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SUMMARY
Informaticn on atmospheric turbulence obtained {from counting
acceleromster records 1s exumined and relations gaving the variation of
gust frequency with gust velocity and altitude are obtained. The
results are swmarized in a form convenient for use in estimating the

fatigue life of an aircraft,
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1 Introduction

The gust loads on an aircraft are important from the standpoint of
both static strength and fatizue Becords of aircraflt acceleration in
flight are obtaineé from counting accelercmeters which record the number
of times various acceleration levels are reachedl €. The objective 13 to
record accelerations of the centre of gravity and 1t is important to be
certain how faithfully this 13 done an reslity., The accelerometer is
mounted in the fuselage and records the response to a gust with undefined
space and tume gradients. The record, moreover, relates to the local
structure on which the accelerouneter is mounted so that even when the
position coincides wath the centre of gravity of the undistorted
airceaft, the records may be ainfluenced by structural deflections under
load.

The accelerometer counts are directly applicable only to the
particular aircraft and operating conditions under which they are recorded.
In order to give the resulis more gensral applicaticn, it 1s necessary to
estimate the appropriate atmospheric conditions.  For this purpose the
height and speed of the aircraft are required and these are recorded
photographically, towether with the counts, at intervals of ten minutes.
In the subsequent analysis, the cffect of the flexabality of the airecraft
is ignored and the recorded acceleration is assumed to be that of the
centre of gravity of the alrcraft-.

In order to convert the recorded acceleration to gust wvelocity the
method gaven by Zhrozekrs s 23 used, To simplify the acrodynamic analysis
he assumes a ragid aircraft and ignores the pitchine response anduced by
ths pust. The gust velocity 1s assumed to rucrcase linearly to its
maximum value. After comversion of the recorded accelerations to gust
velocitaes by thas method, the member of gusts exceeding each magnitude
in the reguired series is calculsted.

2 The variaticon of pust freguency with cust velocaty

A typical set of records 1s given in Ref 5 relating to Hermes
aireraft. The original data from which this report has been prepared
were obtained from about 2000 hours flying on B.0.A.C, routes. The
flying is grouped in altitude bands of 5000 £t and Fig 1 shows mles per
gust plotted on a logarithmic scale ageinst gust velocity. The ordinate
corresponding to a given gust vcleocity 1s the logarithm of the total
rarber of miles flown in the altitude band, davaided by the number of
times the given gust velocity is eyualled or exceeded. It wrll be seen
that the variation of freguency with gust velocity 1s substantially the
same at all altitudes, with perhaps the exception of the highest band
which consists of only a small sample. This band 1s more turbulent than
would be expected and showz a slight ancrease in frequency of the higher
velocaity gusts, However, in order to estimatc the relative gust freguencies
1t seems reasonable to total the gusts recorded at all altatudes. This
has been done for eagh of the four aircraft for which records are at
present avazlableds ©, 7, €, Data from test flying on the Comet are
also included?,  The graphs of log {mumber of occurrences) against gust
velocity are of appromamately the same slope for all the aircraft. The
small varzation may be attribubted to the differences an flexibility of
the ailrcraft, for which no allowance is made.

* If allowance is made for flexability in stressing, its effect on
both acceleratiorn and stress should be included.
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The rcsult of Hotalling the data from all the four aircraft is ~iven
below and shown plotied on Fig 2

1

Cust Vel,

t/sec  |-451{-40|~35|=30[-25|~-20| ~15| =10| 10| 15| 20| 25{30{35
No. of 21 21 8| 15| 61]259(1192]6665|9878 [2022|462 103|261 5
gusts

+

Uop to a gist velocity of 30 ft/sec up susts are more frequent than
down gusts in the ratio of about 3 to 2. This may be partly due to
manocuvring acceleratzons which are supcrimposed on these produced by gusts,
although 1t a8 doubtful whether the effect of this can account for all the
disparity. At higher gust velocities the down gustes appear to predominate
although the rumbers are too small for this to be very significart. A
possible explanation 1s that no allowancc 1s made for any changes which might
occur in the zlope of the 11ft curve at the hiphr positive incidences irvelved;
when the aircraft i1s in level flight at a posaiive ircidence, a stalling
up=gust 1s of a lower velocity than a stalling down-gust, and thus errors
introduced by assuming a constant slope to the 1lift curve near the stall have
a greater influence on the estiretes of the up-gusts.

In the estimation of fatigue damage from gust data 1t 15 usual to
asgume that an up gust 1s asszociated with a dowa gust of equal magraitude,
and to take the mean of the numbers of up and down susts as the number of
fatigue loading cycles, For this purpose the nurbers of up and down gusts
given aobove are added and an empirical curve fitted. “handardized to give
1000 gusts of 10 ft/sec or greater tne formula 1s:-

- - 1 -

F - C?,BOO e 00315—1’-1 'V'+ 8?8,2 e 0.20816-‘7.

where v 15 the gust velocaty in feet per second and F 1s the nuvber of guste
equal to or excc.ding v f‘t,/secv The above Jorm of the expressien 1s of ug
when calculating damege’™. For calculating freguencics a more convenlent
forrm is:-

B o= 4okl =0 1495 | 402.9436-0.09040v

The relation i1s shown graphically in Fag 3. In most cascs, the lowest
measured acceleraticn corresponds to a gust veloocaty well below 10 ft/seo

and usually approaches 5 ft/sec. In this range the Troguency distribution
snows no abrupt change and accordingly it i1s thought jJustifiable to
extrapolate the curve to 5 ft/sec. For any civen velocity a confidence

range can be estimated and that for 957 confidence 1s shown in the figure.
The estimnted rarge makes allowance for the tendency of the gusts to oeccur
near topether in regions of turbulencell, The frequencies piven by the
formula for velocities above 35 ft/sec., snozld be used with caution as the
tetal number of gusts vrecorded above this value 1s only 13 and the sampling
errors are large, The ringed points on the figure corrsspond to
experirental valuecs, It 18 masleadin-, however, to compare their deviations
from the fitied curve with tre giver confidence bard as the exporirental
points are not independent,  Apart from the fact that cumilative frequencies
are plotted, high or low mumbers of gusts tend 1o occur together for all

gust velocities and the experamcntal pornts are highly correslated.

A rumerical comparison between the obscrved and calculated frequencies
is made 1n the following table, the empirical formula heing factored to fit
the obeerved froquercy at 10 tH/sec.



v ,/sec ¥ Cbzervad F Calculated

10 or more 16,513 16,543 (f1tted)
15 " 3,210 3,276

on L T 698

25 " " 167 16L..3

50 H t }+1 11-303

3 " " 153 12.7

KO M 4 2 40

I%’B 1 1] 2 A; .3

3 Variation of Gust freguency with Alt:ztude

Having examined the variation of gust frequency with gust velocaty
1t 1s nccessary to examine the varistion with altitude,  This 1s done
for a gust velocaity of 10 ft/sec; the frequency of gusts of any other
veloclty may then be deduced from the relation given above., Wwren
considering the data from this peant of view it 1s 1uwportant to remember
that they do not reprcsent a random sample of atmospheric conditions,
but are 1nfluenced by any action whicn the pilolb may take o avoird
turbulence. Thas has little effect on the relative {requencies cbserved
at differing gust velocities discunsed in para 2, but has o markaed
effect on the observed variation with aititude. while cruising, the
p1lot endeaveurs to aveoid turbulence by snell changesn of both dircetion
and height, O~ the otner hand an aircroft with a haign cruising altaitude
normally climbs to, and desceonds fron, thiz altitude through ary
turbulcnce 1t mey cncounter, without any avoiding action being taken.

(1) Tig L shows data for 10 ft/sec guste Por Comet a1rcraft6.
The normal eruising height is about 34,000 £t end 1t rey be assumed
that the records up to at least 25,000 ft ave ropresentative of
averapge atrospheric cornditions, Up to this altatude the relataon
bPetwoen log (miles per gust) and altitude shows no sigmaficant
dep-rture r'rom livearity''.

(21} & comparison ig now rads with data from en aircraft cruising
2t a much lower alticude, fic 5 shows obscrvations for Comcd
plotted with cboervations tor Vikang a1ircrart! . The Viking
observations have been classified as clinmb, cruige or descont depond-
ing on the difference 1 the rocorded neigats at the begineing and,
erd of cach ten-minate 1aterval, Tho curves f'or the Vaking lic
almost wholly above trat for the Comet, tne except.on being in the
lowest altitvde band, and show that during cruise, oy selecting a
favourable altitude and course, wa average wumprovemcnt corresponding
1o a factor of sbout 3 can be achicved.  The pronounced maximim

in the eruzse curve at bthe normal cruising altitude is a result of
sclecting a favourable albitude. The arcratt climbs to 1ts normal
cruising altitude znd stays there unless turbulence is encountered,
in which case 1t climbs in an attempt to find smootner conditicns.
Consequ:ntly flying above the normal crursing altxtude only occurs
in corditions which arc worse than average. The curve for the
Viling claimb and descent shows sumlar terndencies, indicating that
even urder those condations the pilot's avoadirg aclion nas a
congiderable effect, and corfirmang that climbing above the ncormal
ecruising altitude only tskes ploce in adverse conditions.

(121) The data for the Hersies® have not been classified anto
climb, cruisc and descent, but 1t can be azsumcd that the majoraty
of flying above 8,000 £t is under cruising cosnditions, fip 6
shows a comparison betwsen the Conx $ and Herres., A& similar trend
to trat observed in the case of the Viking 1s found, although to a
lesger extent. The irdicaticns are trat the piriot's avoirding
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action becores less effcctive as the altitude increases. If thas
18 the case the crange in slope shown by the Comet curve at about
25,000 f% may not in fact be duc to the pilot's avoiding action but
may represent a real change in atnospheric trend. Murther light on
this question will be obtained as recerds from ailrcraft cruising at
ereater altitudes become availablie.

Estimates of the average gust freguency at various leights based on
all the relevant dats are given in Fig 7, wherc a corfidence range of 957
1s shown about cach sxperimeantal peoint, allowance being made for tne
tendency of the gusts to occur in groups. The value shown for tac lowest
altitude of 1050 ft 1z the mean of the Comet, Hermes and Vaiking, clinb,
crulse and descent. Tith the cxception of the Ceomet these show lattle
gigmficant difference,. The value for thc Comet 1s somewhat hagh but as,
however, tased on a very small samplc, (omly 860 miles).,  Apart from this
altitude band, thc remainder of the main curve follows valucs obtsincd
from the Comet data.

The value for the cruise of cach sircraft has been obtained by taking
the average of the highest three or Tour zltitude bands. This zs thought
to give & more representative fipure tran that for the rormel cruilsing
altritude only, which 1s obtained under seluctaively pocd conditions, Toe
improvement achiecved under eruising corditions by the pilot's aveiding action
is 1ncdzcatcd by the dashed laire in Fag 7.

L Conclugions

The present information on the variation of gust frequency with gust
velocity and altitude is conveniwntly surmarized in Fags 3 and 7. These
figures give a representation of atmospheric turbulence which may be used
for the estimation of aircralt fatigie derage resulting from gust loads.
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