It seems lmportsnt that areas where high stress concentrations are likely 

should be adequately strain-gauged as a matter of Course. 

From time to time it has been suggested that current requirements, 

which have gradually evolved over the years, should be put on a more rational 

basis. These SuggestIons srlse because, with their historical background, 

the requirements are largely arbitrary in today's context. Particular 

requirements have led indlvldual manufacturers to query them as difficulties 

were encountered in design. Among such requirements we may list the turn 

and swmg case where sldeloads, it is said, are not distributed as suggested 

in the requirements; the asymmetric bralung case which was written around 

the smgle-wheel nose undercarriage whereas most are now twin-wheeled; the 

bump factor in the take-off and landing cases, which was derived on the basis 

of measurements on grass fields many years ago. Despite limitations of this 

nature the general strength level determined by these requirements seems to 
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be satisfactory. As we have seen earlier there is now a certain amount of 

statistxal operatlond evidenue accumulating that particular parts are not 

soundly based and the time 1s probably ripe for a rationalisation exercise 

to be attempted. 
. 

5 RESEARCH AT R.A.E. 

It has been noted that many problems today are associated with 

manoeuvring on the ground and some of the work at present being done is 

concerned with this phase of operation. There are three facets of this 

work:- 

(i) To improve pdot and passenger vibration environment levels. 

(11) To improve shook absorber design. 

(id) To improve braklng oharacterlstios. 

The work under (i) has been triggered off because American oslculations show 

that rms accelerations at the pdot station during operations under typical 

oondltions could be as high as 0.25g for a high-subsonic Jet and 0.549 for 

a supersonic transport oonf~guratlon. Acceleration values recorded xn CAADR.P 

bear out the result on the subsonic jet. The supersonic transport configura- 

tion studied is not dissirmlar to Concord and this naturally caused alarm 

that acceleration levels on the latter might prove to be unacceptable. 

Structures Department are at present assessing the response of the Concord 

to passage over a rough runway. A digital computer programme which involves 

step-by-step lntegratlon of the equations of motion has been written by 

A.J. Sobey. Part of a take-off run has been simulated using profile measure- 

ments for two Amerxan rough runways as the basis for derivation of the 

excltatlon force. Thrs process has been adopted as power-spectral techniques 

have been found &equate, to date, when dealing wxth inputs of this 

nature. The application of statistical techniques to non-stationary, non- 

linear dynamic response problems requires further study. The output from 

this programme will be used to produce a tape that will drive the cockpit 

simulator at Weybrdge and thus provide a positive check of a pilot's oapa- 

city to work in this speolflc environment. This part of the work will be 

organised by Mechanical Engineering Department, R.A.E. The study 1s at the 

moment comfYned to the take-off run when, patently, the pilot must have 

absolute control. It 1s hoped to publish the programme, in due course, in 
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a form that ~~11 allow dynarmc analysis of aircraft with similar two-stage 

bogey undercarriage mechanisms to be made. 

If this study should prove that the vibration level 1s unacceptable 

then alternative approaches to undercarriage design may have to be con- 

sidered. This may involve providFng softer springing in the neighbourhood 

of the statio loading. Present designs, due to the non-1~n.earit.y of the 

axspring, have high stiffness under static loading condltlons. Another 

approach is to consider anew the question of the damplng that is required 

in an undercarriage and to see whether it can be improved to deal more 

effectively with oscillations produced in ground operation. 

Orifice damping has been employed in the past because It was neces- 

sary to provide hgh energy absorption for the design vertical velocity of 

descent case. Such dampers have coped adequately with the design case but, 

by their very nature, damping being proportuxKl to square of stroking velo- 

city, will not cope particularly well at the low stroking velocities that 

occur in the taxi phase of operation. We have seen in the rest of this 

report that problems associated with ground manoeuvring are becoming increas- 

ingly important. 

Starting from the above the writer has made some calculations on a 

simplified aircraft-undercarriage combination to compare the performance of 

two struts, the first having the conventxnal square-law damping character- 

istics, and the second a linear damplng relationship. A two-degree-of-free- 

dom system,comprislng a sprung mass on top of an unsprung tyre-wheel oombma- 

tun, was studled. A typical light aircraft was considered, approximately 

5000 lb weight, and the orifice damper was of a conventional oleo pneumatic 

type. The strut employing linear damping was designed to have the same 

stroke as the conventional one in the high descent velocity case. The 

results that are shown III Figs. 5 and 6 are for tax3 at 100 ft/sec over 

the fauly rough runway profIle illustrated in Fig.& It can be seen that, 

with the new design, the force amplitude is reduced and that any disturbance 

is damped down more effectively. There still remains the questIon of how 

such dampers compare in the landing cases and this 1s illustrated in Fig.7. 

At high descent velocities the new strut shows a slight, 10 per cent, reduc- 

tlon in maximum force compared mth the original. There 1s a correspon&ng 

slight penalty at low, normal descent velocities but, even so, the 1 g level 

is not reached. Enough has been said to indicate that there may be promise 

here for future landing gear development and this is receiving consideration. 

. 
. 
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Mentmn may also be made of' studies concerning the response to landing 

impact of slenderwing planforms that have been proceeding at R.A.E. and are 

now nearing fruition. A scaled model of an early Concord design has been 

fitted with model undercarriages whose stiffness and damping characteristics 

may be varied. The undercarriages have been instrumented to measure force 

input at the three undercarriage attachment points and the response of the 

structure is monitored by accelerometers mounted at stations of interest. 

The model response to landing impact at certain stations has been shown to 

involve modal contributions up to at least the 9th symmetric mode. Calcula- 

tions are proceeding to determine how accurately the model response may be 

predicted from the known input forces. 

Mechanical Engineering Department are carrying out work at present on 

aspects of retardation and this takes two forms:- 

(a) Stopping an aircraft on overshoot,or soft ground arresting. 

(b) Improving braking on the runway proper. 

A good deal of attention has been focussed on (a) recently in the Press and, 

apart from mentioning the method of arresting, which is by running into a 

bed of gravel, there is probably no need to say more than that the method 

shows great promise. Work under (b) is aimed at improving the frictional 

characteristics of runway surfaces, particularly in the wet. The required 

surface should improve frictional characteristics without increasing tyre 

wear. Tests have been made on a super-porous surface constructed from 

large aggregate material that allows drainage of surface water. To date 

this surface has shown a slight improvement in frictional characteristics 

over a standard Marshall surface. Drop testing onto various specimens 

indicates that wear is least on a standard motorway textured surface which 

gives drag coefficients roughly equal to those obtained on the open graded 

surface. 

6 CONCLUDING REMARKS 

This survey outlines many areas mwhich our knowledge and understand- 

ing of ground loads problems is lacking. As we have seen, steps have been, 

and are being, taken to improve this situation but resulting studies have not 

so far come to fruition. We may expect that with the great interest that 

there is currently in undercarriage and ground load problems. significant 

developments will emerge shortly. It is hoped that this Paper will stimulate 

discussion of the more vital problems ani their relative priorities. 
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One final thought. Will the American air cushion landing gear do 

&w&y with all our problems? Messrs. Spurr and Barnes of Mechanwal Engineer- 

ing Department, R.A.E. have made an appreciation of the problems involved 

in the production of such an undercarriage. They conclude that many practical 

problems require solution before such a design could. become .a realistic 

proposition. 

. 

I(_ 

. 

*. 
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Mr. E.D. Keen, Dowty Rotol said that Mr. Hall's paper was a fair repre- 

sentation of the things which an undercarriage designer still needed to know. 

He said that he would like ta endorse the statement that, of everything that 

was still unknown, the provision of a fatigue spectrum caused most anxiety. 

Everyone knew that, particularly with transport aircraft, the fatigue problem 

had reared its ugly heed and that it was no longer sufficient to design air- 

craft to limit and ultimate loads. He had been somewhat puzzled during the 

day that no-one else had been badgering those concerned with operational 

research to provide them with betterand batter fatigue sp&ra until he had sud- 

&IQ redbed that aircraft Chief Designers were now in the wonderful position 

of having fail-safe structures. Hence he would submit that the aocuraoy of 

the fatigue spectra did not now assume the importance which it did in the 

days of safe-life structures such as those of certain well-known aircraft 

with concentrated spar booms. Mr. Keen asked that a thought should be spared 

for the underoarriage designer who seemed to be stuck with a safe-life struc- 

ture snd suggested that all V-g recorders should be moved from the aircraft 

structure to the undercarriage - the undercarriage designer had the greater 

need of them. 

He said that another area mentioned by Mr. Hall in which one seemed to 

be stuck with other people's problems was that of past experience with under- 

carriage excitations emanating from anti-skid unit operations and cyclic 

brake torque variations, and here one could do little other than accept them. 

The whole horrible combination had now led to an occurrence which had never 

even been dreamed of - shimmy of the main undercarriage. Mr. Keen said that 

shimmy was no stranger to him as he had wrestled, in the early days of the 

war, with nose-wheel shimmy. In that case the shimmy was mainly torsional 

and the efforts of many people, including Dr. Temple, had shown that this 

problem could be lived with and beaten with the aid of friction damping. 

However, main-undercarriage shimmy was undoubtedly the sort of thing which 

the airframe designer would class as a resonance or flutter problem and so 

it seemed that everyone was in this together. He thought that it was s 

little sad that the method of progress towards either a rational explanation 

of this phenomenon or a set of design rules to prevent it was far from clear. 

Mr. Keen said that he had had one idea, and he would be glad to know if any- 

one had tried it already, which stemmed from the thought that for the whole 



aircraft one laboriously did pre-flight resonance tests in which one vibrated 

the aircraft to find its modes of vibration. Now these had usually been done 

with the tyres deflated, in order to get the natural frequencies of the 

whole aircraft correct, but Mr. Keen wondered whether anyone had thought of 

inflating the tyres to the correct pressures and then exciting the wheels or 

undercarriages themsleves with the side and torsion loads that were the causes 

of trouble. He did not know if here he was proposing something that was 

already commonplace but if it was not then he would consider it as worthy of 

thought. 

Mr. Keen said that another point made by Mr. Hall concerned the severity 

of the second landing but that in his firm they were not sure what this really 

meant or how it arose and they would like a little more explanation. Were 

undercarriages without an adequate rebound characteristic causing this 

problem? 

Naturally, he said, everyone in the undercarriage business was inter- 

ested in the soft ground arresting experiments now going on and they wondered 

ahat damage to their own pet child would result. He asked if Mr. Hall had 

any values of the decelerations which were imposed on the undercarriage and 

if he could say what damage had resulted in the experiments. 

Mr. Hall said that he had no knowledge of any experimental mvestiga- 

tion of the shimmy problem in which the undercarriage had been excited in 

the manner of resonance tests as suggested by Mr. Keen. He said that the 

bouncing that he had mentioned seemed to occur on all the types involved in 

the various programmes he had described. He did not think that any particular 

undercarriage was worse than any other in leading to this problem. As he had 

said in his Introduction, some aspects of the work described in the Paper 

were really III Mechanical Engineering Department's field and he thought he 

would refer the question on soft ground arresting to representatives of that 

Department present in the audience. 

Mr. H.G. Spurr. Mechanical Engineermg Department, R.A.E. said that 

the decelerations that were being aimed at in the soft ground arresting 

trials were about 0.7g and that at present the indications were that this 

could be achieved and, if necessary, exceeded. There had been no structural 

damage on aircraft engaged in this work. He thought that there would be 

possible risk to the nosewheel on large transport aircraft but that this 

might be accepted in preference to the risk of complete disaster if there 

were no such arresting gear. 

. 

. 
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He stated that resonance testing of the proposed type had in fact been 

done,svlce one had to know the torslonal and lateral stlffnesses and 

frequencies in order to be able to apply any sort of theoretIca analysis to 

the mm-undercarriage shmmy problem. The mayor unknown in this problem 

was the tyre force developed under unsteady conditions, which GABS analogous 

to the unsteady aerodynamic force III flutter but much less well documented. 

He thought that, until more information was gained on these tyre forces and 

the extent of their variability, one could not make headway with the problem. 

The ObJeCt of the work now going on was to obtain shimmy of an undercarriage 

under controlled condltlons and to see whether existing theoretIca methods, 

using existing x-Xormat.lon on tyre forces, would match the experimental 

results. Mr. Spur said that the main problems were at present concerned 

with developing a satisfactory rig but he was confident that as this work, 

whloh was at a very early stage, progressed solutions would be found. He 

emphasised agaIn that the maJor problem area was that of the tyre forces. 

Mr. Sturgeon, Structures Department, R.A.E. said that he would like 

to consider the subJeot of the multiple bounce landing and Its relationship 

with rate of descent measurements and with requirements. The requirement 

for undercarriage design stated that at the time of impact the lift oorres- 

ponded to Ig and that the runway was smooth: what appeared to be a reason- 

able rebound energy was specified for these conditions. However, operational 

research results showed qute clearly that these conditions were totally 

inadequate, firstly because at the time of impact on a heavy landing It was 

much more likely that the lift corresponded to 1.1 or 1.2g, which inevitably 

increased the size of the rebound. Secondly, the runway was not smooth and 

It was almost certain that one would hit the runway in such a way that its 

roughness fed more energy into the rebound at the time of the first Impact. 

Thudly, pilots had certain views about the correct use of the elevator when 

landing and were willing to admit that, for Instance, on a Stratocruser if 

you did what you would like to do a 'porpoislng' motion would develop; 

therefore, it was likely that elevator actlvlty would also produce more 

rebound energy. For these reasons Mr. Sturgeon thought that It would be 

necessary to speolfy underoarrlage requirements more realutuxlly and he 

was sure that when thu was done undercarrIage designers would have to be 

asked to reduce the rebound energy. 
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Turning to the topic of rate of descent, he said that the above facts 

cast doubt on the possibility of making a mean~gful rate of descent meter 

because It was not possible to define which rate of descent the Structures 

or Lo&ng ActIons expert wlshed to measure. As he saw It, if on a heaT? 

lanting there was 0.2g excess aerodynamic loading then in the last second 

before impact the rate of descent changed by 6 ft/sec ahlle xn this time the 

axoraft rmght have descended about 10 ft; hence, unless the rate of descent 

could be measured during the last foot or two of the descent, the quantity 

measured was not what was required. AdditIonally, the question arose as to 

a basis for measuring rate of descent since one would wish to measure it 

relative to the part of the runway on which the alroraft was going to land 

rather than to the part on which it was not going to land. For these reasons, 

he would say that he did not believe a rate of descent recorder could be made. 

Nevertheless he thought that, provided one could make digital reoordlngs of 

normal acceleration at a rate of about 20 samples/set during the landing, a 

computer program could be written which would enable quantitative statements 

to be made about the severity of the landing and help in assessing structural 

loads. 

Mr. C. Goldberg, Dowty Rotol said he was interested in Mr. Sturgeon's 

remark about asking undercarriage designers to unprove their rebound rat.10 

m an endeavour to solve the problem, which was also aerodynamic, of keeping 

the aircraft on the ground at touch-down, When an sircraft landed some of 

the energy was stored in the oleo spring, some in the tyres and the rest 

dissipated by the damper. In recoil nearly all the tyre energy was returned 

so there was a lunlt beyond which rebound rat.10 could not be reduced with 

existing tyres. 

. 

He thought that when people referred to the phenomenon of bounce they 

possibly meant that dayllght could be seen between the tyre and the ground. 

All aircraft bounced on landing, so that there was always some rebound ratio. 

When a large gap was visible between tyre and ground it could mean that the 

shock absorber was rather too well damped in recoil and was thus extending 

rather slowly. High damping in recoil reduced rebound ratlo but adversely 

affected recovery of the shock absorber which was necessary to cater for 

the second touch-down. Thus undercarriage designers could do only a limited 

amount to reduce rebound ratios. 
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He cited some recent results of drop tests on a nosewheel wherein, at 

first, a rebound ratio of 0.3 was measured. The recoil orifice was then 

closed down and the rebound ratlo reduced to 0.25. However, daylight could 

then be seen between tyre and platform and so it could be erroneously 

deduced that the second situation was worse than the first. 

Mr. Goldberg said that it was necessary when altering requirements to 

be certain that one foresaw all the consequences, and on the proposal of 

reducing rebound ratios one consequence might be that the second touch-down 

could take place with an almost fully oompresse$ shock absorber. 

[Since the symposium, Mr. Sturgeon has contributed the following reply 

to Mr. Goldberg. 

Our calculations confirm that closing down the recoil orifice would not 

significantly improve the rebound ratio on an undercarriage. Therefore, 

improved operational performance must be sought elsewhere, probably by 

increasing the ratio of dissipated energy to stored energy during the working 

stroke. This may result in a small structural penalty in meeting the current 

design requirements.] 

Mr. H.P.Y. Hitch, British Aircraft Corporation. Weybridge thought that 

it was the landing loads part of the exercise which was least well understood. 

He said that he would very much like to see the 10 ft/sec landing velocity 

reduced, at any rate in those aircraft which are expected to have a sedate 

life. He felt that if a velocity of 10 ft/sec were actually to be achieved 

then somethlng would have slgniflcsntly gone out of control in that lanting 

and any other velocity, above or below 10 ft/sec, could Just as easily have 

been achieved. He said he would like to see this figure reduced so that the 

weight of material thereby released could be used to make the undercarrlage a 

better device for its real purpose, which was to facilitate a proper comfort- 

able landing and to enable the alrcraft to manoeuvre on the ground under 

normal operating circumstances. He thought that undercarrlage designers had 

been too restricted m the past because the specified rate of descent was 

too high. 

On the subJect of rough runways, Mr. Hitch said that the only evidence 

avalable to most people was that relating to the fourteen runways measured 

by AGARD but it had recently come to his notice that there were quite a 

few about which airlInes actually complalned. For example there was a place 
called Whenuapai in New Zealand where every pllot, on landing, said his air- 

craft had square wheels. (This was curious because the runway was actually 



made in octagonal pieces.) Also, pilots taking off from Kansas City airport 

sat with their teeth gritted waiting for the rotation speed because life then 

became comfortable agam. He had been told that in South Africa, where they 

hoped to sell a number of aeroplanes, the runways were absolutely shocking. 

Mr. Hitch said he would like to see the R.A.E. or some other body actually 

measuring a few of these interesting places from which civil ~rcraft 

actually flew. 

Regarding shimmy he thought that when some of the results had been 

looked at the correlation between theory and the R.A.E. experiments would not 

turn out to be so bad. He said this with the background that in the original 

case that engendered this series of tests a theoretical exercise had in fact 

led to a successful solution. 

Mr. Rochefort, Hawker Siddeley Aviation, Kingston expressed apprecia- 

tion of Mr. Hall's Paper and said that the author was to be congratulated on 

summarising the whole situation. There was one paragraph which was of great 

interest to those concerned with determining the fatigue spectrum of the 

undercarriage. Mr. Hall had said "The most that would be possible in these 

circumstances would be to make sure that the loads applied in a fatigue test 

were based on strain measurements on the particular aircraft". Mr. Roohefort 

thought that this was too pessimistic since the fatigue spectra were obtained 

and, he felt, should be obtained,from undercarriage load measurements in 

oonJunction with the known use of the aeroplane. He did not think there was 

anything unknown about this. The problem was rather that an enormous amount 

of work was necessary to do this. However, they had done this once for the 

Kestrel and had obtained a fatigue spectrum that was thought to be very 

satisfactory and representative. He said that, incidentally, a feature of 

the landings was the double bounce. Strain-gauge analysis showed that a 

double application of large loads on landing almost always occurred. This 

could be because a lot of lift was dumped on the fxst bounce. 

Continuing, Mr. Rochefort said that he would like to add to some 

remarks made in Mr. Hall's Paper and elaborated upon by Mr. Sturgeon, by 

stating that if one dealt with a VTOL aircraft another important factor 

had to be accounted for in addition to the rate of descent etc. This was 

engine thrust. If during vertical landing the engine was cut one foot from 

the ground then there was an enormous extra energy to absorb - equal to . 
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the weight of the aeroplane times one foot which, on oonventlonal ajroraft, 

one would have neglected. This made nonsense of ordinary energy absorption 

requrements based solely upon a vertroal landing velocity of so many feet 

s per second. 

Another point to whloh, Mr. Rochefort said, he would like to draw 

attention concerned the drag associated tith the vertical load. Analysis 

of landing records showed that the drag was a load in Its own right and 

would be applied u-dependently of the vertical load, possibly at a later 

stage, so that one could not relate the drag loads or, for that matter, the 

side loads to the vertxal loads by means of a factor. This meant that 

there were three loading actlons to be separately determined and a fatigue 

spectrum for the undercarriage had to include these three separate loading 

actions. 

., 
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Prof. A.H. Chilver, Unlverslty College, London thanked the Chairman 

for the opportunity to make 3 general comment and congratulated him on the 

scope of papers presented. The general paper by Mr. Tye and the other papers 

which covered a wide range of particular topic3 had shown the breadth of 

interest in Loadrng Actions. In the Loading ActIons field the concern was 

mith loads in structure3 and thl3 implied a concern mth the structural 

environment. There was 3 tendency to treat the environment In special senses, 

such as aerodynamic loading and the Impact of an arcraft with the ground, 

but more generally the whole of the structural envrronment, lncludlng kinetic 

heating, should be included. 

It seemed that two mau themes had emerged from the papers which had 

been heard: one w&3 concerned with the clear need to establish knowledge of 

loading actions and the other ath the use of that 'mowledge in the develop- 

ment of a design philosophy for structures. The search for knowledge of 

loading actions had proved extremely costly and one had to face the crucial 

problem of the effectiveness of any Loading Actions studlea that were made. 

He thought that there should be exploration of the posslbllity of mder 

collaboration throughout world aeronautics in the study of loading actions, 

perhaps onthe lines on which maJor axllne companies shared their knowledge 

about the nalntenance of aircraft. He thought that great benefit could be 

derived from comparisons of Loading ActIon problem3 in the arcraft field 

with those in other fields; the 3tatuticaIL nature of the maximum bendlng 

moment3 experienced by ships was sunllar to that of the heavy gusts experienced 

by aircraft., whrch in turn was similar to that of the gusts experienced by 

tall buildings. Aircraft landing loads had statlstlcal suularltles to the 

loads experienced by structures XI earthquakes. He felt that more general 

studies should be made of loading actions throughout the field of structural 

engzneerlng to develop general 1dea3, ooverlng the whole structural field. 

He thought that design philosophy was amed at two ma;~n areas; one was design 

against static falure and the other design against fatigue falure. Know- 

ledge of loading action3 was at present not really extensively applied In 

other fxlds. The types of loads that caused statx failure were rare events 

while, at the other extreme, fatigue design was dlctated by frequent low- 

intensity forces. One important point that emerged was that these two fields 

did not Seem to be 'wed together very effectively in that one did not seem 
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able to treat rare intense loads as members of the same family as the more 

frequent low-intensity loads whloh caused fatigue. 

He felt that the main question raised by the paper3 that had been 

heard was that of cost effectiveness, and there he would have liked to have 

seen more calculations of the sort described by Mr. Tye. Mr. 'I& had 

mentioned that a reduction of load would entail an increase in the frequency 

of that loading and that this would m turn possibly lead to a higher fre- 

quency of failure. He wondered whether a deeper knowledge of losdmg could 

mean a reduction of loading without an increase of frequency of failure, in 

which case there would be very great advantages in learning more of loading 

actions. 

Finally, In thanking the Chairman and the staff of Structures Depart- 

ment for arranging the symposium, which had afforded those present the 

opportunity of meeting and dlscusslng the problems of Loading Actions, 

Prof. Chllver expressed the opinion that perhaps the subject had not yet come 

of age - It was probably still very much III Its teens. 

Mr. P.A. Hufton, Deputy Director (A), R.A.E. (Chax-man) said he would 

like to go back to the question of getting a clearer view of the value and 

the cost of Increasing our knowledge of loading actions. He could call for 

one of these symposia on almOSt every other 3ubJeCt 111 aeronautics and he ~83 

Sure that everyone would produce slmllar kinds of problems wsntlng more 

solutions. However, the effort available In the Research and Development 

Establishment3 was undoubtedly fixed and the problem to be faced was whether 

the Establishments had got the distribution of effort right. Both of the 

component3 of cost effectiveness were extraordinarily difficult to determine. 

How much It was really worth to prevent one accident in ten years' flying 

was itself dlffxult to evaluate. AgaIn it was difficult to assess the cost 

of tryzng to do this. 

Mr. Hufton said he had gained the impression that, Losding Actions workers 

were uneasy about the nature of the manoeuvres that were inserted into caloula- 

tlons and uncertain whether these were completely pilot-induced or whether 

they were gust-Induced with Some pilot assistance. Unfortunately this sub- 

Ject, whhlch was most responsible for their unoertalnty, was the very one 

whxh would be most difficult to pursue. Difficulty arose not only on 

account of cost but because the foundations for the study of pllot manoeuvres 
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clearly lay in pllot psychology. The basso understanding of the relation- 

ship between the task and how, on a kind of frequency spectrum basis, the 

man was likely to go about It, was completely non-exutent. He thought 

that 'chls knowledge had to be bult up afresh on each aeroplane and so there 

was not much opportunity to make forecasts. Hence this was a difficult 

subJeot. He felt that a big attempt had to be made to get thu straight. 

Mr. Hufton said It was necessary to ensure that the available effort 

was dueoted to where it would do most good: this might not be, as appeared 

at first zlght, the area of the greatest possible unoertalntles. It rmght 

not be possible to do anythlng about such an .s.rea slnoe the fact that it was 

an area of uncertainty indloated that It was one where progress had been 

dlffloult. He referred to Prof. Chilver's statement that Loading Actions 

was Just oomlng of age. Although It might then have been called .s different 

subJeot, he had been rermnded, In the drsousslon about the rebound ratlo of 

tyres, that it was almost twentyrive years since he had written .s paper 

about the lnteraotlons between aerodynamics, the rebound ratlo of tyres and 

underoarruges and the dlfflculty of landing naval alroraft. He thought, 

therefore, that Loading Aotlons had well and truly come of age. 

At this point, Mr. Hufton lnvlted oontrlbutlons from the floor. None 

was forthcoming, however, and he therefore proceeded to his 'summIng-up'. 

c 
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Cm’s SUMMING-UP 

Mr. Hufton suggested that Prof. Chilver had summed up people's feelings 

very well and since he had just expressed his own views he did not wish to 

add a great deal. However, he hoped that those who had attended would agree 

with him that it had been an extremely useful meeting. He would personally 

like to see the development of an organisation whereby there could be more 

and deeper disousslons about more restricted SUbJeCtS. However, that implied 

that one would run a continuous series of symposia and never do any work, 

which he did not think would be a very effective way of conduotlng one's 

enterprises. He felt that the day's discussions had been very useful and to 

the point. He thanked everyone who had attended the meeting for making 

their contributions. 

166 

. 



‘75 

Adams, P.D. 

Anstee, R.F.W. 

Appleyard, D.C. 

Argyris, Prof. J.H. 

Atkinson, R.J. 

Baines, R. 

Baldock, J.C.A. 

Barnes, J.R. 

Beele, B.J. 

Betts, R.B. 

Bishop, Prof. R.E.D. 

Bramwell, Dr. A.R.S. 

Brown, H. 

Buchanan, S. 

Bullen, N.I. 

Burns, Mrs. A. 

Burt, M.E. 

Cardrick, A.W. 

Chaplin, J.C. 

Chllver, Prof. A.H. 

Clark, W.M. 

Clarkson, Prof. B.L. 

Cc&s, W.W. 

Cornall, P.N. 

Crabtree, Dr. L.F. 

Curran, J.K. 

Currle, J.P. 

Czaykowski, T. 

Davies, Dr. G. 

Davies, I.C. 

Appendix A 

LIST OF DELEGATES 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Scientific Research &)/Structures, M.O.A. 

Imperial College, London 

Structures Department, R.A.E. 

Hawker Siddeley Aviation, Hatfield 

Structures Department, R.A.E. 

Mechanical Englneerlng Department, R.A.E. 

British Aircraft Corporation, Preston 

Electra-Hydraulics . 

University College, London 

The City University, London 

Hawker Siddeley Aviation, Hatfield 

The City University, London 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Road Research Laboratory 

Structures Department, R.A.E. 

Air Reglstratlon Board 

University College, London 

Hawker Siddeley Aviation, Kingston 

Southampton University 

Hawker Siddeley Aviation, Hatfield 

Bmtlsh Aircraft Corporation (Guided Weapons), 
Fllton 

Aerodynamics Department, R.A.E. 

Structures Department, R.A.E. 

British hrcraft Corporation, X'eybrldge 

Structures Department, R.A.E. 

Imperial College, London 

A.O.R.B., Board of Trade 



176 Appendix A 

Day, A. 

Dickinson, R.P. 

Dovey, J. 

Dow, W.T. 

Elms, P. 

Evans, J.Y.C. 

Evans, R.G. 

Emng, H.G. 

Fisher, I.A. 

Foster, D.N. 

Fox, W.A. 

Fraser-Mitchell, A.H. 

candy, R.W. 

Garner, H.C. 

Goldberg, C. 

Grinstead, F. 

Guyett, P.R. 

Haile, A.V. 

Haines, A.B. 

Hall, H. 

Ham, Dr. A.C. 

Hancock, Dr. G.J. 

Hare, R.M. 

Harris, D. 

Harris, Dr. G.Z. 

Harris, K.D. 

Hawkins, F.J. 

Heath, W.G. 

Heath-Smith, J.R. 

Heaton, A.D. 

henniker, H.D. 

LIST OF DELEGATES (Contd) 

R.D.T.2, Ministry of Aviation 

D(R.A.F.)B, Ministry of Aviation 

British Aircraft Corporation, Preston 

Hawker Siddeley Aviation, Hatfield 

Hawker Siddeley Avlation, Hatfield 

Aerodynamics Department, R.A.E. (Bedford) 

British Aircraft Corporation, Weybridge 

Structures Department, R.A.E. 

Aeroplane and Armament Experimental Establishment 

Aerodynamics Department, R.A.E. 

Hatfield College of Technology 

Handley Page 

Secretary, Aeronautical Research Council 

National Physical Laboratory 

Dowty Rotol 

A.D./P.S.M. 2, Ministry of Aviation 

Structures Department, R.A.E. 

Farnborough Technical College 

Aircraft Research Association 

Structures Department, R.A.E. 

Structures Department, B.A.& 

Queen Mary College, London 

Hawker Siddeley Aviation, Hatfield 

Handley Page 

Structures Department, R.A.E. 

College of Aeronautics 

Structures Department, R.A.E. 

Hawker Siddeley Aviation, Woodford 

Structures Department, R.A.E. 

British Aircraft Corporation, Filton 

British European Airways 



Appendx A 

LIST OF DELEGATES (Contd) 

Henwocd, M.J. 

Heron, K.H. 

Hills, R. 

Hitch, H.P.Y. 

Hopkm, H.R. 

Houghton, E.R. 

Hovell, P.B. 

Howard, H.B. 

Howe, J.M. 

Hufton, P.A. 

Hunt, G.K. 

Keen, E.D. 

Kmg, G.E. 

Ku-kby, W.T. 

I(ltchenside, A.W. 

Kite, R.J. 

Knell, K.A.J. 

Knight, T.A. 

Kiichemann, Dr. D. 

Lambourne, N.C. 

Landon, R.H. 

Lang, J.A. 

Lethem, Sqn. Ldr. D.A. 

Lewis, D.R. 

Mabey, D.G. 

Mame, R. 

Mair, Prof. W.A. 

Mangler, Dr. K.W. 

Marsden, P. 

M8ul1, Dr. D.J. 

McElhinney, D.M. 

McKenzie, P.J. 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Aircraft Research Association 

British Aircraft Corporation, Weybridgs 

Aerodynamics Department, R.A.E. 

Hatfield College of Technology 

Structures Department, R.A.E. 

Loading Actions Sub-Committee, A.R.C. 

Hatfield College of Technology 

Deputy Director (A), R.A.E. 

Aerodynamics Department, R.A.E. 

Do&y Rot01 

Structures Department, R.A.E. 

Structures Department, R.A.E; 

British Aircraft Corporation, Weybridge 

Structures Department, R.A.E. 

R.D.T.2, Ministry of Aviation 

Structures Department, R.A.E. 

Aerodynamics Department, R.A.E. 

Nation&l Physical Laboratory 

Aircraft Research Association 

Aeroplane and Armament Experimntal Establishment 

Experimental Flying Department, R.A.E. 

Structures Department, R.A.E. 

Aerodynamics Department, R.A.E. (Bedford) 

D./F.S. Ministry of Aviation 

Cambridge University 

Aerodynamics Department, R.A.E. 

Aircraft Research Association 

Cambridge University 

British Aircraft Corporation, Weybridga 

Hawker Siddeley Aviation, Kingston 



Mead, Dr. D.J. 

Mitchell, C.G.B. 

Morris, B. 

Needham, D. 

Oaks, J.K. 

Ormerod, A.O. 

Owen, Mrs. E.M. 

Pankhurst, Dr. X.C. 

Parkinson, Dr. A.G. 

Parks, M.J. 

Pendlebury, H. 

Pinsker, W.J.G. 

Pope, Dr. G.G. 

Purslow, D. 

Reddaway, J.L. 

Redmayne, C. 

Richards, P.F. 

Ridland, D.M. 

Ripley, E.L. 

Roberts, T.A. 

Rochefort, H.E.J. 

Rose, R. 

Ross, Dr. A.J. 

Rossiter, J.E. 

Russell, J.B. 

Samson, D.R. 

Seal, A.C.G. 

Seddon, Dr. J. 

Sellers, G.D. 

Sharpe, W.E. 

Appendix A 

LIST OF DELEGATES (Contd) 

Southampton University 

Structures Department, R.A.E. 

British Aircraft Corporation, Weybridge 

Hawker Siddeley Aviation, Brough 

Structures Department, R.A.E. 

Aerodynamxs Department, R.A.E. (Bedford) 

Structures Department, R.A.E. 

National Physical Laboratory 

University College,London 

British Aircraft Corporation (Guided Neapons), 
Filton 

Eleotro-Hydraulics 

Aerodynamics Department, R.A.E. (Bedford) 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Cambridge University 

Structures Department, R.A.E. 

Air Registration Board 

Aerodynamics Department, R.A.E. 

Struotures Department, R.A.E. 

Structures Department, R.A.E. 

Hawker Siddeley Aviation, Kingston 

Aerodynamics Department, R.A.E. (Bedford) 

Aerodynamics Department, R.A.E. 

Aerodynamics Department, R.A.E. 

The City University, London 

Hatfield College of Technology 

Air Registration Board 

D./S.R.(A), Ministry of Aviation 

British Aircraft Corporation, Filton 

British Aircraft Corporation, Preston 

. 



Appendix A 179 

LIST OF DELEGATES (C&d) 

Aerodynamics Department, R.A.E. 

Aeroplane and Armament Experimental Establishment 

Mechanical Ehgineemng Department, R.A.E. 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

British Aircraft Corporation, Filton 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Smith, J.H.B. 

Spurr, F.A. 

Spurr, H.C. 

Starkey, R.D. 

Stone, Dr. D.E.W. 

Strange, K.A. 

Sturgeon, J.R. 

Symmons. R.W. 

Talbot, P: 

Taylor, A.S. 

Taylor, C.R. 

Taylor, J. 

Taylor, R. Hain 

Templeton, Ii. 

Thomas, H.H.B.M. 

Thomas, Dr. K. 

Thompson, J.S. 

We, W. 
Tyler, B.A. 

Udall, H. 

Vann, F.W. 

Warren, C.H.E. 

Webb, D.R.B. 

Webber, D.A. 

Weber, Dr. J. 

Williams, Dr. D. 

Williams, D.J.M. 

Williams, Dr. J. 

Winter, K.G. 

Wittrick, Prof. W.H. 

Wolfe, Dr. M.O.W. 

Struotures Department, R.A.E. 

Structures Department, R.A.E. 

Aerodynamics Department, R.A.E. (Bedford) 

Aerodynamics Department, R.A.E. 

Mechanics Committee, A.R.C. 

Mechanical Engineering Department, R.A.E. 

Aerodynamics Department, R.A.E. 

Imperial College, London 

Aerodynamics Department, R.A.E. (Bedford) 

Air Registration Board 

British Aircraft Corporation. Reston 

The City University, London 

Hawker Siddeley Aviation, Hatfield 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Structures Department, R.A.E. 

Aerodynamics Department, R.A.E. 

Structure Sub-Committee, A.R.C. 

A.O.R.B., Board of Trade 

Aerodynamics Department, R.A.E. 

Aerodynamics Department, R.A.E. 

Mrmingham University 

A.D./A.D.R., Ministry of Aviation 



180 

wood, P.S. 

Woodcock, D.L. 

Wright, M.D. 

Yemans, D.C. 

Young, Prof. A.D. 

Appendix A 

mix OF DELBGATBS (c0nta) 

R.A.F./A., Ministry of Aviation 

Structures Department, R.A.E. 

The City University, London 

British Overseas Airways Corporation 

Queen Mary College, London 



181 

. 

Appzdix B 

LIST OF ORGANISATIONS REPRESJZNTED 

Aeronautical Research Council 

COUnCil 

Standing Committees: 

Operational Committees: 

Committees: 

Sub-Committees: 

Computer Panel 

Universities and Colleges 

Blrmlngham University 

Cambridgs University 

The City University, London 

College of Aeronautxs 

Farnborough Technical College 

Aerodynamics Committee 

Mechanics Committee 

Propulsion Committee 

Civil Aircraft Research Committee 

Naval Aircraft Committee 

Gust Research Committee 

Noise Research Committee 

Powered Lift Committee 

Fluid Motion Sub-Committee 

Hypersonics Sub-Committee 

Performance Sub-Committee 

Stability and Control Sub-Committee 

Loading Actions Sub-Committee 

Oscillation Sub-Committee 

Structure Sub-Committee 

Heat and Mass Transfer Sub-Committee 



ijilfllo 
182 Appendix B 

Universities and Collees (Contd) 

Hatfield College of Technology 

London University: Imperial, Queen Mary and University Colleges 

Southampton University 

The Aviation Industry 

Aircraft Research Association Ltd. 

British Aircraft Corporation (Operating) Ltd.: Filton, Preston, Weybridge 
and Guided Weapons Divisions 

Dowty-Rotol Ltd. 

Electra-Hydraullos Ltd. 

Handley Page Ltd. 

Hawker Siddeley Aviation Ltd.: Brough, Hatfield, Kingston and Woodford 

Au- Transport Operators 

British European Airways Corporation 

British Overseas Auways Corporation 

Air Registration Board 

Government Bodies 

Board of Trade: Aviation Operational Research Branch 

Minlstry of Aviation: Headquarters 

Aeroplane and Armament Experimental Establishment 

Royal Aircraft Establishment (Aerodynamics, 
ExperImental Flying, Mechanical Engineering,and 
Structures Departments) 

Ministry of Technology: National Physical Laboratory 

MInistry of Transport: Road Research Laboratory 

Prmted m England for Her Napsty's Stattonery Offrce by 
the Royal Aircraft Establtshmat, Farnborough. Dd.1356115. 1.3. 



* THIS I5 A NOMINAL 

44 FT WHEELBASE FICjURE AND WILL 
VARY W’TH 
AIRCRAFT LOADIN& 

! 
L 12FT I SIN D\A 

FIG. I GENERAL ARRANGEMENT 



30000 

20000 

ALTITUDE 
FEET 

10000 

0 
, 300 350 400 450 

V KNOTS EAS 

FIG. 2 VARIATION OF DESIGN SPEEDS WITH ALTliUDE 



MANOEUVRlNCi 
LOAD 

FACTOR 
n 

0 

-I 

A C 0 

FIG.3 MANOEUVRING ENVELOPE FOR HAWKER SIDDELEY 
‘TRIDENT’ALTITUDE 20000 ft . 

GUST 

LOAD 

FACTOR 

+4 

t3 

+2 

-tl 

0 

-I 

-2 

FIG.4 GUST ENVELOPE FOR HAWKER SIDDELEY ‘TRIDENT’ 
AIRCRAFT WEIGHT 99500 lb ALTITUDE 20000ft 



ALTITUDE 
FEET 

20000 

10000 

0 
0 1000 2000 3000 4000 5000 6000 7000 

UVCIK 

lJ = GUST VELOCITY ftjsec 

v = CR’JISIN~ SPEED KNOTS EAS 

Cl = WING LIFT CURVE SLOPE 

K = GUST ALLEVIATING FACTOR 

FIG.5 CRITICAL ALTITUDE FOR 50ft/sec GUST WADS 



. 

- 

9 0 

i 

r” 

8 



0 10000 20000 30000 

TOTAL FUEL LOAD LB 

FIG. 7 VARIATION OF WING ROOT BENDING MOMENT WITH - 
TOTAL FUEL LOAD IN WINGS 

66 ft/sec UP-GUST AT Ve . 



40x106 - 

30X106 - 

WING ROOT 
BENDlNq 

MOMENT:LB IN 

-, 20x106 - 

10x10” - 

I I 1 I I 

0 100 200 300 400 500 

KNOTS EAS 

FIG.8 VARIATION OF WING ROOT BENDING MOMENT WITH 
. SPEED:2*5g MANOEUVRE AT SEA LEVEL 

. 

TAIL LOAD 
LB,t Ve UP 

20000 

J 500000 

- 400000 

- 300000 

- 200000 

- 100000 

0 

' 5 t SECONDS 2.0 

FIG 9 REAR FUSELAGE LOADS IN CHECKED MANOEUVRE CASE AT VA 



2o” 

AILERON 
ANGLE 

IO. 

0 

VC AT 6000 FT 

VC AT 20000 FT 

‘Jo AT SEA LEVEL 

. 

. 

AIRCRAFT NORMAL ACCELERATION FACTOR 

FIG.10 COMBINATIONS OF AILERON ANGLE AND G TO PRODUCE - 
LIMIT LOADS IN THE WING 



40‘ 

30’ 

Al LERON 
ANGLE 

20’ 

IO’ 

0 

BOUNDARY OF STRUCTURAL BOUNDARY OF STRUCTURAL 
FAILURE 

AVAILABLE 
AlLERON ANGLE 

FAILURE PRODUCED BY 
FULL AILERON WITH 3 I g 

BY 

3’9 

0 I 2 3 4 5 

AIRCRAFT NORMAL ACCELERATION FACTOR 

_ FIG. I I COMBINATIONS OF AILERON ANGLE AND G TO PRODUCE 
STRUCTURAL FAILURE OF WING AT VC AT 6000 ft 



\ 
i 

, 
. . 

I 

/ 
I 
I 
I 
I 
I 

3lkJNV NOaX-llV 



STAGE I 
FULL RUDDER 

ZERO SIDESLIP 

STAGE 2 
FULL RUDDER 

PEAK SIDESLI P 

STAGE 3 
ZERO RUDDER 

PEAK SIDESLIP 

- FIG 13 SCHEMATIC DIAGRAM OF AIRCRAFT ATTITUDE IN YAW 
MANOEUVRE CASES 



40 

30 

WING ROOT 

BENDING MOMENT 

LB IN x IO6 

20 

IO 

0 

TOTAL FUEL - 
4000 LB 

_--- 
__------ 

-- 2l7000LB ‘* 

--.-- -- Ill340 LB 

J 

I I 1 I I 

100 110 I20 130 140 150 

GUST GRADIENT LENGTH : FEET 

FIG 14 VARIATION OF WING ROOT BENDING MOMENT WITH _ 
GUST GRADIENT LENGTH 

66 ft/sec UP-GUST AT VB 



. . 
. 

> ’ 

-05 - 

r 

- \ . n 

N--S 

.h IO 015 tSQC 

‘L. 

R = VALUE AT TIME t 
MAXIMUM VALUE 

n = ur4E~R ACCELERATION 5 -SHEAR 
8 = ANGULAR ACCELERATION M = BENDINE, MOMENT 

CL= LIFT CoEFFIClENT T = TORQUE 

FIG. 15 TYPICAL VARIATION OF WING LOADS DUE TO UP-GUST WITH TIME 

- 



K = 6.M IN FLEXIBLE WINi?, 

B M IN RIGID WING 

0 IO 20 30 40 

FEET OUTBOARD OF WINEi ROOT 

. 

FIG.16 OVERSWING FACTOR ON WING BENDING MOMENT 
DUE TO VERTICAL GUST 





V 

+ 

I 

l.L 



. 
, ’ 

FIG. 3 GENERAL ARRANGEMENT OF MODEL 



I.0 - -x-- X TUNNEL TESTS 
.--=AFF?EE-FLIqHT 

TESTS 
OS- ESTIMATE 

0 h I I I I I , M , 
‘i 0.8 0.9 I.0 1.1 I 2 1.9 I.4 

0.8 
n 

FIG. 4 MODEL OF FIG. 3 - 
Z-FORCE DERIVATIVE DUE TO INCIDENCE,& 

AND PITCHING MOMENT DERIVATIVE DUE x) INCIDENCE, m, 



. m 
. 

. 

FIG. 5 MODEL OF FIG 3.ROTARY DAMPING-IN- 

PITCH DERIVATIVE, - ( rng, + m,$) 



0 

o-35 

Cl.30 

0.5 

o-4 

o-3 

-YV 
o-2 

0 
0.8 o-9 I-0 I-I l-2 l-3 l-4 

FIG.6 MODEL OF FIG. 3. SIDESLIP DERIVATIVES &,nn,,yv 



04 - 

-RP .o A. p Ag A 

o-2- l m/ 

0 , M 
08 0.9 IQ I I I2 13 I4 

FIG 7 MODEL OF FIG 3. DAMPING-IN-ROLL DERIVATIVE,+ 

. 

2 - 
A . 

-nr 
A 

I - l .a 

0 I M I 
08 09 10 I I I2 I.3 14 

FIG 8 MODEL OF FIG 3. DAMPING-IN-YAW DERIVATIVE, n, 



: 

0 

9 
9 

+ I 
x + 

d 
. : 

s 
* + 
x + 

x 

b 

\ :++ 
s \ *++ 

a0 

9 



I I I I I I , M I 
0 08 1.0 I.2 14 I6 I.8 20 22 

. 

0 2c 

.’ 
-mlJJ 

0.15 

0. IO 

0.05 

0 

m 
l 

= EM03 
d’ CZ -0’ 

X 

b 

M 
/’ I I I I I I I 

0.8 1.0 1.2 14 16 18 20 22 

FIG IO Z-FORCE DERIVATIVE DUE TO INCIDENCE, zw AND 

PITCHING MOMENT DERIVATIVE DUE TO INCIDENCE, muT 



. 

. 

FIG.11 SIDEFORCE DERIVATIVE DUE TO SIDESLIP, yv 
AND YAWING MOMENT DERIVATIVE DUE TO SIDESLIP, nv 



0.02 

-L 

0.01 

0 

-0.01 

I 
* 00 

I I 
I.0 I.2 ‘/ / 

‘/ ‘/ 18 20 22 0 

0 22 -x 
/ 

. . I’/’ 
n 

/ 

-FIN 
‘=NrRl BuTt ON 

/ 
/ --__ -- - 

FIG 12 ROLLING MOMENT DERIVATIVE DUE TO SIDESLIP, t, 
AND BREAKDOWN OF CONTRIBUTIONS TO t, 



. I  

-- 

FIG. I3 GENERAL ARRANGEMENT OF H.f? 115 



. 

. 

0, I I CL 

-04 - 

-02- 

FIG 14 H.P. 115. STATIC LATERAL DERIVATIVES : COMPARISON 
OF WIND-TUNNEL RESULTS AND THEORY 



------ ------ 

0 0 

nP nP 

-0. I -0. I 

-02 

do 

. 

. 

FIG. I5 H.P 115. LATERAL CROSS- DAMPING DERIVATIVES : 
COMPARISON OF WIND-TUNNEL RESULTS AND THEORY 



. 

OC 
RP 

-0.1 

- 0.2 

0 

-0.1 

%- 

-0.2 

-0 3 

-0.4 

, 

-0 

0 4 0 I2 16 20 do 
1 I r 

, - 
EST1hlA-K 

e 12 16 20 ML0 
I --- ------_ --- 

SEPARATED FLOW 

FIG.16 H.l? IIS.LATERAL DAMPING DERIVATIVES : COMPARISON 

OF WIND-TUNNEL RESULTS AND THEORY 



-CP 
0.8 
0.6 

o-4 

0.2 

OA 

- 0.2 

- o-4 

- 0.6 

-0-e 

M=O-85 , d = 4” 

- SECTION E /7 

FIG.17 CHORDWISE PRESSURE DISTRIBUTIONS AT DESIGN CRUISE CONDITIONS FOR 
A TYPICAL SWEPT-BACK WING 

. , 9 
- - - 

. 
. , 

ri 



./- 
/= 

/’ 

i 

\ 
\ 
I 
I 
I 
I 
I 
I 

FIG 18 PRESSURE DISTRIBUTION DUE TO INCIDENCE 

ON SWEPT AND UNSWEPT WINGS 



. 



-0 
II 

-0 I 

0 

M= 22 

X d. = 15” c, = 0 035 

a CL= 3O CL = 0 075 

-02 

FIG.20 PRESSURE DISTRIBUTIONS ON A SYMMETRICAL WING 
OF THE SAME PLANFORM AS IN FIG I9 



-Ace 

cL 
25, 

2 
A= I 

05- 

x/co= 0.4 ; M << I 

I I I I 

0 0,2 0.4 0.6 y/s(=c) I 

FIG.21 LOAD DISTRIBUTIONS ON A DELTA WING, 

WING B OF REF. 30, AT LOW SPEED 



x 1 

I 

+ 

X + 

J 1 

I I 

U - 0 



I - Xl& =04 Ill 

0’ I 
0.2 04 0.6 $./SW I.0 

A=1 
I 

d = 15’ 

C L= 0 42 

M cc I 

. 
. 

FIG 23 LOAD DISTRIBUTIONS ON A DELTA WING, 
WING B OF REF 30 , AT LOW SPEED 



. 
3 

2-e 

2 

-9 
Cp 

0.5 

i - 

) 

v- 

‘T- 

0 0.Z 0*4 0.6 
Y/S(r) ’ O 

FIG 24 (a) 

FIG.24 LOAD DISTRIBUTIONS ON A GOTHIC WING, 

WING A OF REF 30 ,AT LOW SPEED 



6 

I 

5 

4 

-A Cp 
c 

L 

2 

I 

0 

- 

-0 3 

C, =057 

02 

FIG. 24 (b) 

I.0 

FIG.24(CONT’D) LOAD DISTRIBUTIONS ON A GOTHIC WING, 

WING A OF REF 3p, AT LOW SPEED 



I : 

-07 

-0 6 

-0 5 

-04 

- 
0 

-0.3 

i 

l? 
I -0 2 

-a 
“a 
U 

-0 I 

C 

0 I 

0; 

A=l 

UPPER SURFACE 

02 04 0.6 0,s A 

Y/S % 

FIG. 25 PRESSURE DISTRIBUTIONS OVER A CONICAL BODY 

WITH RHOMBIC CROSS -SECTIONS AT d = IO” 
MEASUREMENTS BY KEATING AND BY BRITTON 27 



I.0 

____-. 

a_! 
Qh SPENCE 
0.9 - Jo---------- y 

___---- 
___--- _---- 

’ R.Ae S OATA S,-,EEfS 

0.8 

07- 

I 
L 

IO8 IO’ IO1 

RQC 

1 
L 

FIG.26 EFFECT OF REYNOLDS NUMBER ON LIFT CURVE SLOPE 

3 

- .- POTENTIAL THEORY 

--- - 

0 EXPERIMENT 
2- 

NORMAL M-l 61 

FORCE 
COEFFICIENT 

t - 

0 5 IO 15 20 
o( OEGREES 

FIG.27 NORMAL FORCE ON A BODY OF REVOLUTION, REF 45 



SUBSONIC 
TRANSPORT 

I 5 

I.0 

% 

05 

\\ 
0 OSM I 

SUPERSONIC MANOEUVRING 
TRANSPORT AIRCRAFT 

1 0 A 

3 

I 0 

c, 

05 

0 ph 
M 2 3 ,  

FIG.28 LOADING REQUIREMENTS FOR WIND-TUNNEL MODELS 

- .,*,s, ,, . ,, ,,, *, I, ,a,,/ 8, ,,,“,, I, ,, 



. 

I 
1 

_------ 

o-010 

-----WITH STI+ FAIRINq 

4% COMPLETE TAIL CONE 

- 0 005 

FIG.29 EFFECT OF MODEL SUPPORT ON STATIC STABILITY 
M= I.8 



8 

M =0*2 

$q=- -<4 
4- 

2- 

0' 
I 1 I # 

0.2 0.4 ‘j 0.6 0.8 I 
5 

8 

6 

%4 

2 

0 

M=O*S 

\ 
\ \ 

\ 
\ 
\ \ \ -__---- /- 

I 

3 
- Re, = 2x I06 
- -- Re, = 4x IO6 

0.2 0.4 0.6 O-8 I-0 
Y 

T 

FIG.30 SPANWISE VARIATION OF INCIDENCE CORRECTION 
DUE TO TUNNEL CONSTRAINT &LOADING FOR 30’SWEPT WING 



t 



. 

o-3 

O-2 

-CP 
0-I 

2, 
0 

.I -0.1 
f 

0.2 -zI----=----- ----I 
-=P 

01 

1 

__-- 

/’ 
0 / 

/ 
/I’ 

-0-I 

-0-z 

/- ----------- 
__-- 

LEADING 
EDGE 

0.3 r 
TRAILINq 

EDGE 

---- RAKE, STRAlC,YT LEADING 
EDGE FIN 

CD 
PRESSURE YOLE.5, FIN 

WITH DORSAL 

:A----- 

FIG. 32 PRESSURE DISTRIBUTION AS MEASURED ON FIN BY RAKE 

8, ON MODIFIED FIN WITH STATIC PRESSURE HOLES 
M=ls6;/3=4O 



0 0 4 4 8 8 I2 I2 16 16 20 20 
o( DEGREES o( DEGREES 

d DEGREES 
. 16 2 

I 

FIG.33 H.F? 115 CROSS- DAMPING DERIVATIVES 

FROM MODEL TESTS (STING AXIS) 

. 

1 

.  

” 



d DEGREES 

OE 

-02~----- -- 

4 8 I2 16 20 24 
0, 

-0.1 - 

% 

-0 2- 

-@3- 

0 

-04- 

REANALYSIS 
OF FLIGHT DATA 

-05 
USING TUNNEL lXb 

I 

0 
0 

0 \\ 

4\\“‘8 \ 

. 

I2 ‘= 2o 24 d DEGREES 

-01' I 

FIG.34 HP 115 TUNNEL & FLIGHT DAMPING DERIVATIVES 



‘FULL-SCALE 
0 FREE-FALL MODEL 

3, 

PERIOD 
set 

. 

FIG.35 Hl? II5 COMPARISON OF BEHAVIOUR OF 

DUTCH ROLL ON AIRCRAFT AND i-SCALE MODEL 



. 

O-3 

0.2 

% 

0.1 

0 

-0.1 

% 

-0 2 

-0.3 

FULL- SCALE 

---- WIND-TUNNEL 

0 FREE-FALL MODEL 

0.2 CL 0.4 0.6 0.8 

’ FIG.36 HP 115 STATIC LATERAL DERIVATIVES - COMPARISON 
OF FULL-SCALE, FREE-FALL MODEL 8 WIND-TUNNEL MODEL 



BALSA WOOD LEADING 
& TRAILING EDGES 

COVERED WITH ETCHED 
LIGHT ALLOY SKIN 

STABI LI SE0 BY PREFORMED 

FOAM PLASTIC BLOCKS 
RUDDER HINGE &JACK 
STIFFNESS REPRESENTED 

BY MACHINED FLEXURES 

MOULDED FOAM 

LIGHT ALLOY CONE 

LTED ATTACHMENT 

FIN TO BODY 

FIG.37 FLEXIBLE FIN MODEL 



-, 
, 

., 

r 

. 

FIG 38 TUNNEL CONDITIONS FOR SIMULATING 

FULL- SCALE LOADING 





.> 
. 

., 

0 
N 
- 

\ \o- \ Y.:*-. = 3 



COMBINED LOAD MATRIX REGRESSION POINT LOAD MATRIX REGRESSION 

t40 

g+30 

i 

,+20 
0 

2 

5+10 

2 

aw 0 l ...*. 
*em... ITEM 

-IO I 2 3 4 5 6 7 8 9 IO II 12 13 I4 15 I 2 3 4 5 6 7 8 9 IO I I I2 I3 14 I5 

FIG.2 ERRORS IN PREDICTION OF SHEAR 

t . 

. I 

NO 



, . 
c 

COMBINED LOAD MATRIX REGRESSION POINT LOAD MATRIX REGRESSION 

Fi 
: w t10 

! . . . 0’ 
* - l *  . . . . . . . - - . . 

5 

- 
*  . *  

!!! 

ITEM No 

[r A w  -,o I 2 3 4 5 6 7 8 9 IO II I2 13 14 I5 I! 2 3 S 6 7 8 9 1011 I2131415 
a 

FIG.3 ERRORS IN PREDICTION OF BENDING MOMENT 



60 

COMBINED LOAO MATRIX REGRESSION POINT LOAD MATRIX REGRESSION 

. . . 
. . . 

2 3 4 5 6 7 8 9 IO II 12 13 14 15 

ITEM No 

FIG.4 ERRORS IN PREDICTION OF TORQUE 



f int 





nc nt~r 





. I  

TO LOADS FOR GIVEN STEADY MANOEUVRE FROM “=I OTO 

TL ADD TAIL LOADS DUE I-I = “, AN0 FROM n=t’,, TO ,I=l.t 

I TO A PITCHING ACCELERATION ELEVATOR FUNCTION DEFINED 

: 
GIVEN AS A FUNCTION OF 

a 
v  AND ll, 

cOR b 

FRDM n=O OR t “, , EITHER FOR DEFINED AILERON 

3 ANGLE OR FOR SEFINED RATE OF ROLL, EACH OF TWO 

i? CONDITIONS (I) ROLLING ACCELERATION WITH ZERO RATE 

OF ROLL AND(2)STEADY RATE OF ROLL WITH ZERO ROLL 
ACCELERATION 

RUDDER ANGLE GIVEN ~5 A RUDDER ANGLES GIVEN AS 

FUNCTION DF SIDESLIP, FUNCTIONS OF TIME 

z gy$+p~ EAND w 

ENGINE FAILURE WITH PILOis RECOVERY ACTION 

FIG. I REQUIREMENTS FOR STRUCTURAL LOADING CASES- 

PILOT-INITIATED MANOEUVRES 



3-DEGREE-OF-FREEDOM CALCULATION 

NO AILERON APPLICATION 

I 
0 1 

I 2 3 4 5 
TIME-SEC 

MAXIMUM VALUE FROM 

‘5f 2- DEGREE-OF- FREEDOM 

I 

0 
I 2 3 4 5 

TIME-SEC 

-20 - 

\ 
-40 - \ 

\ 

-60 - 

-80’ 

FIG.2 COMPARISON OF RESPONSES TO RUDDER APPLICATION ON - 
CONVENTIONAL AND HIGH - SPEED AEROPLANES 



. 

NO AILERON OR ELEVATOR APP LIGATION 

TIME -set 

TIME-.sec TIME-.sec 
2 2 3 3 4 4 5 5 

2 2 

: : 
Q Q -50 -50 - - 

: : 

2 2 

-loo- -100 

u 
z 0 I 1 

I 2 3 4 5 
TIME- set 

FIG. 3 COMPARISON OF 3 -AND 5 - DEGREE -OF- FREEDOM 

CALCULATIONS: RESPONSE PARAMETERS 



SAME CASES AS FOR FIG.3 

TIME - sfX 

TIME - 

0 

3 DEGREES OF 

FREED0t.l 

FIG. 4 COMPARISON OF 3 - AND 5 - DEGREE-OF- FREEDOM . 

CALCULATIONS: FIN AND RUDDER LOADS 



. 

HIGH M A 

\ TIME-SC 
A 

., 

. FIG.5 EFFECT OF AILERON APPLICATION ON RESPONSE PARAMETERS 

IN A RUDDER -I NDUCED MANOEUVRE 



SAME CASES AS FOR FIG 5 

II- DEGREE - OF- FREEDOM CALCULATION HIGH M 4 
TIME- SK 

/ 
TIME-SeC 

I 2 
0 

\ 

. 

NO AILERON 

AILERON 

FIG. 6 EFFECT OF AILERON APPLICATION ON FIN AND RUDDER LOAD . 
IN A RUDDER -I NDUCED MANOEUVRE 



. 

3-DEGREE-OF -FREEDOM CALCULATION 

NO AILERON APPLICATION 

PEAK LOAD - PEAK LOAD - 
WEROEFL’CTED WEROEFL’CTED 

-_.C--- -_.C--- ---__ ---__ 

, 
0 I 2 3 4 5 

BASE TIME -se= 

. FIG7 MAXIMUM LOAD ON FIN AND RUDDER FOLLOWING DOUBLE RAMP, 

STEP, AND TRIANGULAR RUDDER APPLICATIONS 



A, 6 AND C ARE 

INERTIAS ABOUT AXES 

C, N ($+ M’B ’ 

Z M Y N L 

FIG. 8 AERODYNAMIC PARAMETERS USED IN 

RESPONSE CALCULATIONS 

. 



. 

. 

., 

BASIC DATA 
AIRCRAFT 
GEOMETRY I NERTIAS CHARACTERISTI 

DATA PREPARATION 
DATA PREPARED IN A FORM SUITABLE 
FOR USE BY COMPIJTORS FOR CALCULATIDNS 

CALCULATION OF D, 

POTENTlOMETER SETTINGS 

RESPONSE 
8 PROGRAMME ,- 

OUTPUT OF RESPONSE 
QUANTITIES AND LOAD5 QUANTITIES AND LOAD5 

$ 

IN GRAPHICAL FORM. i 

. 

. FIG.9 SEQUENCE OF OPERATIONS IN 

CALCULATION OF DESIGN LOADS 



FLEXIBILITY 
EFFECT 

WHOLE AIRCRAFT 

0 I.0 2-o 
MACH N2 

FIG. IO VARIATION OF TYPICAL AERODYNAMIC PARAMETERS . 
WITH MACH NUMBER 



. 
. 

BANK ANGLE ’ 4” 

. 

SIDESLIP ANGLE p” 

. 
i 

AILERON ANGLE 5” 
4ND RUDDER ANGLE 5” 



SAME CASES AS FOR FIG II 

5-DEGREE-OF-FREEDOM CALCULATION 
HIGH M _ 

----- LOW M 

a 

. 

FIG.12 RUDDER-INDUCED MANOEUVRES WITH CORRECTIVE AILERON * 
APPLICATION: NORMAL ACCELERATION AND FIN AND RUDDER LOAD 



S -DEqREE -OF-FRCCDOM CALCULATION 

J 

0 

k 
. . -20 

‘;’ 

‘2 
d -40 

’ -60 

2 

. 

TIME -set 
I 2 3 4 5 6 7 3 9 IO 

INITIAL n = 2 
-__------w-e 

INlTlAL n =I 

FIG.1 3 EFFECT OF LIFT COEFFICIENT ON RUDDER- INDUCED 
MANOEUVRE: SI DESLIP AND BANK 



c 

FIG.14 EFFECT OF LIFT COEFFICIENT ON RUDDER-INDUCED 
MANOEUVRE:NORMAL ACCELERATION AND FIN AND RUDDER LOAD 



. 

5 - DEGREE-OF-FREEDOM CALCULATION 4 HIGH M 

5 

TIME - SUC 

2 4 6 8 IO 
I ’ , 

I 

TIME- SeC 
2 4 6 ,-a IO 

/ \ 1 

TIME -SIX 

L-0, 
2 4 6 a IO 

I 

‘1 

\ 

\<---s---s-.-.- .-.-.-. -.-. 

---- ---- --~--~---_--_ 

TO -186” AT IO 5~7C 

FIG.15 ENGINE FAILURE CASE WITH CORRECTIVE 
CONTROL APPLICATIONS: SIDESLIP AND BANK 



SAME CASES AS FOR FIG. 15 HI&H M 

5-DEGREE-OF-FREEDOM CALCULATION 

0 

TIME-SQC 

-I - 

TIME - SQC 

FIG.16 ENGINE FAILURE CASE WITH CORRECTIVE CONTROL 
APPLICATIONS:NORMAL ACCELERATION AND FIN AND RUDDER LO4D 



. 

1 

TYPICAL SERVO-JACK PROPERTIES 

PILOT-INITIATED MANOEUVE CASE 

Y 
DEMAND 

-.-.- 

i: 

F 

; 
” I 

TIhlE 

NORMAL OFERATIOFJ BELOW 

STA LL 

----- -- 

Y 

TIME 

ENGINE FAILURE CASE 

FIG.17 SERVO-JACK PROPERTIES AND HINGE MOMENTS 



5 -DEGREE -OF-FREEDOM CALCULATION 

I I I 1 1 I 

I 2 3 4 5 

TIME - SUC 

10 - 

“m ., 
w 
d 
z 0 
d 
P 
i 
z 
0 
si 

-10 - 

FIG.18 RESPONSE OF SLENDER DELTA CONF,IGURATION 
TO Al LERON APPLICATION 



. 

S-DEGREE-OF-FREEDOM cALtuLATloN 4 
I I 

4 5 

TIME - SG?C 

TIME- SQL 

” FIG.19 RESPONSE OF REAR-ENGINED CONFIGURATION TO AILERON 
APPLICATION: CONTROL REMOVED BEFORE MAXIMUM SIDESLIP 



5-DEGREE-OF-FREEDOM CALCULATION 

V 1 , I I ‘, ‘. \ \I I I I 2 3 4 5 6 7 8 
TIME-sac 

I 2 3 4 5 6 7 8 

: $ 
TIME -sac 

ho 12345678 

WZi 
I 

02 
vl Q-5 

.  

<I 

.  

. 

FIG 20 RESPONSE OF REAR-ENGINED CONFIGURATION TO AILERON 
APPLICATION : CONTROL REMOVED AFTER MAXIMUM SIDESLIP 



. 

. 

. 

* 

. 

. 

6 

“w, 
----- SINGLE-DEGREE-OF-FREEDOM CALCLHAllDN 

IILj 
54XjREE-OF-FREEDOM CALCULATION 4 

I 2 3 4 5 6 7 6 

TIME -sac 

I 2345678 
I 

“dl 
ii TIME -SU 

=- 
o- 

I 2 3 4 5 6 7 8 
5 1 

0. 
i -5 - 

z 
5 -10 - MAX SIDESLIP 

TlME -sGzc TlME -sGzc 

5 6 7 8 
I 

FIG.21 PILOT - I N ITIATED ROLLING MANOEUVRES : ILLUSTRATION 
OF EXISTING AND PROPOSED DESIGN CASES 



TIME - SiZC 

r----------------------- 

I I 1 I , 

‘w 

‘\ 

=N-/( 

MR--. 
-pa--- _--- 

, 

e 

. 

. 

. 

FIG.22 RESPONSE TO ASYMMETRIC WEAPON RELEASE 
4 

AND IN BREAK-AWAY MANOEUVRE 



DESIGN SPEEDS 

AXIMUM 

c 

. 

0 - , , I I I I I I 1 1 
200 200 400 400 600 600 800 800 1000 1000 

MAXIMUM DESIGN SPEED KNOTS (EAS) MAXIMUM DESIGN SPEED KNOTS (EAS) 

FIG 23 FIN AND RUDDER DESIGN LOADS 





o-5 
A% 

0 

-0. 

i 

Fi ntr 

- 

Vii I CC 



0.6 - 

0.4 - 

-0.6 
t 

r 
FIG. 5 

1 f 
0 1000 2000 

FIG 6 

DISTANCE ALONG RUNWAY (ft.) 

FIG. 4 PROFILE OF RUNWAY 

. 5 





ti - 

. 



8000 
L 

, 

7000 

5000 

STRUT 
FORCE 

(lb) 
4000 

i 

3000 

2000 

1000 

. 0 

& 

-w-w ORIFICE DAMPER 

- LINEAR DAMPER 

DESCENT 
llft/sec / \ 

/ 

03 0.4 

STROKE (f t) 

06 

FIG.7 STRUT FORCES DURING LANDING FOR ORIFICE 8 LINEAR DAMPERS 





c . ‘. . . i 

A.H.C. C.P. No. 1003 
July 1967 

Taylor. A .s. 
zktoni, D.J. 

~3.6.048.1 : 

624.042 . 
629.13.012 . 

061.3 

AIRCP.A,-T UXD,NC AcnoNS PROBLCMS - PRKEEDINCS OF 
A SYHPOSIUM H’XD O!i 28 OCTOBER 1966 

me sympos,um WRS held at the Famborcwb Technical College 0” The symposilllo was held at the Fambomu& Technfcal College On 

28 October 1966 and was attended by representatives ot the Aeronautical 28 October 1966 and was attended by represenLaat,ves of the Aeronautical 

research cmncll, “nivcrsltie~ and colleges, the Avlrtlon Industry. the Resenrch ComcIl. Oni~ersltles and Colleges. Lhe AviaClon InduStry. the 

A,,- hansport Operators, the Air Registration Boar‘d, and GoVement Air hansport Operators, the Air Reglstratlo” Bmti. and Government 

bcdles. bodies. 

A” Edltorlal Forewoti, which sketches the backWOund to the s,vwoS,U=, 

Is toIlo.“ed by a R&wk 01 the Proceedings. The papers presented am 
then reproduced In lull together alth BCCOU~~S 01 the ensllng 

dlJmSSl”ns. 

r 

A.R.C. C.P. No. 1003 
JUlY 1967 

533.6.CG3.1 : 

62l4.042 : 
G!3.13.012 . 

061.3 

AIRCRAFT LORDIN ACTIONS PROB,DS - PRKEEDINCS OF 
A SnlPosIlRl HELD ON 28 DxmER 1966 

A.R.C. C.P. No. 1003 

JUIY 1967 

Taylor. AS. 
Eclrtcmi, D.J. 

533.6.04S.l : 

624.042 : 
629.13.012 : 

061.3 

AlRCRAFP U#DING ACTIN PROBIBIS - PROCECDINGS OF 
A sYNtJostm fum ON 28 KMBER 1965 

The sy,apos,~m was held at Lhe Farnbolau~ Technical College on 

28 October 1966 and was attended by IP~~w~"CBLIV~S 01 the Aeronautical 

Reseati CG1IIcII. [mlwrsltles and Colleges. the Avlatlon I”d”stry. the 

Air Transport Operators. the Alr Re&!iStmtlon Board. and Govement 

bcdles. 

An Editorial Formo~. whlcb sketches the backgmund to the sYmposlUm, 

Is tollwed by a R;.wme’ of the Proceed,“&% 7%~ wpc=S presented ape 

then reprcd”ced in hill together with accOuntS ot the Bns”,“g 

dis‘vsslons. 

. 



C.P. No. 1003 

Published by 
HER MAJESTY’S STATIONERY OFFICE 

To be purchased from 
49 High Holborn, London w  c 1 
423 Oxford Street. London w  I 
13~ Castle Street. Edmburgh 2 

109 St. Mary Street. Car&IT 
Brazennose Street, Manchester 2 

50 Fairfax Street. Bristol 1 
258-259 Broad Street, Bnmingham 1 

7-11 Lmenhall Street, Belfast 2 
or through any bookseller 

C.P. No. 1003 
S.O. CODE No. U-9018-3 


