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FREQUUNCY OF OCCURRKENCE OF ATKCSPHERIC GUSTS AND OF
RELATED LOADS ON AIRPLANE STRUCTURES

By Richard V, Rhode and Philip Donely
SUMMARY

A nuaber of samples of flight acceleration data
taken bty the National Adesory Committee for Aeronautics
under a variety of operating conditions were svaluated %o
determine the total frequencies and the frequency dis-
tribution of atmospheric gusts, The samples includo
1748 Thours of operation by several alrplanss of the
domestic alrlines of the United States, a Wartin M-130 alr-
rlane of the Pacific Division of Pan American Alrways .
System, and the Boelng B-15 airplsne of the Army Alr Forces.
These data are supplemented by V-G records, so that more
than 9,000,000 miles of operation are repressntaed, Samples
taken on an Aeronca C-2 alrplane at low altitude in the
turbulent air of the earth's boundary layer are compared
with simllar samples ta%en on the Lockheed XC-35 alrplane
at high altitude within cumulus-congestus and cumulo-
nimbus clouds,

Similar data of German origln have been reanalyzed
and included for comparison,

It was concluded that the distribution of gusts
within turbulent reglons of the earthits atmosphere
follows g suoutantially fixed pattern regardless of the
source of the turbulence. The total frequen01cs are
therefore governed by the total length of flight path
in rough air, and operating conditions determine the
total frequencies only by affecting the ratlio of the
length of flight path 1n rough sir to total length of
the path, CGust-load frequencies were found to be
inversely proportional to airplane size,

It was further concluded that the gust frequencies
can he applied with small error to the estimaticn of
stress frequencies in the primary structures of alrplanes.
The results of the analysis are applicable to the fatigue
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testing of the primary struciure of the airframe and to
the estimation of the nrcbability of encountering gusts
of excessive Intsnsity within any stated period of
operation, .

7

INTRODTCTION

The trend In alrplane design toward higher wing
loading, higher swneed, and larger size - and consequently
toward higher mean stresses and grecaler severity of loads
on the structure - has resultsd in a growing aprreciation
by designers of the potential importance of fatigue in
the primary structure and of the necessity for d2s8igning
on the asis of fatlgue strength for limited "life
expectancy." Referencs 1, for examnle, displays a great
deal of concern about the fatigues life of alrrlans
structures,

Life expectancy is governcd not only by fatigue but
also by the rrobahility of occurrsnce of siagle quasi-
static loads of such q1ﬂh magnitude a3 might endanger
the structurc éir ctly. This problem has “been made
mors acubte by the ovarloading ol ajrthaes due to
wartims trafiic demands.

An obvious prarequlslts for control of fatigue
strength and fer the determination of the probability
of single large loads 1s flight data that show the
frequency of occurrence of loads or stresses in the
structure correlated with the many factors that influence
the frequenclies, In the [Iizht opsrations of transnort-
tvpe alrplanass the rrincipal souvrce of structural loads
and stresses 1s atmospheric burtulence, and most of the
required flight data annlicable to tranapcrt alrplanes
may be obtalnasd by mesasuremsnts of the ioads or stressss
during cruising flight in rousgh ailr,

Kaul (reference 2) and Frcise (rsference 3) have
vresented data on the wing-load hlstories exnerienced
by a nunber of alrnlanes botq under speclial test condi-
tions in rough air and in some 600 hours of crulsing
flight on sevecral branches of the Desutsche Lufthansa,
Kaul obtainad results bv means of an accelerometer located
near the center of gravity of the airplane and Frelse,
by means of a strain gage mounted on a chord member of a
wing spar near the wing roct. The results werc expressed
in references 2 and 3 in terms of anplied wing lcad,
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The WACA has from time to time collected data
similer to these presented by Kaul and Freise. These
data include zcceleration measurements from 1320 hours
of the oarly operations of the domestlc alirlines of the
United Ststes, 31% hours of miscellaneous cross-country
flying by the Boelng B-15 alrplane, a ll5-hour round-
trip flight between Alameda, Celif., and Hong Kong, China,
by a Martin M-1320 eirplans of Pan Americen Alrways System,
and two speclal gust investigatlions in the vicinity of
Langley Field, Va. Data taken with the HACA V-G recorder
(refersnce ) during some 8,500,000 miles of airline
opcrations arc also included to take into consideration
the rare guste of great intensity that arc not normally
encountered during the taking of samples of limited
scope. In the present paper these data are analyzed and
compared with the German data of refercnces 2 and 5
to establish a broader basis for the determination of
the frequency of loads re¢sulting from atmospheric gusts,

SVIIBOLS AND NOMENCLATURE

An ccceleration increment normal to chord of wing,
g unlts

W welght of airplane

S wing eorea

a slope of 1lift curve

Ps magss density of air at ssa level

V01/2 equivalent airspced

U, cgffceetlive gust veloclity

X relative alleviation factor

c mean wing chord

F total freauency, total number of occurrenccs of
a phenomenon in a sample

b frequency, number of cccurrences of a phenomenon

within a class interval



N NACA ARR No. 1121

fp relative frequency (f/F)

A . average gust interval, average distance along
flight path in +urbu\,nt air between
ignlficant gusts

L path of operation, total length of flight path
for any conslidered scope of oneﬂation

R path ratio, ratio of length of flight path in
turbulent alr to path cf operaticn

The class Interval ls ths range between two values
of a measured guantity within which measurements of 1like
valnue are grouncd (JP classed) lor tihie purpose of tabula-

tion offrequeancies, The class mark ig the definitlve
value, or niidvalue, of a class,

BRIECTIVE GUST VELCCITY 4S BASIC ATTRIBUTE

In mest investigatlions of atmospherlc turbulence
conducted by the NACA, the acceleration response of
airplanss to the gusts has besen utilized in the msasure-
ment of atmoanheric turbulence. Although much of the
philosophy uaderlying the concepts involved in the use
of aczeleretion reaponse in the measurament of turbulence
has not been published, some bhasic considerations are
dlscussed in refersnces |l to 6, These conslderatlons
lead to the rb“at vely simrle concept of an "effective
gust velocity," wrich has teen celected as the baslc
attribute cor iﬁdepardent vartahle to which the statistlcal
analysis best arplies, Theeffective gust veloclty is
dsfined by the relation

pOaKUéVcl/ES
An = pon (1)
T™e relati alleviatlion factor K allows for the

velocity of the Ai” rlane ncrmal to the flisht path caused
by pppllcatlon of accelarstion during the finlite time of
action of the gust. The factor ¥ is glven as a function
of the wing 1oaojng in figure 1. The derivation of thls
curve, which takes into consideration the lag in transient
develorment of 1ift and the gust gradlent, is attributable
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to the authors but has not bsen published. The curve

in figure 1 is part of the American design regulrements
and has been published as figure 11l(a) in reference 7.
Although cderived at a relatively early date when little
Information on gust gradlents was available, the rela-
tlonship cdescribed by the curve has remained In excellent
agreement with subsequently obtained flight data and with
advances In the theory of unateady 1lift.

Extent of Opersaticns

Domestic alrlires.- Acceleration records for
1320 houars, or evbout 1uH,000 miles,of flight were
obtained during the early days of transport operations
on the domestic alrlines c¢f the UThited Statss, The
data were taken during routine scheduled operations
over a vneriod of ahout 2 years. The average operating
altitude wss atout 000 feet atiove sea level. The
airplanes on which the measurements were made included
the following tynes: vord 5-A7, Fokker F-10-4,
Boeing l10-B, &nd Roelng 80-A. The routes flown covered
most ssciticns of the Uhited States and represent all
types of cllmate and topogranhy in this country. The
data from these early domestic-airline operations sare
raferrad to subssguently as '"sample 1." The charac-
teristics of the alrrlanes and a summary of the operatling
conditions for all the samples are given In tablss I
and ITI, respectively.

A large number of acceleration records were obtained

later on the domestic airlianes, These pecords represent
2,105 hours, cr avovt 7,000,000 miles, cf routine
transport operations by Boeing B=-2.7, Douglas DC-2,

and Douglas DC-3 airplanes on several airlines covering
most sections of the United sStates, The data from these
later domestic oparations are called samples 2, 3, and
for the R-2ii7, DC-2, and DC-3 airplanes, reapectively.
(3se tables I and II.)

Alameda to Hong Kong.=~ Racords were taken with a
nunber of Instrumsnis during a round-trip flight in
Juie 1933 from Alameda, Calif. to ITong Yong, China
by a Martin M-130 airnlane of Fan fAmerican Alrways
System. The average altituds was atout 106,000 feet
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sand the flying time was 115 hours, correspondling to
17,000 miles of flight. The data from this flight
are called sample 5,

Records of acceleration covering 12,252 hours, or
about 1,520,000 miles, cof outine onerdtlons with
¥Martin U 1)0 and oeing B- 514 airplanes are Included
in the analysis for the route frcm Alameda to Hong Kong.
The data firom these operatlions are called sample 6.

Boeing B-15 airplane.- Re ﬂnrds of acceleration
were f?fén on thb B-15 alrplane during 313 hours, or
about 18,000 miles, of miscesllansous flying *ncludlaﬂ
s number of cross-country ;115:33 over xariows Zec ti o¥s¥s!
of the United States and one round trip to the Pan
Canal Zone. These flights were made Detwsen Nov9mber 1933
and June 19,0. Tre averagc altitude of the operations
was about 5000 feet., The data are subsequently called
sample 7.

XC-%5 airnlane.- The AIrmy Lockheed X0-35 alrvlane
was flown in the vicinity of Langley Fleld, Va. during
an investigation of atmospheric fibelGDCp in the
swmmers of lful and 19l.2. Xeqsuremmpts of acceleration
and airspeed were taken only & urlng fllbht through rough
air, mostly within cumulus-congestus and cumulo- nimbus
clouds, The survers were mace at various altitudes up
to 3l,000 feet. Only two sanples [rom these surveys
are included in the analysis, One of these sample
(sample 8) was selected at random from the seve al sets
of data; the other sample (sampls §) represents the
roughest flight.

Aeronca C-2 alrplane.~- An fAeronca C-2 airnlane was
flown during an 1avestigation irn 1957 of turbulence at
veryv low altitudes Iin the earth's boundary layer. A
sample (sample 10) was selected at random from the
complete data and 1s included lrers for snalysis.

Avparatus and TLiritations

Domestic airlines (ecarly creratlons).- In the carly
transvort cperations only acceleration records were
obtained, The records were made with commercial vibra-
tion recorders trat had been rebullt into accelerometers
by the NACA. These acceleromsters recorded against time
on o waxad-paper disk about i inchss in diamester., The
instruments were arrangsed to make one revolution of the
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dlsiz in several hours. The time scale was therefore
cramped and only the moderats and the large valuves of
acceleration could be counted.

As the airspeed was not recorded, effective gust
velocities were evalusted cn the basls of the kncwn
crulsing speeds of the alrplanes,

Although the slopes of the 1lift curves were Known
from available cdata, the wing loadings of the alrplanes
as {lown wersz not usually known, Effective gust
velocities ware, therefore, svaluated on the basls of
the assumption that ths alrplanes were flown at normal
gross weight. This assumption leads to somewhat
conservative values, as the airplanes were usually
flown at less than normal gross weight.,

Donestic awirlines (recent operations).- In the more
recent donestic Eransmort onerations, both acceleration
and airspeed wers recorded by means of WACA V-G recorders,
which are described in reference . hese instruments do
not record against btime; the accelerstions are registered
vertically on a small smoked-glass plate while the values
of alrspeed are recordsd horizontally. The record 1s
an envelope of the meximum and minimum values of accelera-
tion against a scale of airsneed. The small accelerations
are 1llegible within the envelope and only the larger
values of acceleration that project beyond the envelope
of the small vealues can be cownted.

No assumntion as to alrspeed is requlred with the
NACA V-G recorder, as the instantaneous value of alrspeed
associated with any observed acceleration is given by
the record.

As in the case of the early transports, the wing
lcadings of the more rscent transport airplanes as ‘
flown were not known exactly. It was determined,
however, trat a reascnable approximation of the average
operation weight was 35 narcent of the normal gross
welzght; this value was used in the evaluation cof effective
gust velocities.

£lameda to Hong Kong.- During the round-trip flight
between Alameda and Eong Kong of the M-130, the airplans
was equipred with an NACA V-G recorder, an NACA recording
accelerometer, an NACA alirspecd recorder, and ceveral
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NACA scratch-reccerding straln gages, Both the accal-
eroms ter and the ulrspeed recorder reccorded the measured
guantities against time with a scals sufficiently open to
vernit detailed evaluation of the records. The straln
gages also recorded ugainst tiie, but the motion was of
an intermittent character o thnat all the strain peaks
could not he counted., Only one straln gage operated
satisfactorily throughout the flight. Many of the strain
values could, however, be correlated with the accelera-
tion measurements,

During the flizuit an observer operatad the instru-
ments and a comnlete log of time spent in rough alr,.
total time, alrnlane weight, and other psrtinent detail
was kept., The records thevefore permit a complete and
sccurate evaluation «f the fregquencles of effective gust
velocities.

Except for the records taken on this round-trip
£lizht, all records of acceleration and alrspsed taxen
on the Alameda-Hong Xong route were made wlth NACA V-G
recorders,

B-15 afrolarne.- The B-15 airplane was equiprved with
an NACA rccor&Thg acceleronieter and an NACA alrspeed
recorder naving t-e time scales sufficlently open to
permit detail=d evaluation of the reccrds. A number
of NaCA and DVL type scratch-reccrding strain gages
were installed or shear and chord members of a wing spar
at two stations along the span. The DVL tyre gages
recorded contlnucusly against time, and a count of the
straln peaks i1s possible although such a count has not
been mads. 8 in the cass of the round-trip flight to
Eong Fong by the M-130alrplane, the straln records are
used herein only to show the relationship between a
number of measured strains and accslerations,

Turing the flights of the B-15 alrplare, an observer
cnerated the instruments and kept a ccomrlete log of tims
spent 1n rough air, total time, alrplane weight, and
other vertinent ouanuztips. The records from these
flights th reforc vermit & conplete and accurate

evaluation of the frequeuncles of effective gust velocities.

XC-3%35 alrnlane,- The AC-35 girnlzne wzs equipped
with an JACA recording celerometer and an NACA alr-
spead recorder set to qive an open time scale. The records
obtained are amenable to detailed evalvation. The
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cperating welghts for gll flights are known, and eflec-
tive gust velocltles can ke coupletely and accuratoly
evaluated.

Aeronca C-2 airplane.- The geronca C-~2 airprlane
was alsc ritted with an HACA recording accelercmeter
and an NACA alrspeed recorder,and the operating weights
are accurately known., Debtailed evaluation of efi@~t¢ve
gust velocities 1s possible from the records.

EVALUGATION OF FREQUZINCY DISTRIBUTIONS
AND TOTAL PRULULNCIES

Method of Count

The method of counting fraquencies used herein
was dlctated largely by the type cof record avalilable
for analysis and by the quality of the records. Only
the records from the NACA accelercmeter permitted
detalled examination, but even with those records 1t
was necessary for Uractical reasons to confine the count
to single maximuns and minimums, cor peaks, between any
two consecutive Intersections of the record line with
the 1lg reference level. Thls method of count neglects
the minor oscillations superiaposed on those counued
Kaul (reference 2) smpnloyed a similar method of count,
aad In this respect the German and the American data
are comnarabls,

From tre records for sample 1, in wh'ch the time
gcales were cramped, snd from the records taken wi
NACA V-G recorders 1t was not possible to dctprline
whether the acceleratlcn returned to or crcsesad the
lg reference level after thz attainment nf a maximum
or minlmum value. TIn these cases, therelore, tlie
evaluation was made by counting the acceleration preaks
standing out from the envelopes of the smaull accelerations,

Since, cxcept for the V-G data, it was conslderably
more convenient to count accelﬂvrtljnn dirsctly than to
convert accelerations to effsctlive gust velocities prior
to the count, the conversion was made for relativsly
srhort secticns of each sample onn the basis of mean alr-
specds for these sections, In this way large errors in
alrspeed were avolded and the small deviations of tho
alrspeed from the selected msans were of no great
significance,
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Class Intervals

W

Thie intervals for the classification of frequencies
were chosen at atout the smellest values conslstent with
the accuracy of the several acceleration measurements -
namely, about 0.1lg., TFer a number of reasons the
intervals were nct always quite the same., This fact is
of no consequence for, in any event, since the accel-
eration values were convenientl" converted to efflsctive
gust velocities after th2 count was made, the class
intervals expressed In terms of effectlve gust velocity
would not remain egual for the varlous samples bscause
of differences in airrlanec characteristics and ailrspeed.
The class intervals, expressed in terms of gust velocity,
corresponding to the actual svaluation ars glven in
table IIT.

Threshold Values of Accaleration
and Hffective Just velocity

n counting the frequencies in the lowest class

(that is, the class contalning the amgllest values of
acceleration), the rosult depends upon the minimum vazluss
that can be observed. On the records from the NACA sccel-
erometer, varlations In acceleration attributable to
gusts as small as 0.02g can be conveniently observed,

and all greater values can therefore be counted. This
1imit of acceleration for which the count can be made is
termed herein the "threshcld value™ of the acceleration.

On the V-5 records and the records from the con-
verted commercial rscordars used in obtaining sample 1,
the thresheld values of acceleration were rather high
tecause of the limitations cof the instruments oreviously
described,

The threshold values for the samples are glven in
terms of effective gust velocity In takle III.

Relative-Trequency Distributiocon

The freguszncies f and tne total froguencles F of
the 6usts for the 10 samples are glven in teble ITT as
covnted within the sslected class intervals and to the
thrashold values cof effective gust wvelocltw,
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In order to arrive at the broadest and most rational
view of gust-fregnuency dlstribution, all data were
plotted in tre form of relative-frequency polygons
(reference 8). The polygon of relative gust frequencies
13 a graph of the ratlos f/F = I, for the different
classes plotted at the respective class marks on a 3scale
of effective gust velocity. Since the shave of such a
polvgon 1s dependent uron the size of the class interval
and upon the class mark of the lowest class within which
the count 13 made, polygons for the differsent samrles
canni be compared only when plotoed for & coamon c¢lass
interval and for a common lowest class. In order to
nlace all thie data on a comnarable basis, a common
class interval of l;.5 feet rer second, the largest of
the class intervals for which count was made, was chosen,

Since samnle 5 and samples 7. to 10 have about the
same small threshold value fallling within class 1,
relative-Trequancy nolygons for thess samples can be
rlotted iuwmediatesly after converslon to the common class
interval, Tre nolyzons for samples 5 and 7 are shown
in figure 2; the volvgens for samnles § and 10, in
figure 3; and the polvgon for sample 9, in figure L. A
reference polygon, "relative distribution A4," 1s shown

Fal

in these I[figurss to facllitate comparisons.

In constructing polyzons from the remaining data,
samples representing generally similar coneprations were
combined., The comblnation of these samples, which
include the V-G data, was rerformed in such manner as to
bring the relative frequencles of the rarer large gusts
Iinto a prover relationship wlth the other data. The
Pasic assumption involved in the process was that, for
data covering a large scope of operations, the relative=-
freguency Gistribution follows a single pattern. The
velidlty of this assumptlon is discussed in a later
section, :

T the case of samples 1 to l, all of which
revresent comestic trarnsport operations, none of the
data extended to low values of effective gust velocity
for rezsons previously given. The total frequencies
fer these samnles are, therefore, relatively smaller
than the total freguencles for the mors refinzsd samples
hecavse of tha omission of the frequent low-value zusts.
In order to bring the relative-frequency nolygon for ths
combined samples 1 to 4 into vroper reclationship with
th2 polygonsg for ths more complete samrles, 1t was
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necessary first to estimate the frequencies of the
missing low~value gusts and the corresponding total
frequencies. For this purpcse a mean relative-frequency
distribution from samples 5, 7, 8,and 10 was assumed to
represent the missing low- value gusts of samnle 1, which,
of the combined samples 1 to !, had the lowest threshold
value, With thils assumption, the total frequency of
sample 1, including the frcquencjes of the lower classes,
was estimated to be 1,600,000 gusts for the 1320 hours
of operation.

Tre frequencies of samnle 2 were then reduced by the
ratio of the path of operations of sample 1 to the path
of operations of sample 2 (tab]e IV), Similarlv, the
frequencies of samples 3 and | were reduced to correspond
to the path of operations of sample 1, The sum of the
reduced frequencies within each class of samples 2, 3,
and || was then added to sample 1 to obtain the polygon
for the combined samples 1 to .

In combining samples 1 to i a nrecaution was
necessary in regard to class 6 because of the following
considerations. After conversion of sample 1 to class
interval h.5, the highest class in which data fell was
class 6, This class is the lowest in which data from
the V-G records fell. Thus, frequencles wers avallable
from all samples of the combination only in this class,
In arriving at a combined frequency for class 6, two
possible methods could have been used; namely, elther
the reduced frequencies from samples 2, 3, and 4 could
have been averaged with the frequency of sample 1, or
the most reliable sample could have been used without
Inclusion of the less reliable samples. The second
method was actually used and the frequency for class 6
wasg taken from gample 1 sincsas the obscurztion of some
class 6 acceleration preaks within the V-G envelopes of
samples 2, 3, and !l made thess data less rellable for
this class.

The frequencies for samples 5 and 6 were combined
in a manner similar to that in which samples 1 to L
were combined., In this case, however, 1t was
unnecessary to estimate a total freguency for sample 5,
as the threshold value was comparable to the threshold
values of the other complete samples, Also, inasmuch
as the highest gust-induced acceleration for both
samples was recorded wlthin the rather limited scope
of sample 5, thls one value was assigned a frequency
of unity for the comblned samples,
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Pclygons for the cembined camnles 1, 2, 5, and I
and for the combined samples 5 snd 6 are shown in
filgure 2.

on

e

Relative-Frequency Distribut

%

Significance of variouvs samples.- The relatlve-
frequency distribution for any sample of data does not
necessarily represent general average concitions. Ier
instance, the frequency distribution of sample 5 is not
representative of average condlitions because of the
cccurrence in sample 5 of one of the most severe gusts
ever experienced on the Pacific Division of the
Pan American Alrways System. Even without other samples
for comparison, thils fact mizht have been susnected from
the Torm of the relatlive-frequency polygon for sample 5
in figure 2, which shows a sudden break to large values
of Us. Samvle 9 Is another case ti:at is not repre-
sentetive of average conilitions, becausz2 this sample
wasd obtained during the roughest of a considerable
nunher of flights made during a svecial Investigation
of turbulence within cumulus-congsstus and cumulo-nimbus
clouds, For sample 9, as can be observed from a com-
varison of tre polvgon in Ffigure I with the other
volygons in figures 2 and %, the frequency dlstribution
indicates relatively high oroportion of gusts of high’
intensity.

In contrast to the "fullness" of the frequency
distributlions for samples 5 and 9, the frequency distri-
bution for sample 7 shows relatively low proportlon of
gusts of high intensity. This result i1s in line with
the conditions of operation, according to which rezlons
of high turbulence were avoided as far as possible so

hat greater welght was glven the frequencies of the
smaller gusts.

Since the conditlons governing samples 5, 7, and 9
are known to gilve rise to more or less extreme frequency
distributions, a samprle reprssentative of averagz condi-
tions anplicable tc large scope of operations would be
exnccted to lie somewhere between the extrsmes. Probably
the most representative of the samples containin

detailed data in the lowest classes are samples % and 10,
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which were selected at random Irom a considerable mass
of data. Tre relative-frequency polygcens for these
sammles (fig. 5) may be observed by compariscn with
figures 2 a¢nd it to lie betwezsn the polygons for

samples 7 and 9 and inside the end point of the rolygon
for sample 5.

The combination cf samples 1 to lf and of samples 5
and 6 in the manuer described greatly extends the scope
of the data apnlicable to ths respective operating con-
citions representad The comblned ssmples ars thus more
true than any swngle small samnple in the sense that the
influence of zccidsntsl occurrences, such as the encoun-
tering of an unusuvally strong gust in sample 5, is sub-
merged in the mass of datsa; that 1s, accldental occur-
rences of this sort occur in surficiently large number
within a sample of large scope that they hecome more
truly representative of the average condl ctions, Fig-
ure 2 shovwis this affect clearly; the ccmblned sample
5 and 6 and the combined samnle 1 to q have relatively
uniform distributionsg lying between the extreme distri-
butions of saunles 7 and G.

For comparison with the samples presented hereln,
distribution nolygons of Ue have been constructed

from Kaul's date with a clas3 interval of !1.5. It may
he seen from figure 2, which shows tre enveloves of the
volygons for Kqul'“ data, trat the German and the
American results are in very zoocd agreement.

Inzluengg_cf nirplane characteristics and sour
of turbulenica.- Tt 1s evident irom Gthe nreceding dls-
cussion Lnaf"the ma jor dlscrepanciss betwesn the fre-
guency distripbutions for the varioas Samnles can Dbe
accounted for largely by accldental occurrences during
the operations. when the scope of the samples 1s
sufficiently increased to be recpresentative ol average
operating conditions, these accidental influences are
not so strong znd the fregquency distributions tend to
fall into the same »nattern regardless of the source
of the data., The results thare fore indicate that
individual gusts In turbulent regions of the atmosphere
are distributsed on the whole Iin a fixed manner irrespec-
tive of tre leocation of the turbulent regions and of the
source of the turbulence,

Figlfe'3 further illustrates the sirmilarity of
distribution for differcnt samples. Sample 3 was
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obtained at bigh altitude wlthin cumulo-nimbus and
cumulus-congestus clouds and repressents turbulence

raving 1ts origin in thermal convective processes.

Sample 10, on the contrary, was obtained at very low
altitude in the abssnce of thermal effects and the
turbulence arose from the shearing of the wind 1n the
earth's boundary layer. Notwitihstanding these con-
3iderable differences in the asrologzlical conditlons,

the frequency distributions are uwearly the same and they
are also in close agrsement with those from other sources,

Another point, most clearly evident from samples 8
and 10 hut also ovident from the other data, ls that
the distribution of turbulence as measursd is largely
independent of airplane size and othar alrnlane charac-
teristics, The cless simllarlty of the distributions
for sample 8 (obtained with the Lockheed XC-35 airplane),
sample 10 (obtained with the Aeronca C-2 alrplane),
and the samples from the alrline operations indicatesthat
the baslic assumptlons and ecncents underlying the gust-
lecad formula (equation (1)) sre correct.

Influence of disturbed motion of airnlane in
continued scvere turbulencs,- ALtLOuzh the forsgoing
rémarks atout the influence of the alrplane character-
lstics apply on the average, in continued severs
turbulence the frequency distributlion may anpesr to
contain abnormal freguencies in ithe higher classss
mnless precautions ars taken to eliminate the eflfect of
Adlsturved and coatrolled motlions of the alrplans, In
the flight from which sampla ¢ was derived, which was
the roughest of a large number of flights through
cuninlo-nimbus clouds, the airplane motion was con-
siderably disturbaed from the desired straight path,
so that the gyroscope of cne of the flight Instruments
was at timss put out of action (refereunce 9). Under
these circumstances the airplane was subject to moderate
acceleration fluctuations of long perlod upon which the
short-period accelarations due to the turbulcnce wers
superimposed. #hen the count was made In the described
mannsr chosen for the general analysis, abnormally high
values of affective gust wveloclity were ascribed to the
varicus frequenciss and the wpolyzon anpearad full
(Fig. ). When the count was made wlth respect to the
variable datum caused by the disturbed motlon rather
than with resrect to the 1 gdatum, the fregquency distri-
bution conformed more nearly to the distributions of the
other sanmples. The correctad nolygon retalned a certain
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degrae of fullness, howsver, which may be ascribed to
actual greater frequencv of the rore severe gusts.

mifferences between two nolygons like those shown
in fipure lp provide means of evaluating the effect of
the disturbed motion on the frequency of applied loads.
The data glven here apply gpscifically to the char-
acteristics of the XC-35 airvlane and cannot be safsly
apnlied to cther cases., This fact iIs of small concern,
because large disturbed wmotions are rarely encountered
in normal operations, so that such eflfects as are shown
in figure L. would hardly be noticeable in a sample
representing large scope of onsrations,

Factors Governing Hstimation of Total Frequencies

Average and stundard gust intesrvals,- The fact
that The frequency distripution follows a fixed vattern

0

for samnles of large scope indicates that the total fre-
quancy is proportional to the distance flown within tur-
bulent regions. Conversely, the average spacing between
gusts is inversely proportional to the distance flown,
In order to provids a useful basis for estimating the
total frequencies of significant gusts (namely, those
causing measurable acceleration of an sirnlane), the
term "average gust interval" A 4y is introduced. This
term 1s defined as the aversge dlstance aleng a flight
path in turbulent air between zignificant gusts, Numer-
ical values of Agy tave been derived from the total
frequencles of samnles 5, 7, 3, 9, and 10 and are given
in table IV.  In evaluating A,y the acbual path lengths
in rough air, which asre also glven In table IV, were
ivided by the total frequenciss.

The average gust interval A, , 1s plotted against

£ a
mean wing chord 1a figure 5. 7The dependsnce of Agy

on airplane size is evident, although the exact nature

of the relationship 1s not entirely clear from the
figure., The average gust Interval for the four samples
shown in figure 5 1s 11 chord lengths. This value may
be used to estimste total frequency when the path length
in turbulent air and the airplane size are known,
Although trhe noints on figure 5 do not fall on a straight
line, they could prrobably be made to do so by sultable
correction, Figurs 6 of refsvence 10, for example,
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shows a marked tendency for average gudt Interval to
inerease with gust intensity; corrections for this eflect
wonld ralss the polnt for sample 7 and lower the point
for samples and 9. :

Path ratio.- Tn order to estimate the tgotal fre-
quencTes for actual onerating conditions over a long
veriod of orerations, it is necessary to know something
about the percentage of thre lotal flight path that falls
within regions of turbulence or about tre actual total
frequencies trat occur within total paths of operation
of large scope. Information on the relative period of
operation within turbulent regions is given In table IV
for samnles 5 and 7 In terms of the path ratio R. The
total Trequencles are

4
=
H

5230 ——

or

RIA (
11¢

ro

when T, is in miles, Ayy is in feet, and ¢ is in
feet.

Although the path ratio is not imown for the other
samples to which such a ratio is appliceble, ths total
frequency of samnle 1 is estimated at 1,600,000 gusts
to a threshold value of U, = 0.3 foot per second in
the manner previonsly exnlained. PREecause this total
Trequency anplies tc a nath of onerations of 145,000 miles
anG because the mean chord was about 10.5 feet, R 1s
aovproximatelv 0.2l from equation (2).

Operating conditions,.~ The path ratic and thcrefore
the totul gust frequency for any path of operatlons
manifestly will depend on the cperating conditions. A
feeder-1line transnort operating overland at low altitude,
for example, would be expected to encounter a greater
percentuage of turbulent alr than an airplane opsrating
at high altitude above the mechanical turbulence near
the ground and ahove most of the convectlve clouds.
Although the cperating conditions are important in
dafining total frequencles, the data avallable at this
time are too sketehy to permit correlations between
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total freguencies snd the factors composing the operating
concditions,.

In order to nermit estimations of total frequencies,
all avallable rertinent cdata including these from German
sources have heen assembled In table V. The first four
sets of Cerman data in table V have been based on the
data of reference 3. Owing Yo the fact that Freise
presented frequencies for noncontiguous classes, the
total frequencies given were obtained by multiplicatlion
of the frequecncies counted by Freise by 2.5, which 1s
the ratio of ths Interval between class marks to the
interval within which the original count was made. The
path ratios from the German data were estimated Dy
apnlication of egquation (2).

In applyinz the date of table V to the estimation
of total frequencies, some judgment will have to be used
to ensure that values of path ratio most nearly repre-
senting the operating conditions are used. It will be
noted that path ratios rsuge from about 0.006 to 0.2l
with an average value of apout C.1,.

APPLICATION GF GUST fREQUEHCIES TO
E3TTVATION OF 3TRESS FREQUENCIZS

Choice of Gust-Freguency Distribution

Y o/

The relative-frequency polygons representing the
available data permit some latitude in the selectlon
of a freguency distribution to be applied in a design
problem, Cholce of a conservative gust-frequency dis-
tribution for use in estimations of stress frequency
depends upon the relative significance of the small
and large stresses in the nroblem wnder analysis, If
the rroblem ls to determine the prcbability of occur-
rence ol large astresses in excess ¢f the strength of
the structure at tre design limit load, a more con-
servative estimate will result from the selsction of a
frequency distribution having relatively high frequencies
at the higher values of effactive gust velocity. For
other purposes, the selection of a distributlion having
the higher frequenclies at the low effective gust
valocities may glve a more conservative estimate. Two
1imiting relative-freguency pelygons, A and B,representing
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the anvroximate 1imits of the data are shown in Tigure 6,
Folygon A has previcusly been uscd as "relative dlstri-
bution 4" to facilitate comvarison of the data shown in
figures 2 to li. For some nurnoses sumration curves, or
oglivzs (rsferencs 8), are more convenient representations
of frequencv distributicns than Ffrequency nolygons,

it swrmation curves corresponding to rolwvgons A and B

2 ~

of figure 6 are ttersfore given in figure 7.

Ralation between Effective Gust Velocity

and Stress in the Structure

Direct apnlication of ths just-freguency distribu-
tion and the total frequsncy by means of equation (1)
with the usual design essunmption of static load will
vield apnroximately correct values of stress frequency,
There &are, however, several phenomsina thut modify the
actual stress frequencles from the stress frequercies
eztimated in this simrle mannsr, These phernomena
include:

(1) Supernosition of uncounted =mell gus
larger gusts counted

;3083 the span

i

¢
(
o
%
an

(2) Distribution of gust wolc:
(3) Dinamic resncnse of the structure

hcounnted sunerimposed gusts.- As vreviously men-
tioned, the minor realrs 1n ths accaleratlon records
wers n0t ordinarily counted mless they occurrsd as
single phencmena between two consscutive Irntersections
with the 1g datum. A special tctal count of these neg-
lacted voals was made in core case from a clean=-cut
recorc without reference to the exact magnitudes of the
acceleration increments or te ithe accelsration level &t
which they occurred., Tt was found that the number of
these small superimncsed neaks was abeut twlce the total
frequency counted In the menaer adopted for the general
analvsis, These sunerimposed peaks were irrsgular in
shape, sequencs, and time or pluce of occurrsnce, The
magnitudes of "the superimpcossd accsleration peuks with
respect to the adiacent acceleration lsvels ware small
eand did not in any case excead a valus corresponding to
AT, = .5 reet ner sccond. The great majority of these
peaks were mear.the threshold value of 0.3 foot ver second,-
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Discussion of the rsason for the conslstently
small magnitude of the sSunerimposad peaks 1s beyond
the scope of this paper, as the question of the rela-
tionship betwean gust Intensity and gust dimenslions
and the guestion of the vrobability of superposition
of randomly distributed gusts are involved.

Kaul (reference 2) reports a similar count of
superimposed peaks from a record of wing-tip deflsction.
Kaul implied that the acceleration records did not
contain such neaks and that the extra peaks counted
were due to damped vitration of tihe wing structure
after disturbance br the Individuval gusts, The ratio
of the number of extra neaks to the number counted
with respect to the lg datum was, however, about 2 -

a rsault that 1s In agresment wilth the authors' count
of the sxtra acceleration peaks,., It seoms probable,
trerefore, that some additional acceleration peaks due
to surerimposed gusts ansd some acceleration peals due
to vibration response of thre wing-fuselage system were
actually counted 1In both cases.

So far as the mere question of gust frequency
3 concerned, without regard to surerposition, these
dditional small npealks may be nlaced in class 1. The
inclusion of such snall pessgks In a fatigue test, however,
cannot properly be effected on thse basis of this simple
classification, If the supernosition of the additional
small peaks is felt to Influsnce the fatizue strength
to an important degree, the phenomenon of superposition
must be taken Into account. The superrcsition may
perhars be pictured sufficiently well for application
to fatigue tests by Imagining the periocds of the
various stress cycles to he proportional to the
gmplituds. Purther, assume the cycles corresponding
to the basic gust frequency distribution to be applied
without surervositlion. Finally, superimpose the
additional small cycles on the basic cycles of class 2
and of the higher classes, distributing the additional
small neaks uniformly along the time scale to determine
the nunbers to be superimpossd on each baslc cycle.

.
1
a

The actual aonlication of surerimposed cycles In
fatigue testing i1s a difficult matter and requires
either the construction and use of a familv of summation
curves with mean stress as a parameter or the construc-
tion of a comrnlex fatigue machine with which the small
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cycles can be superimposzd on the larger cycles. he
derivetion of the suwmiatlon curves would require that

the basic stress cycles be considered as square waves

for thie purpose of establishing a finite number of mean
stress values, and the actual testing would involve the
difficulty of occasionally holding the mean stress levels
at very higzh values while the small cycles were belng
applied.

Distribution of gust velocity along span.- The
distribution of gust velocity along the span of a wing
is not always uniform, so that the usual assumptlon of
uniform distribution leads to some errcr in estimation
of stress frequencies from the gust frequencies. The
results of the gust investigation with the ¥XC-35 air-
nlane indicate tle varlious typical spanwlse distribu-
tions that egctually occur and the frequency of each
type. If desired, further refinement of the stress
frequencies can he made from these data, which are
reported in reference 11.

dJynamic response of the structure.- Owing to the
flexibility of wing structures, acceleratlons caused Dby
gusts will not be the sams at all points along the
span, The accelerations at the wing tips will be
somewhat greater than and out of phase with those at
the fuselage., Some calculations pertaining to two
typical large alrplanes (reference 12) and tests in
the Langley gust tunnel indlcated that the maximum tip
acceleration at about 200 miles per hour was about
twice the acceleration at the fuselage and occurred
earlier than the fuselage acceleration. The wing
oscillation in these cases dampasd out in 1 to 2 cycles.
The eflfect of such dynamic action is to cause, at the
outer portions of the wing primary structure, super-
imposed stress cycles with a maximum amplitude about
10 percent of the static stress for the uniformly
distributed gust.

Because the naturasl weriod of wings increases
almost in direct proportion to the wing linear dimenslons
and because the size of gusts to which airnlanes will
respond also increases as the airplane sizc, the ratio
of natnural nreriod to neriod of application of load
remains sbout constant for constant flight speed. The
dynamic response of the structure would, therefore,
aprear not to increase with alrplane size.
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If desired, the additional frequencies of the small
dynanic stresses at the cuter portions of the wlngs can
he included in the same manner as the uncounted super-
imposed gust frequencies,

Erperimental evldence.- Some test results from
the sfreSs and acceleration measurements on the M-130
and the B-15 airplsnss are shown in figures 8 to 10,
Comparative strass frequenciles cannot be shown, but the
figures 1llustrate the degree of agreoment between peak
stresses as measured and as would be calculated by the
usual assumption of static load for the corresponding
measured accelerations,

For the K¥-130 airvlane (fig. &) a datum stress
increnent corresvnconding to application of a load factor
of 1 was determined by taking the difference between
stress while in level flight in smooth alr and stress
while &t rest on trhe water, Correction was made for
wing weight., The nlot therefore Indicates the agree-
ment betwesn gust-induced stregses as measured and
gust-induced stresses as determined by multipllication
of the datum stress by the measurcd acceleration. The
distribution of tre points along a line of 1.5° slope
indicates excellent agresmcent; this result and the lack
of scatter beyond the limits of error denote lack of
serious dynamic response of the structure,

The results shown for the B-15 alrplane 1In fig-
ures 9 and 10 are glven simply as plots of measured
stress against measured acceleration because a datum
stress increment was not measured, The stress-load
relationships shown are, however, substantially linear;
this fact, together with virtual absence of scatter
beyond the limits of error, shows absence of serious
dynamic response.,

These results indlcate that, with the exceptlon
of the small uncounted superimposed stress peaks, thoe
stress frequencles of the nrimary wing structure will
be glven with sufficient exactness, for all practical
purposes, by aprlication of the gust frequencies through
equation (1) and ths usual assuaption of static load.

Aprlication to tall surfaces.- The gust-frequency
data given bereln are not dirsctly applicable to tall
surfaces., Some unpuvlished flight data on the relatlve
magnitudes of affective gust velocitles on wings and
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tail surfaces indicate, however, that a rough approxi-
mation of the tail-load frequencies might be obtalined
by utilizing the gust frequencles given here and by
multiplying the values of effactive gust velocity by 1.6
for the vertical tail surfaces and by 0.5 for the
horizontal tail surfaces.

CONCLUDING REMARKS

Avallable flight data are sufficient to indicate
that the distribution of gusts within turbulent regions
of the atmosphere follows a substantially fixed pattern
which is independent of the source or cause of the
turbulence. The average Interval between gusts causing
measurable airplane response is about 11 chord lengths,
and the total frequency of significant gusts in any
stretch of rough alr is therefore the length of the
flight path in rough alr divided by 11 times the mean
wing chord.

The total gust fregquency to be expscted during
the orerating life of an alrplane depends upon the
operating conditions, which determine the ratio of
path length in rough alr to the total path of opera-
tions, Information on the path ratio as a function of
operating conditions 1is sketchy at this time and
should be supplemented by Ifurther measurements., From
the available infeormation, the average path ratio for
a variety of operating condlitions 1s about 0.1, although
individual values vary between about 0.006 and 0.2.

The available data on gust frequencies rpermit
apvproximate determination of stress frequencies in
the orimary structures of airplanes due to gusts.
These frequenciss arppear to describe adequately, for
many deslgn purncses, the stress conditions for
transport-type alrvlanes in flight. Supnlementary
information on stresses in ssecondary members of the
structure and on the additional frequencies of small
stresses in the primary structure resulting from dynamic
structural response and nonlinear latersl gust distri-
bution is desirable. This Information will have to be
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2l
obtained by stre3s measurements correlated with alrplane
size, dead-welght distributiecn, and other factors.

Langley Memorial Zferonsutical Lahoratory
National Advisory Committee for Aeronautics
Langley Pleld, Va..
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