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NAGCA ARR No. LSF27
MATIONMAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

ATRSPEED FLUCTUATIONS AS A MEASURE
OF ATMOSPHSRIC TURBULENCE
By H. 3. Tolefson

SUKMARY

Because of the need for a reliaeble quantitatlve
method of reporting atmospherlc turbulence from elrplanes
In flight, the rapid fiuctuatlons 1n the pilot's
Indlcsted-alrspoed readings 1n rough alr were analyzed
in relation to control difflcultles exverlenced by the
pllot and to struvcturel loads. The duta used for thils
purpose were obteinsd with the XC-35 alrplare in flight
throush cumulus, cwmlius-congestus, and cumulo-nlmbus
clouds,

he rapid fluctuallons in the pilot's indicated-
alrsneed readinge were found to apply with esmall error
to the estimation of the structurel losds resulting from
£11zht In turbulent air. Data obtalned from the airspeed
metar, as iIn the case of acceleration data, however, do
not nermit accurate estimatlon of the control dlfficul-
ties due to atmospheric turbulence that are expverilenced
by the pillot.

INTRODUCTION

A reliebles method by whilch pilots can msks reports
during flight of the intensity of atmospheric turbulence
encountered has long been needed 1n order to provide
quantitative data on the turbulence that would be of.
comnon slgnificance to the meteorologlst, the pllot, and
the airplane dasigner. Varlious methods for reporting
turbulence have been used, but the results obtained have
been unsatiafactory because the reports are not stand-
ardized and cannot be converted to the desired form of
deta. For example, scales of turbulence based on the
pllot!'s observatlions of th? behavlior ard control response
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of the alrplene in rough air (references 1 and 2) cannot
be convenlently interpreted because the reactions of an
alrplane to atmospheric gustes, and consequently the
pllot's opinion of the turbulence, depend upon the air-
plane characterlstics and flight speed as well as upon
the gust velccitles. -Attempts te utllize data obtalned
solely from the measured acceleratlions of an alrplane
have be€n unsuzcessful for simllar reerons.

Censlderation of the cdiffilscultiss which nave been
experienced Iind‘’cates that, iIn orcer to obtain the
cdeslred results regardless of the type of airplane, the
reports of atmospksric turbrlence should be indspendent
of the airplane characterlstics, the fllight speed, and
the judgment of the pilct. A convenlient method of
obtaining such data on the turbulence 1is the use of the
rapld fluctuatlons in the pilot's Indlceted-airspeed
reedings, vhich are a measure of the horizontal cocmpo-
nents of gusts that are encountered by the pltot-statilc
head of the alrplane. TUnpubllshed data have shown that
horizontal and vertlical coianonents of gusts of equal
Intensity occur with equal freguency in a given region
of the etmosrhere and, although equal horlzontal and
vertical intenslitles are not 1a genersl encountered
simultaneouely, the fluctuations in the alrspeed Indi-
catlons mar be cornsldered a measure of the vertlcal as
well as the rorizontal compcnents of the gnsts. Contrel
difficulties experlenced by the pilot end -ust lceds
Imposed unon the structure during flight in turbulent
elr, however, resgult from the action of gists over the
entire alrplans vhereas fluctuaticns in the pllotta
Indicated-alrspesd rosadinss are polnt measurements of
the gusts. The pressnt worl:, therefore, wes undertalen
to deterwine whether tre fluctuatlions in indicated air-
speed sre significant In relation to control problems
and to structural loads.

Durings tests in which the XC-25 airplane was flown
in turbulent alr within clouvds (reference 3), date on
the fiuvctuations ln the pllot's Indicated-alrsveed
readings and on the disturbcd angular rmotions of the
alrplane as Indicateod by the pertinent navigation instru-
ments were obtalned. Because control dlfficulties expe-
rienced by the nilot in malntainlng the desired flight
path are Indicated by the amplltudes of the dlsturbed
angular motions of the alrplana, theso data have been
used to determlne the signiflcance of the fluctustlons
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in the pilot'!s Indicated-alrspeed readings 1ln relatlion
“to- dlffleulty of control... ..... ... ... . . __

Increments In structural loads due to atmospheric
turbulence can be accurately expressed In terms of flight
speed and effective gust velocltles (reférence l;). Data
from which the effective gust veloclties could be com-
puted were also cbtalned during the flights of the
XC-35 alrplane. These data have been used to determine
the significance of the fluctuations in the pillot's
Indicated-airspeed readings in relation to structural
loads dve to atmospheric turbulexnce.

APPARATUS

The ¥XC-35 airplane 1s a revised model of the
Lockheed 10-k, and the two alrplenes :nay bs considerad
to have the same handlirg Jualitles. Pertinent diren-
sions of the XC-35 alirplance srs given in the following
table:

Gross welght et take-off, pounds . « « « « « « « 11,15
Wing area, sguare feet . . . e e e e e e e e h53
ving loading at take-off, pounds per square foot . 2.
Hean aerodynamic chord, feot . 9.
Sran, feet . . ¢« ¢« « ¢ ¢« o s .

ongth, feet . . . « . . . . .
Slopos of 1ift curve, per radlan

79
3
3
3
P,
- 29
3.85

2
2
Y

-G

A sketech showlng the arrangement and location of the
pllot's alrspeed installatlion in the alrplane 1is given
as figure 1.

The sneclal Instruments used In the alrplane to
obtaln the desired data were:

(1) ciné-Kodak Specilal 16-millimeter motion-picture
camora

(2) FACA air-damped recording accelerometer
(3) NACA alrspeed recorder
(L4L) NACA timer (l-sec interval)
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The motion-picture camere was ussed to obtain records of
the indications of the pllovis artificial horizen,
directional gyro, snd clock. The camara waua opsrated at
g f1ilm speed cf é frames per second and was fltted with

a mazazine holding sufficlent film for approxlmately

8 minates of rezord. The airspsed recorder and accel-
erometer werc opereted at a f£1lm speed of 1/8 inch per
second end cerrlsd suffilcient film for Z0 minutass of
record, The timer was used to synchrounlze the records
from the airsreed recorder and accelercmeter, The swiltch
controlling the Instrument operatlon was arranged so thet
the motlon-plcture caacra would operate concurrently wlth
the acceleration and elrspeed recorders.

TCST METHODS

The method of conducting the flight tests conslsted
in making successlve traverses tnrcuga cumulus, cumulus-
congestus, and curmulo-nimbus clouds with the elrsicne,
Before the airplane entered a cloud 1t wss trlimmcd ror
steady levsel flight, and during nassage throigh the cloud
the pllot attempted to use a minimum of control conslstent
wlth safety., Clouds were traversed at varlous altltudes
ranging from epproximately 5,000 to 3i,000 feet, and
traverses varied in length from about 1/2 to 15 miles.

™o method of obtalning data consisted In taltlng
continuovs motion plctures of the pllot'e alrespeed meter,
artificlel horizon, dilrectional gjro, and clock, and
simultaneously taking records of acceleretion and alr-
speed during each traverse through clouds.

RESULTS

The total amplitude (the difference tetween opposite
extremes) of the indications of the artificial horlzon
and dlrectional gyro were obtalned from the motion-
plcture records of these 1natruments for each traverse

hrough rough alr,. The maxlimum amplltude of the rapild
fluctuatlions 1n the pilot'!s 1lnidlcated-alrspeed readings
was also cbtaired from the motlon-picture records for
each traverse, Typicasl tlme nistorles of ths pllot's
airspeed indicatlons and of the motlons of the airnlane
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.in roll, heading, and pltch for a part of a traverse are
shown in figure-2. This figure 1llustrates the method
of obtainlng the data from the motlon-plcture records.

The effectlve gust velocltles eveluated from the
elrspeed and acceleration records by means of the sharp-
edgad-gust formule (equation (1) of reference L) and
sunmarized in figure 5 of reference 3 were used to obtain
the maximum effectlive gust veloclty Uemax for each

traverse of the present analysis. All effectlve gust
velocitles evaluated for the part of the traverse indl-
cated are also shown in figure 2.

The value of U ., found for eech traverse made

during 12 flights pilcked at random from the data of
refarence % was plotted agalnst the meaxlimum value of the
rapld fluctuatlion in the pllot's indicatsed-alrspeed
readings for the correspondling traverse (filg. 3).

Flgure 3 1s used to determlne the slgnificance of the
pllott!s alrspeed fluctuatlons as e meesure of the effec-
tlve rust velocltles. Thses total ampiitudes of the
motlons of the alrplane 1a roll, heading, and pltech as
obtained from the motion-plcture records of the Instru-
ment nanel were slso rlotted agalnst the corresponding
meximum rarid fluctuatlions In the pllot's indicatcd-
aeirspeed readings in figures i, &, and 6, respectively,
to deterinine the signiflcance of the alrspeed fluctua-
tlons as a reasure of the disturbed angular motions of
the alrplane 1n rouzh alr. Table T glves the coeffi-
clents of correlation (obtained by the methods of refer-
ence 5) for the data of filgures % to 6.

RECISTON

The accuracy of the effective gust veloclty depends
upon the preciszon with which the indlceted airapeed and
the acceleratisn increment of the alrplane can be d
measured. From n consilderation of the precision of these
measurements, the evaluated maxlmum sffective gust
velocities ere estimated to be accurate within %l -feet
per second. N

The accuracy to which the indlicatlons of the various
flight instruments were read from the motlon-~plcture
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records 1s estimated to be e&s follows:

Alrspeed, miles DPEr hOUT &« o « s o« o s s o o o o o o *2
Angle of roll, AGETEOS + o o o o o s s » s o o o o o T2
Angle of heeding, degree . « ¢« « ¢« ¢ & ¢ o ¢« ¢ o o » %l
Angle of pltch, degree . « « ¢ « « « &« o o o o o « » *1

DISCUSSION

Plgure %2 indicates that the maxirmum rapld fluctua-
tion in the pllot's Incdlcated-slrspeed readings AVy

which occurs over a poriod of flight in turbulent alr 1s
provortional to the maxlimum effectlve cust veloclty Tg

computed from the accelsration and airepeed measurements
over the same period. Thils result and the corresponding

correlatlion coefficlant bstween Avimnx and Uémax’
L

(table I) indicate that the raepid fluctuations in indi-
cated alrspeed are signiflcsnt in ralation to the gust
loads applied to the structure of an alrplane In splte
of the fact that values of Uemax represent an cverage

vertical guset veloclty slong tas sgpen vhereas the air-
speed indlications are pcint neasurements of ths gust
veloclty.

The experimental data plotted in figure 3% apply only
to the XC-35 alrplene because the effective gust veloci-
tles depend upon tre alrplane charactorlistics. Tor this
reason & general expresslon Tor determlning the vffective
gust veloclitles for conventlonal airpleres from the zust
velocitles indicated by the repld fluctuations 1n the
pllot's Indicated-sirspeed readings -wvould be desireble.
Such an expression, which should be reasonably satisfac-
tory for conventional elrplanes, may be cbtalnred by using
the relertionship (theoretically and experimentally veri-
fled hy references | and 6, respectively) thet shows the
acceleration Increment of an airplerne in traversing a
constant-gradlient gust to bYe & lineer functlion of the
gust velcclty for sny glven set of conditions. The ratlo
of the actual acceleration lunecrament An of an airplane
In a gust of any gredlient to the computed acceleration
increment Ang obtalned by using the actual gust veloclty

in the sharp-edged-gust formula may therefore be con-
sidered to be the ratlo of the effectlive gust veloclty
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. ..ko_the actual gust velocity; that 1s.

An Uo o BN
Bn, - T (1)
8 1

where
e effective gust velocity, feet per second
T actval Indicated gust veloclty, feet per second

According to unpublished data for conventional asirplanes,
the gust veloclty for tke most nroba»le gust increessecs
from zero to its mexi nm value in about § chords. For
this ~suet, the accelsratlon retlo was found from equa-
tion [l.) of referencs .. to be 0.65 ¥ 0,1 for conventional
alrplanes. As has bsen noted, the horlzontal gusts indi-
ceted by the rapld airspeed fluctvatlions AVy are a
measure of the actual vertlecel zusts Use “hen Uy 1In

feet per sscond 1ls raplacsad by avi ax in miles per hcour,
i

e 1s wrltten insteed of U, slnce only maximum
max
valuss ere involved, ard 0.65 i3 substituted for An/Ang,

equation (1) becomes

0.65 = = Eem”‘
Lavy
or
Uo . = 0.95871 (2)

Equatlon (2) 1s plotted in figure 3 and the curve tchows
good apreement with the experimental data for the
XC-35 alrvlane. \
It 1s apparent from figures . to 6 and the corre-
sponding correlation coefficlents (table I) that the
correlation between the maximum rapid fluctuations in
the pllot'!s indicated-airspeed readings in turbulent air
and the dlsturbed angular motions cf the airplane in
roll, heading, and pitch are not sufficlently high to
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permit accurate predlction of these motlons of the alr-
plane from the alrspeed data. Thls result 1s evidently
due to the fact that the dlsturbed aungular motions of the
airplane in turbulent alr, even with flxed stablllty and
plloting technlque, are dependent not so much upon the
maximum intenslity of a single gust as upon the sequence,
spacing, ard intensity of all the gusts encountered.
Other factors affecting the anzular motlons of the alr-
plane ares the spatlal extent and unsyrmetrical components
of the guste in both the horlzontal and vertlcal dlrec-
tions. Measurements of all these quantlties camnnot be
obtained frcm the pllot'!s elrspveed fluctuations, and for
this reason the alrsneed data are not readily edepted to
the study of control problems arising during flight In
turbulent air.

The indicated gust velocltles ohtslinad from the
rapld fluctuations 1In tho pilot!s indicated-alrspeed
readings may be converted to true gust velocltles, the
form of data used hy meteorolozists, by correcting for
altitude.

Adcitional ettention of tne pllot to the airspeed
meter would be required in ordsr to note the fluctuations
in ths readings for the twrbulence reports. If experience
shows that the pllot cennot note theose fluctuations, an
instrument for holding the visual 1lndicatlofis for short
time Iirntervals or a recording instrument would be
required. 4n instrument of thls type might conslst besi-
cally of a total-pressure capsule in a sealed case with
a canlillary leak in the capsule that will bypass slow
chanzes 1n total preassure but remaln sensltlve to rapld
changes 1ilke those 1ndicated by the rapid Iluctuatlons
in the alrspeed readings in flgure 2, Such an instrument
could be either an indlcatling or a recordlng type.

CONCTUSIONS

Trom an analysls of the rapld fluctuatlons 1n the
pilot!'s Indiceted-airspeed readings In turbulent sir in
relation to the disturbed angular motlons of the
XC=-35 airplone and to effective gust velocltles, the
following conclusions are mece:
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“13°The maxirmm 1rapild.fluctuations that occur in the
pilot's indicated-airspesd readings are p"oportional to
the wmaximum effectlve gust velocltles.

2. Por computling structural loads for conventional
alrplanes, the meximum rap»id fluctuatlons in the pllot's
indicated~ulrspeed readings Avir in mliles per hour may

cax

be converted to maximum effectlve gust velocltles Uy

in feet per sacond by the relatleon U, = 0.954V4
max

3. Dats obtalred from the repid fluctuations in the
pllot's indlceted-elrspeesd rea._d.ngq cannot readlly ba
adapted to the study of conirol problems resulting from
stmosnkeric turbulencc.

l.. Data on tre zust velccitles obteined from the
rapld fluciuatione in the pllott!s 1udiceted-airspeed
readings mar be reedily convertsd to true gust velocltles,
which 1s the form used by meteorovloglsts.

Lengley Mamorlal Aecronsutlcal Laboratory
Natlonal Advisory Ccunmlttes for Acronautilcs
Largisy Fisid, Va.
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-v..TABLE T

CORRETATTION COEFFICIENTS BETWZIEN MAXIMUM RAPID AIRSPEED

FLUCTUALTIONS AND PARAMETERS OF MOTION

CF XC-35 AIRPLANE IN TURBULENT AIR

—
Quantities correlated wilth coefficlent
moximum rapld airspeed of
fJuctuation AVy . correlation
¥aximur effective guat valoelty Uy 0.928
YaxiLinmm total angle of roll 557
Maximum tolsl anpgle of heading .180
Mexlmmm total angle of pltch .180
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