
FAD-AI7I 3S0? AIRCRAFT RESPONSE TO TURBULENCE(U) ADVISORY GROUP FOR /
AEROSPACE RESEARCH AND DEVELOPMENT NEUILLY-SUR-SEINE
(FRANCE) APR 86 AGARD-R-739

UNCLASSIFIED F/'G 1/3 N



11111 1.25 111111. AM 111.6

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANOARDS-1963-A

%-'r



AGARD-R-738

* A

ADIOYGOPFR EOPC EERC EEOM N

7 U N IL 2O EdLYSRSIEFA C

AGARDk. REOTN.3

*DTI

(JUL 26 186

DISTRIBUTION AND AVAILABILITY
ON BACK COVER



AGARD-R-738

NORTH ATLANTIC TREATY ORGANIZATION

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE LUATLANTIQUE NORD)

AGARD Report No.738

AIRCRAFT RESPONSE TO TURBULENCE

Accession For

DTIC TAB

L111an"1no'vccd L
J "st if. C, ic'I

A ', "2 - Codes
-,'/or

SUAL ry D~ t 11

4

Papers presented at the 6 1 st Meeting of the Structures and Materials Panel of AGARD in
Oberammergau, Germany on 8-13 September 1985.



THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science and
technology relating to aerospace for the following purposes:

- Exchanging of scientific and technical information;

- Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;

- Improving the co-operation among member nations in aerospace research and development;

- Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research
and development (with particular regard to its military application);

- Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

- Providing assistance to member nations for the purpose of increasing their scientific and technical potential; 6

- Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through
the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

$

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published June 1986

Copyright 0 AGARD 1986
All Rights Reserved

ISBN 92-835-0393-7

'rinted by Specialised Printing Sen'ices Limited
40 Chigwell Lane. Loughton, Essex IGIO 3TZ %



CONTENTS

PROGRES DANS LA CONNAISSANCE DE LA TURBULENCE ATMOSPHERIQUE
par G.Coupry

THE ANALYSIS OF TURBULENCE AND AIRCRAFT RESPONSE TO TURBULENCE - SUMMARY
OF WORK IN THE UK

by B.W.Payne 2

'4

I

,%,-.



1I

PROGRES DANS LA CONNAISSANCE DE LA TURBULENCE ATMOSPHERIQUE

par G. Coupry

Office National d'Etudes et de Recherches Airospatiales (ONERA)
92322 Chitillon Cedex (France)

RESUME

L'expos& traite de mesures fines de turbulence effectuges en vol, sur avions
spicialement Squiphe, alnsi que des statistiques de masses diduites des accilirations
mesurges eur avions commerciaux au cours de vole riguliers. Dans ce dernier cas, on
effectuera une analyse critique des diverses mfithodes de restitution de la turbulence
A partir des accflirations, et on suggirera un certain nombre d'actions.

11 est montrA que lea paquets de turbulence ob6issent i une distribution de
Polsson.

PROGRESS IN THE ANALYSIS OF ATMOSPHERIC TURBULENCE

ABSTRACT

The report deals with measurement of time histories of turbulence, made by
specially equipped aircraft, as well as with statistics of events deduced from a
large number of comercial flights. A critical analysis of the methods used to reduce
the flight data is developed, and proposals for improvements are suggested.

It is shown that patches of turbulence for which a given level is exceeded are
distributed following a Poisson distribution.

I - INTRODUCTION

Apras une piriode d'intense activiti dens les annfies 60, les recherches sur la turbulence atmosphi-
rique et son influence our le pilotage et les charges ont 6tf ralentles -slnon ebandonnies- dana beaucoup
de pays :lee mfthodes de certification italent bien acceptSes, et leas nouveaux avions ne semblaient pas
poser de problimes particuliers.

Le regain d'intirft pour Is problame depuis le dfbut des annges 80 tient I notre avis aux raisons
suivantes :

- Projets d'avions de transport civils ou militaires d'allongement de plus en plus grand, et de struc-
tures trio souples,

- Gnfiralisation de l'utilisation du contr8le actif giniralie, en particulier pour le contr8le des char-
ges de manoeuvre et de turbulence,

- Missions de pinftration d'avions militaires I tras beasse altitude et A grande vitesse, qui n6cessitent
un contr8ie de vol compatible avec le suivi de terrain,

- Incoherence, dans certains cas, des conditions de certification d6dultes des concepts de rafale isolie
ou de turbulence continue, etc...

Pendant la mame p~riode, des progris considirables ont itf effectugs dane le domaine des mithodes de
mesure, dens les possibilitfis des ordinateurs at dens le traitement du signal. L'existence de besoins, et
de moyens pour lea satisfaire au mons partiellemene sont A l'origine d'une activitfi de nouveau en
expansion depuls quelques ennfes.

Les principaux thames d'activiti diveloppfs actuellement en France portent

- sur la masure fine de Ia turbulence I partir d'avions apicialement Squipis,

- stir 1. cr~ation d'une banque de donnes diduites des acc$l$rations meeurise ati cours des vole riguliers

de ls flotte de British Airways,

- sur la d~termination expfrimentale des efforts dus I ls turbulence, en longitudinal et lateral, par
essais sur maquettes dens une soufflerle transsonique Squipie d'un ginirateur de rafales,

- sur la pr~visLon par calcul des r6ponses de l'avion, en presence d'une turbulence cylindrique ou iso-
trope,

-siour lidentificstion n Instationnaire, en vue du contr8le actif, de diffirents types de gouvernes

(ailerons, flapperons, spoilers),

- sur le ddveloppeuent do lois de contr8le.

Nous lialterons l'exposfi, dens cat AGARD-REPORT, aux deux premiers points, c'est--dire aux aesures
fines at aux aesures de masse de 1* turbulence atmosphirique.



1-2

IL MESUJDES FINES DE LA TURBULENCE ATMOSPIERIQU.

A I& fin des annie. 60, plusieurs campagnes do assure directs do Ia turbulence on Sl offoctudos on
France our Mirage 3A, Paris 2, Mystire 20 ot Concorde, A partir de gircuettos, d'acclronatres et do
gyronitres ; dane le courant des annies 70, l'0NERA a SquipS lea prototypes des Airbus de systames
semblablos, qul ont Sti occasionnellomont utiliefie. L'expfirience montra quo lea mosuros offoctudos A
I'Spoque n'Staient sainoa quo jusqu'a uno frfiquonco d'onviron 5 Hz.

Los motivations pour uno ropriso do coo mosuros fines de l& turbulenco sont ossentiollomont

-la rechorche d'informationa sambas jusqu'3 dos frdquoncos do 10 Hz, en vuo du contrdlo actif on boucle
ouvorto d'avions militairos lore do pinfitrations a basso altitude,
- l'Studo do la cohironco do la turbulenco on envergure pour appricior les possibilitfin du contrdlo actif
des charges en boucle ouverte our avion civil do grand allongemont.

Los essais ont it6 effectuds au Centre d'Essais on Vol do Istros rospectivomont our Mirage 3B ot
N~ord 260.

I1.1 - Principe des mosures

La couposanto verticalo W do la turbulenco ost explicitfio, dans l'hypothaso des petits mouvesonte,
par la formule cinimatique claeeiquo

W .- V'O -..V a +

oa C eat lincidenco, mesurle par une girouette,V0 ) ia vitoso afrodynamique, obtonue parmesurean 6 mom6-
trique,V1 la vitesee vraie par rapport au sol ot Z la vitosse vorticalo de l'avion.

En pratique, on assure llcffrto Z ot la vitesse de tangage e , ot Ia turbulence oat restitudo
par la formula

Z- t( +V, B )dt- ..Va
0

Afin d'Gviter loe dirives d'intfgration, lo rfoultat eat filtri par un filtre passe-haut (calf I la
frfiquonce do 0,25 Hz).

L'installation des capteure do nosure our Mirage 3 eat prisentio done la figure 1 ; pour Ie Nord
260, loe nesures do turbulonce sont fatos en trole points (no: de l'avion et extrifid d'ailes) ; Is
schdmna d'inetallation eat doand dane la figure 2.

Lee progrAs vons uno meillouro assure do la turbulence ont ltf obtenue

- par un Stalonnage soigni do la girouotte en soufflerie,

- par uno correction de la fonction do tranoefort du gyromitre, dont I& bande pagsants Stait trop faible, 4~

- par une prise en coupte prdcie de 1* modification de l'incidence locale due a Ia prfsence du
fuselage.

Cette derniaro correction a it$ effectude lore d'esain en vol en sir tras caine, pour leoquelo on
s'attondait I meaurer uno turbulence null. ; doe con conditions, Ie pilots sollicitait l'avion a dif-
ffirontes friquonces, at on modifioit Ie gain de Ia girouette jusqu'l ce que Is mesure do turbulence
s'fvanouiese pratiquement. Le coefficient do correction do girouette (1,79 pour Is Mirage 3) a Sti dditer- %' 0.
mindt done ces conditions.

Leo figures 3 at f4 roprlsentent I. rlsultat do cot Stalonnage de girouette on air calme, our
Mirage 3, pour dee eollicitations du pilote I deux friquences diffirentee.

11.2 - Udultats obtenus our Mirage 3:

Plusiours essais on vol ont fitd effectufs our Mirage 3 dan. lee conditions suivantes

Z =Soo t ;V(3 =300 kmts
Au cour. de* cee esocie, on a aesurd similtanuent lee paramatres peruettant la restitution do la

turbulence (CL, 0 et i), ainsi quo l'acclration au centre de gravitf eta lA pointo avant. Les rdsul-
tate euivants ont Std obtonus,%W

-Spectres directs do turbulence :un spectre eet prfsentS done le figure 5 en dchelle log-log, et
comparg au spectre thiorique do Korean (en pointilid) ; on note un accord excellent entre thdorie ot
expdrience, qui aemble assurer quo lee mosuree de turbulence sont maintenant saines jusqull plus de
10 Hz. (Lee rdeultateseont faussds par Ia prfsence du filtre passe-haut pour lea frdquencoe infirieuree a
0,32 Hs.)

-Spoctres directs d'accflratione (en particulior accilfration de la Pointe avant) ; un do cee spectre.,
prdsentf done la figure 6, fontre nettement, entre 8 ot 12 Hz, lea riponses do structure dues a la
flexion fondamentale do Ia voilure at I Ia flexion verticsls du fuselage.
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-Spectres croisis entre accilfrations et turbulence connaiscant l'entr~e (Ia turbulence W) et la
sortie (une acciliration Z ,on en dfiduit la f onction de transfeart T (f de l'avion a la turbulence
par la forule classique

Swzwt)

o%1Swt(t)est la densitfi spectrale croisfie entre W et Z et sJ4t 18 densitg spectrale directe de la
turbulence. La figure 7 illustre ce rfisultat et prfisente, en fonction de la friquence, la parties
rfielles at imaginaires de cotta fonction de transfart.

- Finalament, on a profiti de ces mesures de raponce de l'avion A une turbulence connue pour valider lea
codes de calcul de cette raponse :un essat de vibration au sol a permis de dfiterminer avec preicision lea
caractfiristiques modalas de l'avion essayfi, dana s configuration de vols ; le calcul des forces
afirodynamiques instationnaires a 6tf fait par une maithode de doublets. La figure 8 prasente la
coaparaison "calculs-esaas" qui eat tras satisfaisanta dans la bande da frequence explorace.

11.3 - Rhcsultats obtenus cur Nord 260:

La contr8le des charges de manoeuvres at de turbulence eat un iapfiratif auquel doivent faire face
dArn maintenant lea bureaux d'6tudes qui congoivent lea nouvaaux avions da transport, tous dotes de trAs
grands allongaments. L'objactif des essais en vol cur Nord 260 fitait d'apprficiar dens quelle bande de
frfiquances un contr8le en boucle ouvarte fitait envisageabla, c'eat-a1-dira dana qualles conditions una
information locale sur la turbulence fitait reprfisentative de I& raf ala rencontraie par l'avion. On a donc
cherchfi A mesurer la turbulence an plusLaurs points de l'appareil (parchas d'axtrimiti dVaile at nez de
l'avion) at A determiner la coh~renca des macurea. %t

Plusiours essais ont fif effectu~s, A 150 knits at 180 knits, pour une altitude de 500 Ft .;au coura

de cas assais, le masure centrale n' a pa. fonctionnfi.

on prfisente ici lea rfisultats suivants

- dan. la figure (9), assure du spectre direct par la perche droita ; lal encore, l'accord avac 1e spactra
de Karman eat excellent, ..

- dana la figure (10), assure de la cohlrence entre lea turbulences mesurgea cur la ails droite at
gauche, cohfirence qui dacroft tris nottement en fonction de la friquence, at peruet do douter qu'un
contr8la des charges an boucle ouverte soit efficace au-delgl de 0,6 Hiz.

Sur la milms figure, on a austi tracei, un pointillfi, la cohfirence prfivue thfioriquement pour une tur-
bulence iaotrope correspondant au spectre de Karman, at donnfie par la formula

C ( Md 2 tw 56d
V r(5/6) 2?V 145 6 ( V

oa r eat la fonction euldrienne. d 1. distance entra lea mesures de turbulence, V la vitecce do vol ot K

la fonction de Bessel isodifile do caconde espice.

La comparaicon "calcul-esai" eat nettonont en favaur du concept d'iaotropie do Ia turbulence.

III - STATISTIQUES DE TURBULENCE

111.1 - Hiatorique

La connaLasce statistique de Is turbulence atmosph~rique a Gt obtenue (at oat toujours obtenue) par%
le bisis de mecure des accglfrations subiec par les avions. L'exploitation de casm esures a conduit aux
dispositions rfiglementaires par la d~marche suivante

- Etablissement d'une .&thode standard de calcul de Ia r~ponse d'un avion,

- Choix d'une forne do rafale standard,

- D~pouillesent, grice A cos daux modales des accildrations recueillias, c'est-a-dira obtention des
vitecces do rafales en valeur at en nombre par distance parcourue,

- Choix probabiliste do I& vitosce limita de rafale,

- Introduction dana la riglementation do cotto valour limite ot du modgle correspondent do calcul do la
r~ponco do 1'avion.

liistoriquemont, cotta dlmarche a comport$ troic Stapes

- Ptriodo 1931 a 1949 :premilres rechorches cur uno rafale isolfe trls simple, I partir do quelques
r~sultats de vol (travaux do Rhode at Donely),

- Piriode 1950 A 1956 : odale de rafale en (1-cosinus) at travaux do Pratt, introduction du "Gust
Alleviation Factor" ; modle d'atmosphire dfduit do vols plus noabreux (55000 houres) ; Stablissefent
d'un raglement qui, pour l'essentiel, eat toujoursaen vigueur,
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- Pliod* 1956 A 1970 :trevaux de Press et iloubolt our la turbulence continue reprisentie par un spectre
do Karmen, at publication par Is FAA en 1970 d'un enendeuent dO A la synthase de lioblit.

Cat historique fait cleirement epperattre que lee viteases de ref ales qui aervent de base a la
riglementahion no constituent pas une description de la rfialitfi de l'etmosphire, sale qu'ollea ne sont en
fait qu'un uoyen de Telier Les pica d'eccilfiration qu'on pout eapfiror observer our un avion donng aux.
pica d'acciliration meaurgs aur tin autre avion pour un vol dona le mime air turbulent.

Lee motivations pour tine reprise d'activltg doe ce domaine ont 6tg nombrouses ; nous citerons on
particulier:

- Ie nficesaiti do s'asaurer quo lea anions qul nolent actuollement, et dont on cherche A augmonter la
durne de vie, sublasent A peti pris lea charges pour losquelles 118 ont 6tf celculfs;

- le bosoin de valider le modile d'atmosphire propost par la rfiglementetion pour un beaucoup plus grand
nombre do vole, at do v~rifier qua ce modile n'est pas trop sensible aui type d'avion sur lequel ont fits
mestiries lee accfilfrations

- l'intfrit d'une extension du modile d'etmoaphire aux 6vinements tras pou probables (tram fortes
rafales) at d'une virification quo ces Gvinements suivent tine loi do Poisson (problime do la rfisistance
risiduelle).

Depuis 1980, l'ONERA, en collaboration avec Ia CAA, a abordi ces problimos par Ia crfiation d'une
banque do donis qui Porte ualntenant sT clnq aus d'activltG do I& flotte de British Airways. Air
France collaborera, dis 1986, A l'Slarglssement des informations diaponiblos.

111.2 - Ls banque do donnfies do British Airways

Depuis quelques annfies, la CAA, par le programme CAADRAP, fitudialt systfimatiquement lea fivinements
survenus lore do vols de British Airways, pour lasquels un facteur do charge de 0,7 g avait fits dipeassi.
Ces fvinementa 6tant trop rates pour l'fitablissement de statistiques pr~cises, l'0NERA a demands qtie le
seull soit abaissi A 0,5 g, seuil pour lequel lea informations seraient en nombre reisonnable, moie stif-

flsant pour Is d~termination de Lois statistiques.

L'onsemble de Is flotte do British Airways eat concernS per ce collationnement de donn6es,
c'est-&-dire:

9 Trident 2-E
25 Trident 3-B
21 BAC 1-11~.,~
9 Triatar 1011-1
6 Triatar 1011-200%
2 Tristar 1011-100
16 Boeing 747-100
11 Booing 747-200
6 Concorde
28 Booing 737
17 Boeing 757.

Au cours do Is pfriode de 5 ens allant du ler mai 1980 aui 30 avrll 1985, environ 400000 vols ont its

analysis, qui correspondent A environ 800000 heures de vols at A 300000000 do NM parcourus
c'est-&-dire quo, compto tonu des algas, 60 % des yols do Is compagnie ont iti analysis. Au cours do
charge obsorvi dipassait 0,5 g.

La banque de donnfies comprend deux parties

a) tine analyse des yols par avion at par typo d'avion qui donno

- le nombre d'heures do vol effectugos cheque mole par chaquo avion d'un typo donnfi ; le tableau I

prisente cotta Information, pour los 50 premiers moie, pour Is flotte des 21 Bac 111,

- pour l'ensemble des appareils d'un type donni, et par mola, 1e nombro d'heures de vol et le nombre de
vole analysfis, I. nombre do vole riellement effectuis, 1e pourcontage do vole analysis at Ia dunge
moyenne d'un vol (tableaui 11),

b) tine listo d'informations pour cheque fivinoment observi, qui comprend, par colonnes successivos
(tableau 111):

- le typo do l'avion,

- le numfiro repire de 1'avion pour le type correspondent,

- un code do quetro chiffros donnant Los conditions do vol,

- le jour, lo mois, l'annfio de 1'kvnemoent,

- l'afiroport do dfipart,

- 'afiroport d'arrivio,



- lI& %&sse de l'avion (kg) au moment de ['incident,

- I&a vitesse indiquie (LAS).

- I&a vitease vraie (TAS),

- Ialtitude (Fft)

- Is position des volets,

- lIa position des becs de bord d'attaque,

- lIa durfe de l'ivinement (piriode pendant laquelle des accfilfirations aupfirleures a 0,4 g oat fit6
observfies),

- le nombre d'heures de vol de Ia cellule,

- le nombre de Mach,

- le C,', correspondant,

- le facteur de charge positif (en g),

- le facteur de charge nigatif.

111.3 - Restitution de la turbulence

La banque de donnfies crfife en collabortion avec Ia CAA a fitfi utilisfie, de difffirentes maniares, en
vue d'obtenir des statiatiques de turbulence par tranche d'altitude. On a'est alors heurtfi au problame,
fivoqufi au paragraphe II1.1, de trouver un moyen de faire correapondre aux pica d'accfilfiration des pica de
turbulence. L'approche choisie a 6tfi cells priconisfie par J. Hall (1962) et dficrite par J. Taylor
(pp. 208-210) dans son "Manual on Aircraft Loads" ; dana cette mfithode, le facteur K de rfiponse A. Ia
turbulence eat explicitfi en nfigligeant le mouvement de tangage et ['effet de l'envergure finic aur Ia
portance due A l~a turbulence. Un programme de calcul a fitfi rfialisg qui permet de dfiterminer automati-
quement, par cette mfithode et pour chaque type d'avion Ia turbulence fiquivalente et la turbulence vraie N
(en m/s).

on crfie alors, pour chaque type d'avion, une banque de donn~es particulliire dont un exemple (relatif
au Boeing 747) eat donn6 dana le tableau IV ; lea douze premiarea colonnes de cc tableau mont lea mimes
que celles du tableau III ; on a ensuite aucceasivement

- le nombre de Mach,

- le CZc,

- le facteur de charge positif,

- le facteur de charge nigatif,

- l~a turbulence 6quivalente positive,

- Ia turbulence 6quivalente nigative,

- Isa turbulence vraie positive,

- l& turbulence vraie nigative,

- la durfe de l'V6nement,

- puis lea numfiros de mols, de semaine et de jour depuis le dibut du collationnement (lcr mai 1980).

Partant de cette banque de donnfe, un second programme calcule alots le nombre de dipaseements
d'amplitudes croissantes de turbulence pour une tranche d'altitude donnfie ;lea acuila de turbulence A
partir desquels on calcule les dipassementa sont de 6 m/s A 16 m/s pour Ia turbulence iquivalente, avec
un pas de 0,5 m/s.

Lea tranches d'altidude choisics pour ces comptages sont

0 < z <K10000 ft
10000 ft < Z < 20000?ft
20000ort < -2 < 30000?t
30000ht < 2 ~ ~

Si on connait Ia distance parcourue par la flotte dana is tranche d'altitude considirfie, on en
diduit immnidiatement le nombre de dipassements, par mile nautique de chaque seuii successif de comptage.
C'eat cette dernure Information qui eat donnfe (sous riserve) dana Ia figure 11, pour Venemble des
Boeing 747 (types 100 et 200), et par des altitudes supfrieures 41 30000 ft.
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On remarquera que, dans la reprlsentation semi-log choisie, la courbe

E/ NM . V(W)

et une droite ; c'est-&-dire que le nonibre d'fivanements par mile nautique dficroft exponentiellement avec
l'amplitude de turbulence, rlsultat cohfirent avec la thforie des valeurs extrames.

111.4 - Analyse critique des rlsultats

Le type de rfsultat pr~sentS dane la figure 11 a litf calculf pour chacune des families d'avions uti-
lisle.s par British Airways, A l'exception des Concorde ; dans chaque cas, lea courbes ont sensiblement Ia
mime allure de dficroissance exponentielle avec l'amplitude.

Par contre, si on reporte sur la mgme planche le nombre de dlpassements de niveaux de turbulence par
mile nautique, tel qu'il eat dfiduit des accflgrations mesurfies sur difffirentes families d'avions, on volt
que lea courbes correspondantes sont loin de se auperposer ; c'est ce qua montre la figure 12 pour ia
tranche d'altitude 0-10000 Ft.

Deux conclusions peuvent en fitre tiries, lea formules simples, telles que les formules de Pratt ou
Hall, sont en viritS trop simples, et l'information qu'elles fournissent sur Ia turbulence, i partir des
accglrations mesurfies our une famille d'avion ne permettent pas, a l'inverse, de prfivoir lea
accgldrstions subis, pour la mime turbulence, par un autre type d'appareils ; c'est remettre en cause
pratiquement lea bases de I. certification actuelle.

Ces formules simples sont suffisamment correctes, mais certains paramatres qu'ellea impliquent ont
fitf mal apprficifis (6chelle de turbulence, CZ,QL profile de vol). *

Plut8t que de remettre en cause a priori l'utilisation des mithodes simples qui permettent seulea
l'analyse atatistique de milliers d'fivinements, nous nous intfiresserons idi aux erreurs systfimatiques
susceptible. de se produire.

Nous examinerons auccessivement

a) L'influence d'un choix errong de l'6chelle de turbulence

Des calculs d'erreurs, effectufs sur la formule de Hlall, ont heureusement nmontrS une faible influ-
ence de ce paramitre.

b) L'influence d'une mauvaise apprficiation des CZ 4,

Il s'agit 1A d'un problame beaucoup plus grave, car toute erreur our le CZ xse rlpercute entli- % *~'
rement our le calcul de Ia turbulence, et les CZ 4X sont mal connus ; on dispose en effet de deux
valeurs du CZ,CL fournies par lea constructeurs :l'une, Ie CL dit "rigide" provient directement des

mesures en souffierie, tandis que l'autre, le CZ,CL dit "flexible" en est dfiduite par un calcul qui prend
en compte la diformations agroflastiques quasi-statiques de la structure. Le choix entre les deux dlipend
des hypothises qua V'on eat amenf A faire aur la briavetfi de Ia rafale.

La figure 13 prfisente lea nombres de dipassementa de la turbulence calculfi. A partir des acc6ll-
rations mesuries sur lea Boeing 747 dane la tranche d'altitude 0-10000 Ft , suivant lee deux hypothases

ar lee C 2 jX. Les difffirences 
d'allure ont manifeates.

c) Lee profils de vol:
Les seules informations fournies par ia CAA sur l'utilisation des avions sont les nombres d'heurea S

de vol et le nombre de vol. analysis chaque mois. On ignore done a priori Ie nombre d'heures analyslies

(oil le nombia de miles nautiques parcourua) pour cheque tranche d'altitude. tine analyse statistique fine
des misaiona de la flotte et l'examen dfitaillf d'un certain nombre de vol. reprfsentatifs ont penmis de%%
difinir, pour lee Boeing 747, un profil de vol moyen iris probabiement proche de Is rfialitfi. Pour la
autrea familles d'avions, on dispose seulement d'inforuationa fragmentaires, at lea profile de vol
:hotes pour l'analyse peuvent tria bien a'fSrer faux dana un rapport de 1 A 2 pour certaines trenches
d'altitude.

111.5 - Distribution atatiatique des paquets de turbulenceP0

Ainsi qu'il a Stf dit done l'introduction, on s'est intfressS a Is distribution statiatique des
paqueta de turbulence, distribution intfiresaante, tant du point de vue d'une modflisation de l'atmosphire
qua de celui de problimes life A la rfsidence rfsiduelle. On et parti de la rearque qua, at la rafales P
ftalent afireaent corrilies entre alias dona un paquet de turbulence (existence de modilea spectraux), 11
n'y avait aucune raison qua lea paqueta de turbulence eux-masa ne aoient pas en giniral indipendanta.
Done ces conditions, la distribution de paquets de turbulence oa3 une rafale avait dipasal un seul
devait oblir I une 101 de Poisson.

Pour vinifier cette hypothIse, at prenant pour unitS de temps Ia aemaine, on a procfdf de I& maniure
suivante (l'exesple du tableau V traite de turbulence@, entre 0 et 10000 Fr diduites de vole de la IF

flotte de Boeing 747).

On a comptf le nombre de paqueta de turbulence pour lesquela un niveau de 11 mis avait it6 disposi
(157 pour cat emple) ; on connait par ailleurs le nombre N de aemaines aoumiaes I analyse (ici
N - 241' ; on on dfduit le nombre moyan IL d'Svinements par aemaine. Appliquant Ia formula associfie a la .

distribution do Poisson
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Prob (K 16vinements)-

on conflait slots Is probabilitS pour qu'une semaine appartienne A Is classe 0 (0 fivanement), I la
classe 1 (1 6vinement), -. , I is classe K (K 6vinements) .... Le programme d'exploitation compte par
ailleurs Is nombre N(K) de aemaines appartenanL A is ciasse K. On en dfduit is probabiiits
"sxp~riuentale"

N N(10
Prob (K ifvilnements) N

Le tableau V, qui prfsente Is camparsison entre Ia probabilit6 thgorique et Ia probabilitfi observ~e
pc-ir chaque classe montre I l'Svidence que Is distribution de Poisson eat repr~sentative de Ia rfislit6.

TV - CONCLUSIONS .

Un tras Bros effort a fit fait au cours de ces derniares annfies, tent dana ie domaine des mesures
fines de la turbulence que dane celui de l'analyse statistique des masses d'infarmations abtenues sur %.
avions commerciaux au caurs de vols r~guliers. Les conclusions de ce rapport sant nettes sur le premier
point, mais considgrablement plus nuanc~es sur le second.

* a) Les mesures fines de turbulence sur Mirage 3 et Nord 260 spfcialement fiquip~s ant montrS que l'on
avait acquit la mattrise de Ia assure en Leaps r~el de rafales verticales dans une grande plage de
fr~quences (plus de 12 Hz). Lea turbulences meaurges ant des densitfis spectrales qui correspondent

* parfaitement au modille de Karman ; lee coh~rences entre turbulences mesur~es en difffirents points confor-
tent par ailleura is concept d'iaatrapie, au taut au mains d'orthotrapie dana le plan horizontal. On
remarque enfin que lea m~thades de calcul des r~ponaes de l'avion aux rafales ant permis une banne prfivi-
sian des r~sultats d'essais en vol, im~e quand lea modes sauples 6taient cancernfis.

L'effort dait porter maintenant sur ls meaure en vol de la turbulence transverse, apfiration beaucaup
* plus dfilicate.

b) Grice A is CAA et a British Airways, l'ONERA a pu crier Is plus grands banque exiatante (A notre
connaissance) sur les facteurs de charges dus a la turbulence ; le chaix d'un seuil de 0,5 g r~sulte
d'un campromis entre Is finesse d'informatian aauhaitge et lea possibilitfis d'explaitatian. Le collation-
nement des dann~es sea paursuivi, et Air France se joindra au club en Janvier 1986.

L'explaitation des donnges pr~sente de s~rieuses difficult~s si la d~passementa par tranche d'alti-
4 tuds d'un seuil donng de turbulence cant cohfirentes A l'intfirieur d'une famille d'avions, ii n'en est pas

de mae quand on r~unit lea informations d~duites des diff~rentes familles. Cette difficultS peut 8tre
life, sait au fait que l'utilieation de formules simplififies de calcul de is turbulence n's pas de sena
(la philosophie de Is certification serait slams 6branl~e), Bait au fait que lea parsamtres introduits
dans caB farmules cant mal apprficifie. 11 est pour l'instant impassible de trancher entre ces deux hypo-%
thases.

On reaarquers enfin que lee paqueta de turbulence ob~issent, camme privu, 3 une distribution de
Poisson.

Nous pensons que l'effort dait porter particuligrement our lea points suivants

-Evaluation de nauvelles foraules simplifi~es de restitution de Is turbulence r~cemment propos~es
(is figure 14 donne une comparaison entre lee d~pstase'sents de turbulence dfiduits des m~mes acc~lfrations
par Is forinule de Pratt et Is forisule de Turner).

- Aa~liaration de Is connaissance dese ZG

- A cours d'essais en vol, mesures simultan~es de l'accfilgration et de Is turbulence dant on d~duira
le rapport entre pica d'accgration et pica de turbulence ; camparsisan de ce rgaultat experimental avec
celui prfivu par difffirentes formulas simplifiges.

Lea prabli-mes abord~s ici sant impartanta aur plus d'un aspect, et concernent l'ensemble de la
communautf atlantique. Une miss en camaun des donnhas, une coaparaison des rfaultats et une critique
r~ciproque semblent indispensables. .
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THE ANALYSIS OF TURBULENCE AND AIRCRAFT RESPONSE TO TURBULENCE - SUMMARY OF WORK IN
THE U.K.

by

B. W. Payne
British Aerospace plc
Weybridge Division

Brooklands Road
Weybridge, Surrey KTI 3 0SF

United Kingdom

ABSTRACT

There has been considerable interest in the U.K. over a long period in the response of an aircraft in turbulence, and in
the analysis of turbulence itself. Work is discussed which includes the collection and analysis of operational flight data,
methods used to calculate aircraft response in turbulence, including non-linear response, and low level operation. This paper
provides an overview of the U.K. work in this field.

1.0 INTRODUCTION

When it was discussed in San Antonio in April, 1985, at an ad-hoc meeting of those present at the Structures and
Material Panel meeting who were interested in turbulence, it was suggested that there were three topics of particular
interest:-

(i) Collection and analysis of flight data -" -

(ii) Methods of calculating aircraft response in turbulence (including non-linear response)

(iii) Low level operation (including correlation of ground contours with turbulence).

Following the San Antonio meeting, discussions in the U.K. led to an informal meeting where the work in the U.K., both
in government establishments and industry, was reviewed. This work is presented briefly in this paper which thus provides an
overview of the U.K. work and serves to present the various topics on which work has been done and is currently underway,
and the topics on which work is planned in the future. Material is available on all three subjects noted above and it is possible
to identify a number of papers which could be presented at a future Specialist Meeting on Turbulence.

The following paragraphs have in general been penned by those active in the various topics, and acknowledgement of
those responsible is made at the end of the paper.

a
2.0 COLLECTION AND ANALYSIS OF OPERATIONAL FLIGHT DATA

2.1 Reassessment of Gust Statistics in the Light of Current Analysis Methods (Propellor Driven Aircraft)

Current civil gust load requirements are largely based upon statistical data collected from U.S. domestic operations
prior to 1950 and supported by data measured during U.K. and European operations prior to 1960. Gust velocity data was
derived from exceedance counts of c.g. acceleration using a simple gust alleviation factor approach based upon average wing
loading data and assuming a rigid aircraft. This approach necessarily employed many simplifying assumptions which have
been eliminated from modern gust response calculations. The gust velocities derived from this accumulated acceleration data
have therefore been reviewed in the light of current analytical techniques. The following factors have been investigated

(i) The effects of aircraft flexibility on the dynamic response characteristics of the data collecting aircraft.

(ii) The effects of contributions from fuselage and tailplane on the aircraft normal force coefficient.

(iii) The effects of the pitch degree of freedom on the dynamic response of the data collecting aircraft. p

(iv) The effects of allowing for time delay between the various lifting surfaces penetrating the gust front.

(v) The sensitivityof the response of the data collecting aircraft to unsteady lift assumptions.

The investigations have re-evaluated 101,789 hours of acceleration data collected on three different types of transportI aircraft between 1933-1958. (References 2.1.1 and 2.1.2).
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Results show that many of the refinements which have been introduced into the mathematical modelling methods have
built additional conservatism into the derived gust loads. Thus the simplified models used previously to assess operational
gust statistics have led to conservative estimates of derived gust exceedances. It is also shown that current aircraft modelling
techniques have introduced additional increases in predicted aircraft response loads without allowances for compensating
reductions in design gust velocities.

2.2 Further Reassessment of Gust Statistics using CAADRP Data

A further reassessment of Gust Statistics using CAADRP (Civil Aviation Authority Data Reduction Programme) Data
has been made by analysing the response of a BAC I - I I 500 Series aircraft' on standard airline routes.

The assumptions and procedures used in producing a mathematical model for the I - 1I 500 series aircraft are described
and an assessment of the measured incremental centre of gravity (C.G.) accelerations from CAADRP and ONERA data is
made. The CAADRP results refer to a set of routine airline route results using all flight data whereas the ON ERA data
consisted only of a set of high *g' CAADRP results produced for incremental accelerations in excess of 1.5g.

An assessment has been made of the 'average mission' from each of the 124 routine CAADRP flights and this has been
broken down for all the flights, for flights in the Berlin Corridor and for flights not in the Berlin Corridor. Mission Analysis
results, using the characteristic values of frequency (N,,) and Root Mean Square (A). are determined from the mathematical
model of the I-11 500 series aircraft calculated in accordance with current airworthiness regulations. with the measured
CAADRP and ONERA data and these have been presented in reference 2.2. 1. Also included in the Appendix is a
comparison of the Mission Analysis results with those using the ESDU 'Average Gust Frequencies' method presented in
reference 2.2.2. This comparison has been made for incremental C.G. accelerations. Comparisons have also been made for
all mission segments and the average design cruise speed comparing the incremental C.G. accelerations obtained from the
Mission Analysis method with those of Pratt, discrete I-cosine gust and design envelope methods.

From the results presented for the above methods conclusions have been drawn comparing predicted gust loads for a
probability of 2x I 0- exceedances per hour (as defined in JAR 25.305(d)) with those found from the measurements
contained in the CAADRP and ONERA data for a 1-11 500 series aircraft.

The gust velocities obtained from the I -11 ON ERA data have also been compared with the values obtained from the
original assessment of the American data based on measurements prior to 1950 and on which certification requirements for
gust loads are based.

2.3 Gust Description for Active Control Technology

The design of aircraft using active control technology requires a knowledge of the individual gusts that make up
continuous turbulence. A method of describing the shapes of the individual gusts has been developed from data produced on,., .

research flights on a T33 at I 000ft and on a Canberra near the top of a thunderstorm at 46000ft. It is shown that the gusts
that are important for a particular response are strongly dependent on the rate at which Zero Crossings occur in that
response. The method has been used on CAADRP special turbulence events measured on the BAC I - I I and the Trident. ,-"".
(Reference 2.3.2)..,

A plot has been made of peak magnitude versus wave length. This is done by plotting in a non-dimensional form peak
magnitude divided by standard deviation and wave length divided by average wave length I iN,,, where N,, is the count of
zero crossings.

The shape of this curve is shown to be very similar whether it be from gust velocity data or C.G. data from T33,
Canberra or CAADRP record, and whether from full or reduced sampling rates.

Finally a curve can be drawn for all the CAADRAP data on which is drawn a curve deduced from the points at a
probability of I in 100 augmented by an allowance for manoeuvring equivalent to I m/sec.

This curve may be said to be a result that the work was seeking. representing the gust magnitude as a function of gust ".
wave length for a constant global probability. The global probability is deducible from the I in 101) of the figure itself
multiplied by the probability of a CAADRAP Special Event of this severity assessed at about once every 11,000 to 18,000
hours which implies limit load levels.

It is concluded (in Reference 2.3.3) that the results presented should suffice to enable a relaxation of the isolated gust %.

regulation at the lower wave lengths.

Further work is planned looking into the significance of combined loads from gusts and manoeuvres, and the control
movements which should be allowed.

2.4 The Operating Environment for Modem Transport Helicopters

The CAA, in concert with ma'or rotorcra to- VEN
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programme on two types of transport helicopter. It is intended that strain gauge and accelerometer data measured during
routine civil operations will provide a more detailed knowledge of the service operating environment for these unique types
of aircraft. Of particular interest will be the collection of additional, low level gust data for comparison with existing statistics
derived entirely from fixed wing operations. It is hoped that sufficient data will be available by the end of 1986 to allow
examination of the results and an assessment of the implications on the response of fixed wing aircraft.

2.5 Measurement of the Fore and Aft Component of Turbulence on Operational Combat Aircraft

An instrument to record the high frequency fluctuations in pitot pressure caused by fore and aft gusts experienced by
aircraft has been designed. It is being fitted to a few combat aircraft which will begin collecting data in RAF operational
service in the Autumn of 1985. The aircraft are also instrumented to record loads experienced. Techniques for handling and
reducing the turbulence data are at present being evolved and it is hoped that a statement on progress can be made by the
end of 1986.

3.0 METHODS OF CALCULATING AIRCRAFT RESPONSE IN TURBULENCE (INCLUDING NON-LINEAR
RESPONSE) "

3.1 Modelling the Flexible Aircraft and the Turbulence

A brief description is given of the way in which the flexible aircraft and the turbulence are modelled. The linear

representation which follows has been in existence for many years. The non-linear work is of recent origin.

The basic aircraft equations of motion are assembled as a set of simultaneous second order differential equations. The AL._

generalised co-ordinates are chosen as normal modes or branch modes of the aircraft, and the response forces are equated to
the gust forces. The mode shapes are chosen to cover the frequency range of interest and the response quantities required.

The equation of motion may be solved for a specific gust input by either of two principal methods. The time plane
solution which involves a step-by-step integration of the equation timewise for the required input, and the frequency plane
solution which involves derivation of a transfer function for the response quantity of interest to a unit gust input. This transfer
function is then multiplied by the input gust spectrum, and an output response spectrum obtained, from which may be
calculated the continuous turbulence co-efficients familiarly A and N.

Both forms of solution are appropriate where the representations of the aircraft and aerodynamics are linear, and
Fourier transform methods may be used to show the exact equivalence of the two approaches. The standard calculations
carried out for Airworthiness and Procurement Authorities assume a standard linear representation, and Continuous
Turbulence (C.T.) requirements have been formulated on a statistical basis using linear equations.

3.2 Response Solutions for Non-Linear Representations

Non-linearities can be introduced in either the aircraft modelling or the aerodynamics, or both. Non-linearities"
normally encountered include non-linear lift curve slope, non-linear power control units or control surfaces, digital control
and non-linear control laws.

Whereas the time plane solution may be used with no inherent difficulty in the non-linear case, the assumptions
required for the frequency plane method are immediately violated.

Solutions for discrete gust inputs present no problems using the time plane, but solutions for C.T. have to cover long
periods of time to give statistically reliable results. Work is in hand to develop acceptable approximate methods of producing
C.T. results.

The initial approach is to produce pseudo-random gust histories against time which when applied to a linear time plane
aircraft model will give results in close agreement with results obtained for a conventional frequency plane C.T. analysis.
These gust histories may then be used as the input to the non-linear model, and response quantities produced. In practice.
care is taken to minimise the effects of transients due to initial conditions, and to obtain a satisfactory resolution at low
frequency without computing for an undue length of time.

This approach can be made to work but, even with approximations, is extremely cumbersome to use and excessively
expensive in computer time. Even using a reduced model only a limited range of response quantities and flight/aircraft
conditions can be covered in a reasonable time.

To cover the complete range of cases necessary for an aircraft design, alternative methods are being tried whereby
discrete gust results are used to estimate the C.T. results. Early results look promising although in the long run, these results
will have to be examined together with the results obtained using the statistical discrete gust method, and their adequacy
judged.
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3.3 Test Techniques for Validation of Aircraft Response

There is a need to validate the dynamic and static mathematical models of the structure, the aerodynamics, the systems
and the input gust environment and as a result test techniques have to be derived that cover each model in turn and then the
total aircraft and system in a flight test.

Testing includes ground resonance testing, ground rig tests, simulators, wind tunnel tests and flight tests. Flight testing
includes both defined control tests to excite the aircraft in steady conditions and measurements of the response in turbulence.

Recently the A3 10 and the BAC 1-11 have been used for flight testing load alleviation systems and a short summary of
the test techniques are given below :-

* A3 10 Load Alleviation Flight Testing

In this test spoilers and outboard ailerons were used to provide the alleviation, and the testing consisted of measuring

the transfer functions between the controls and a number of interesting quantities for the purpose of:

- checking the prediction processes of the transfer function

- checking the stability of the system and comparison with predictions

- checking the control law tolerances in relation to the uncertainities in the prediction process

- checking the open loop time histories response to direct ramp, triangular and pseudo continuous turbulence in the open
and closed loop of the load alleviation law against predictions

These tests were carried out at two speeds and the tests showed that the functioning of the load alleviation law was
successfully demonstrated in flight and that the response of the major modes of the aircraft to sinusoidal and discrete inputs
compared reasonably well with the predictions.

* BAC 1-11 - Load Alleviation Flight Testing

In this test only the spoiler controls, using fast rate jacks (300*/sec), were used to provide the alleviation for the wing.

In the open loop a large number of flight tests were carried out at a number of speeds in which discrete and continuous inputs
were put into the control system over a wide range of wavelengths, amplitudes and frequency. The response of the aircraft
was then analysed in order to check the spoiler aerodynamic forces, lag, and responses of the aircraft by way of accelerations
and forces.

3.4 Response of Flexible Wind Tunnel Models to Turbulence

The U.K. is participating in the design and testing of active control systems for flutter suppression and gust load
alleviation on a wind tunnel model. The model is basically a Tornado flutter model which has been modified for these tests
by MBB to include inboard and outboard control surfaces on the trailing edge of the wings, and now spoilers on the upper
surface of the wing.

Specific turbulence forms have been generated in the wind tunnels by the use of moving vanes and the responses
measured. In comparison with flight measurements, the lack of realism in some aspects of the experiment is offset by the
unique ability to generate repeatable discrete gusts and continuous turbulence with known characteristics. Aerodynamic
representation of the aircraft and the effects of turbulence penetration were investigated and the mathematical model of the
aircraft was refined. On this basis an active control system was designed which successfully reduced the wind tunnel gust
loads, see reference 3.4. 1.

In the U.K. preliminary tests have been carried out in the British Aerospace, Brough high speed wind tunnel where a
paddle wheel has been installed in the tunnel floor to act as a gust generator. To date sinusoidal testing has been carried out.
and work is planned on step and ramp inputs, see reference 3.4.2.

3.5 Spanwise Variation of Turbulence

Wing loads predicted from continuous turbulence models are compared for power spectra assuming the same gust
velocity across the span of the aircraft and spectra including spanwise variations of gust velocity. Investigations are extended
to aircraft with active controls for gust load alleviation. It is shown that there are significant differences in the predicted
alleviation in some circumstances. This work is still underway at RAE Farnborough and will be the subject of a report still to
be issued.

Measurements of the spanwise variation of the normal component of turbulence are available from GNAT XP505.
Some records have been analysed using both Power Spectral Density and Statistical Discrete Gust techniques, and further
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investigations of the data are planned. (Reference 3.5)

3.6 SDG/PSD Relationships (Linear Response)

The power-spectral-density (PSD) and statistical-discrete-gust (SDG) methods have in the past been contrasted as
alternative approaches to the analysis and prediction of aircraft response to atmospheric gusts and turbulence. Recent work
has clarified the relationship between the methods and provided a common framework, in the form of a statistical pattern
theory, whereby a unified approach (3.6.1) may be adopted.

In a recent series of memoranda (3.6.2-4), it has been shown how standard power-spectral procedures to quantify the
stochastic response of linear systems may be implemented by a variational technique: the 'method of equivalent
deterministic variables'. In Reference 3.6.3 a discrete-element technique is described for implementing numerically the
above variational formulation. The input profiles used in this analysis are already familiar from existing discrete-gust
methods. On this basis it has been shown (3.6.3) that the SDG and PSD methods may be matched such that the former is
essentially an approximate numerical implementation of the latter. On the other hand, reference 3.6.1 also discusses
important aspects in which the SDG and PSD models differ. This divergence applies particularly to the modelling of gusts of
extreme intensity.

3.7 SDG and Non-Linear Response

A feature of the SDG method is that non-linear and linear systems may be assessed in a unified manner 3.7.1, 3.7.2. In
each case, response evaluation is based upon a worst-case analysis in which the maximum response to families of equi-
probable gust patterns is found. For non-linear systems, however, the search for a worst-case must be performed for several
families of inputs, corresponding to different levels of intensity, whereas for linear systems only a single (arbitrary) intensity
need be considered.

The validity of the SDG method for predicting the stochastic response of non-linear systems has been supported by
numerical simulation studies (3.7.3) in which the results of the prediction method have been compared with measurements of
the simulated stochastic response of various modelled systems. In this digital-simulation study, inputs were random-process
samples and system outputs were calculated by numerical integration of the associated non-linear differential equations.

Applications of the SDG method to investigate effects of non-linear control-system behaviour upon aircraft response
are reviewed in Reference 3.7.2.

3.8 Correlation of Stochastic Loads

A particular problem arising in the specification of structural design-load conditions concerns the relationship between
the results of a PSD statistical analysis of the aircraft dynamic response and the requirements dictated by existing Stress
Office practice. Stress analysis utilises design conditions incorporating a set of forces in equilibrium. PSD methods however,
lead instead to individual design-level values of load such as shear, bending moment and torsion, at various points in the
structure. They are defined statistically and generally do not occur simultaneously.

Various methods (e.g. Reference 3.8.1) exist for generating design conditions to match the statistically defined loads
resulting from the PSD analysis. More recently, a rational method for generating design conditions which incorporate forces
in equilibrium has been presented by Noback (3.8.2). This method, the equal probability technique, is based on the idea that
the correct design load condition for any load or stress is that combination of loads that is most probable under the condition
that the specified load or stress is equal to its design value.

Whilst Noback's procedure is theoretically ideal, evaluation of the large number of correlations involved could be
prohibitive. In reference 3.8.3 an approximate method was therefore proposed which combines the objectives of the equal
probability technique with a representation of design loads as a sum of elementary load distributions. An associated
matching process was also proposed. The method involves the use of deterministic input patterns comprising 'ramp-gust'
components and is based on relationships, recently established, (reference 3.6.1), between the SDG and PSD models of
turbulence (see para. 3.6).

4.0 LOW LEVEL OPERATION

4.1 Measurement and Analysis of Turbulence using an MoD GNAT at Bedford

Low altitude turbulence measurements made by a Gnat aircraft have been described in reference 4.1.1. Two types of
statistical analysis of the turbulence records have been employed: power spectral density and statistical discrete gust. In
illustration of these methods, six samples of turbulence, all at mean radio altitudes at or below 200 metres, have been
discussed in detail (4. 1. 1). Analysis of a much larger sample of the turbulence data gathered is continuing and results are to
be published in a later report.
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A particular outcome of the analysis is a two-parameter representation (4.1.2) of turbulence patches which combines
measures of power-spectral-density and intermittency with an exponential (non-Gaussian) amplitude distribution. This
representation is applicable, in particular, to the prediction of loads, ride-bumpiness and control-system activity.

Another particular area of analysis has been the comparison of statistics at the most extreme intensities with those at
lower levels of intensity (4.1.3). The results tend to support a recent proposal (4.1.4) for a turbulence model in which the
fractal dimension (4.1.5) of the turbulence takes different values under conditions of extreme and lesser intensity.

4.2 Turbulence Measurement on a Tornado

There is a current flight programme on the Tornado at RAE Bedford for the measurement of structural loads and
turbulence response, including the extraction of the gust time histories. The structural significance of combined gust and
manoeuvre loads is to be assessed for low altitude flight. Comparison of the flight data with mathematical model predictions
is planned, to aid the understanding of the combined loading actions.

4.3 Helicopter Measurements

Under this section on low level turbulence, reference is made back to paragraph 2.5 where a helicopter data recording
programme is discussed.

5.0 CONCLUDING REMARKS AND ACKNOWLEDGEMENT

This paper has made references to a number of areas where work has been, or will be, done in the field of turbulence.
Although not exclusive it is thought that most of the important items, and items of general interest have been noted, and as
such it presents an overview of work on turbulence in the U.K.

As mentioned in the introduction, in most cases the paragraphs have been contributed by those working on the topics
and help from the following must be acknowledged:

Mr. V.Card CAA Redhill
Mr. A.E.Dudman BAe Weybridge :4
Dr. G.W.Foster RAE Bedford
Mr. J.GJones RAE Farnborough
Mr. L.W.Kaynes RAE Farnborough
Mr. J.Taylor Consultant
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