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XC—-36 GUST RESEARCH PROJEOT

PRRLIMINARY ANALYSIS OF THR LATERAL DISTRIBUTION OF
GUST VELOOITY ALONG THE SPAN OF AN AIRPLANT

By A, I, Moskovitz
SUMMARY

Measurementes of the lateral distribution of effective
gust veloclty along the span of the X0-356 airplane were
made during the spring and summer of 1941 under a wide
variety of weather condltione at altitudees up to 34,000
feet, Ths lateral distributions of effeoctive gust velocity
were derived frowm the measurement of the pressure coeffi-
clent at the 25—percent—chord position at four stations
along the span of the airplane by means of orifice in-
stallations, The latsral distributions assumed many con-
figurations and were consequently divided into eix etand-
ard shapes,

The "triangular" gust (called triangular because the
gust veloclty 18 a marimum near the center of the wing and
decreases linearly toward the wing tips) wap the most fre-
quently encountered shape and 1ncluded about 84 percent of
all the data, The average lateral gust gradlent distance
for the X0-36 alrplane was found to be 9 chord lengths,
which 1e in good agreemont wlth the longitudinal gust gra-
dient distance obtalned with the same alrplane, Thus the
®"design" gust of 30K feet per second, where XK 1ig the ef-~
fective gust factor, can be considered to be a triangular
gust with longitudinal and lateral gradient distancese of
9 chord lengths, The bending moment at the wing root for
the design triangular gust 1s 6 percent lower than that
produced by the deslign rectangular gust used in the present
design of wings for gust loads, The most probable value
of the average effectlve gust weloclty obtainedi for the
eritical "uneymmetrical" gust (calledl unsymmetrical be—
cause the gust veloclty decreases linearly along the span
from a maximum at one wing tip to a minimum at the other)
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is 33K feet per second, which agrees with similar results
previously obtained. |

INTRODUCTION

In past gust research 1anvestlgatlions lavolving atmos-
pherlc turbulence at altitudes greater than a few hundred
feot, the assumptlion that the distridution of gust veloc~
ity along the span of the airplane was known (see refer-~
ences 1 and 2) had to be made because of the lack of de-
talled informetion. PFYor work pertalnling to the symmetri-
cal gust loading of alrplane rings, the gust veloclty was
assumed to be constant along the entirs span (see refer-
ence 1) and, for unsymmetrical gust loading, the gust
veloclty was assummed to vary lineerly along the span
from a maximum gust velocity at one wing tip to a minimum
at the other wing tip (see refersnce 3). On the basils of
these asgumptions, the calcuinted stresszes for the wilng
structure were conservative.

Information pertaining to the lateral distribution
of guest veloclty is highly deslrable for a more accurate
golution of both symmetrical and unsymmetrical gust-load
problems and, 1f avallable, would aid in the design of
airplane wings. This papsr pressnts data on ths lateral
distribution of gust veloclty along tae span of the XC-35
alrplane. These data were obtainasd by measuring simulte-
neously the resultent pressure at four stations alcng the
span of the alrplane and the dynamic pressurse. ™"he data
wore accumulated during the first stazes of the gust re-
search program on the X(0~35 alrplane in ths summer of 1941,
The ressults were considered insufficiznt for a final anal-
yels but were thought to be of snough interest to warrant
presentation. )

METHOD ANWD APPARATUS

The Lockheed X(C-35 alrplane, which 1s described in
referenco 4, was usad in the investigation reported herein,
For convealence, the pertinent characteristice of the air-
plane are llsted as follows:
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Gross welght, pounds , o o ¢« o ¢ ¢ s ¢ o s o« ¢ o 11,139
"Wing arsa, square feet - P « » o » o s 458.3
¥ing loading, pounds per square foot a s o 8 o @ 24,3
Span. OBt o« ¢ +» o o ¢ 4 o s ¢ ¢ 6 2 6 8 s s 8 66
Mean serodynamic chord, feet « ¢« « ¢ s o o« & o » 9,23
Center of gravity, percent msan asrodynamic chord 24.4
Tall length. feet ® o o6 & ©® ° @ » ® 6 ® ® 8 e @ 2505
Blevator erea, square feet , o « &« » ¢« ¢ ¢« ¢ o & 31.3
Stabilizer area, 8quare feet . o+ « o« ¢ ¢ s o o o 66.4
Lapect ratlo o . ¢« ¢ « s s e 0 ¢ 5 2 s s 8 e * 6.6
Taper ratio « s & o &2 o 8 ® ° & * s e B 8 e 0 @ J:1

The airplane was flown 1n level fllight and, whenever
rough alr was encounterad, the resultant pressure at
four statliong along theo span of the wing and the dynamic
pressure were recorded. A4 complete description of the
method used in the tests is given in reference 4,

Tha evaluation of the dynamic and resultant pressure
records to obtaliln values of gust veloclity is based on the
following agsumptions and relations:

(1) The pressure coefficient P 1is a linear function

of the 1lift coefficient and consequently of the angle of
attack (see reference b):

L~

where

P pressure coefficient (p/q)

P resultant pressure

q dynamic pressure

I; slope of curve of P against OL

Kz s8lope of curve of P agalnst ¢

OL 1ift coefficlent ' T
o angle of attack

and the subsoripts have the followlng slgnificance:



1 at zero value of Cf
8 'af gzaro, value of o

(2) The relation between the pressure coefficlent
P and the angle of attack 13 unaffected by the rate of
change of engle of attack.

~ (3) The gust velocity 1s normal to the flight path
of the airplane.

(4) The airplane 1s in steady flight prior to and
during tbhe traverse of the guct.

(5) The local ansle of attack et ahy poiﬁt along the
span of an alrplane is indepsndeant of the load distridution.

(6) The aillesrons are not displaced during the trav-
erse of a gust,

On the busis of these assumptions, the local value of
effective gust velocity can be obtained from measurements
of P, becauss

and
Ug et
AP = Kjha = Xg °=xaL2
Vi Vi
where

AP incremant of pressure cosfficlent
Aa increment of angle of attack

Uq effective gust velocilty, feet por second (ses refer~
ence 6) .

Ugy true offective gust veloclty, feet per second
AN
(Ue v po7pj

p mass denslty of alr at altitude
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- Po .‘masg denslty of alr at sea levsel
vy indicated airspeed
Vi true alrspeed

and the subscript o, used with T and TUgy, represents
values obtained from pressure rpcor&s.

For the evaluation of the data, the value of KX; wvas
determined by measuring the pressure coeffliclent P at the
various stations along the wing of the airplane and the
angle of attack of the airplane throughqut the steady flight
ranga. The records obtalned in rough alr were evaluatad by
determining the magnltude of the changes 1n pressure cosffl-
clert from steady condiltions.

Comparlson of the method of svaluating the data from
pressure records to obtain guet velocltles and the method
(reference 4) of obtaining effective gust velocities from
acceleromater and sirspsed data Indicatos that the two
methods yield the sams results. The average gust veloclty
along the span should bo equal, therafore, to the effecw
tlve gust voeloclty obtalned from accalsrometer data. An
important dlfference in the methods of evaluatlion of the
two types of data, however, ieg that, for the acceleromzter
data, the iIncrements of eccolsratlion are takon from an
arbltrary datum line 1 g (reference 4); whereas, for the
presgure date, the increments of pressurse are taken from
the steady value of wnrz2seura Just prior to the entry into
a gust.

Although the motion of the airplans under the action
of the guet is neglected, the gust veloclity obtalned from
pressure records 1is reduced from the truevalue by the
pitching motion of the alrplane, which tends to allaviate
the sffect of the gust. Since no msasure of the motlon of
the alrplane is obtalncd:- from the pressure measurcments, as
1s obtained from the acceleration data, it 1s not practical
"at this time to obtain a Ptrue" gust veloclty as is done

for the acceleration data in refersnces 1-and 4. .

The pressure messurements along the wing were made at
locations shown in figure l. The reaultant pressures were
obtained by instelling orifices in the upper and lower sur-
feces of the wing st the 35~percent-chord positlon at each
of the four statliona, and sach palr of orifices at each
gtation were connected to the same pressure cepsule. The



orifices on the wing were so located that they would

not be affected by the propeller slipstream and y¥et
would have optimum spanwlse spacing. The chordwilse
position of the orifices at the 25-percent-chord point
was selected to insure that the variatlion in pressure
would be within the range of available pressure capsules,

The following lnstruments were uesed to record the
desired data:

NACA alrspeed recorders

(a) mTwo with two pressure capsules each to measure re-
sultant pressure at each statlon

(b) One with one pressure capsule to obtain a record
of the dynamic pressure by esultable connectlons
to the pltot-statlc tube

NACA timer (l-second interval)

NACA control-poslition recorder to record the displacement
of the ailerons

All instruments were fitted with magazine film drums
that have a capaclty of 20 feet of film. At a film speed
of 1/8 inch per second, approximately 30 minutes of records
could be obtained.

TESTS

Records of resultant pressures at the four statlons
and of dynamlc pressure were obtalned during treverses
through cumuliform clouds and turbulent air at altitudes
up to 34,000 feet. A more complete description of the
tests to obtain the requlred data 1s contained in refer-
ence 4, Although tbhere were 16 flights, only 14 were
gsatlsfactory because one fllght was to00o smooth to warrant
evaluation and because, ir another flight, one of the
records of resultant pressure was spolled by a leak in
the orifice lnstallation.

RESULTS

The records of reaﬁltant and dynamic pressure were
evaluated to obtain, for each gust, the local velue of



I~551

effective and true effective 'gust veloclities at each of
the four statione.  The deta for each gust were combinsd
to obtaln the lateral gust distridbution. Because the
distribution of gust vseloclty along the span may assume
numerous shapes, which tend to complicaute the presenta-
tion of the data, all the varlous dlstridbutions were
reduced to sixsimple oconfiguratlons. The Mstandardt
distributions and thelir assigned names are shown in fig=
ure 2, together with the variations that were considered
simlilar, Thoe freguency of occurraence of each gust shape
has been 1lncluded in figure 3. 1In order to lnvestlgate
the effect of powoer not accounted for in the callibratlon
of the orifice installation, & count of the varlous types
that can be right- or loft~handed waes made and, as might
ba expected, the frequency was found to be the same for
each handj; thie phase pf tha questlon was therefore dis-
regarded and all the datg for a glven type of distribdu-
tion were combinsd.

The gust shapos in filguroe 2 were simplifiled to obtaln,
whenever possible, the average valus of cffective gucet

velocity along ths span (Ug,),, &and the value of the

maximum or minimum effective-gust—-veloclty Increments
+AUg which reprcseat deviatlons from the averags. Fig-
ura 3 shows +AUeg, &8 a function of (er)av for five

gust shapes. By uae of flgura 3, a gust can ha speciflad,
within the accuracy of the data, by the shape, the avserage
effectlve gust velocity, and the effactive-gust-veloclty
increment.

If linearity of the lateral variation of gust velocity
is assumed, the varliation along the span can be used to de-
termine the lateral gust gradient distance Hg, by extra-

polating the dlstridbutlion of zust valocity in the spanwise
directlon to zero., The lateral gust gradient distance is,
then, the distance from the maximum gust veloclity meamsured
at one of the inboard statlions to the point of zero gust
velocity, as shown in figure 4., This method of svaluating
- lateral gust gradient distance falle if the local gust
veloclty at oither tip stetion 1s equal to or grsater than
the_ gust velocity at 1ts corresponding inboard station,

If the method is applied to the six lateral gust-velooity
distributlons in figure 2, the triangular and second trape—~
zoldal guets yield two valuea of Hso. the first trapezoidal

and the doubdle triasngular gust yiecld one value of Hg,, &and
the rectangnlar and unsymmetrical gusts yleld no values of
Hage



The lateral gust distributionswere evaluated as
described to obtaln the lateral gust gradient distance
Hgoe In order to present the data in a form similar to
that of filgure 1 of reference 4, the wvalues of the true
gust veloclty Ut obtained from the data of reference 4
have been plotted in figure 5 es a functlon of the lateral
guet gradient dlstance Hg . For ranges of true gust
velocltr U4 1in figure 5, the average values of the
lateral gust gradient dlstance Eso couverted to chord
lengths were calculated and the results plotted in fig-
ure 6. This flgure presents the data 1n a form compara-
ble with that of flgure 3 of reference 4 for the longl-
tudinal gust gradient distances. .

FTRECISION

The precision of the recorded data is estimated to
be within the following limits:

Alrspeed, mliles per HOUr o o ¢« s « o s e o o o o x4
Time, BOCONAB. ¢ o o ¢ = v o s o o o s o o » o v +0,056
Dynamic pressure, pounds per square foot , . +» . « *£2.,0
Total pressure, pounds per sgquare foot . . » « . . 2.0
Average effective gust velocity (er)av' feet

Pev gecond. o+ ¢ o o+ s o o+ s s o s o o o o o o o 24,0

As previously noted, the value of effective gust
veloclty determined by means of the formula for the sharp-
edge gust 1e¢ esszentially the same as the value of the
average gust velocity over the spen eveluatsd from the
pressure data. A comparlgon of the values of tho average
gust velocity for esaci gust where both methods of evalu-
atlon were used appeared to be the bast way to show ths
precision of the results. For thle purposs, the average
value of the effective gust velocity (er)av for each

gust was plotted against the effactive gust velocity TUg
for 25 psrcent of the deta, =28 shown in flgure 7. Inspec-
tion of all the avallable data indicated that, for 80 per-
cent of the cases, the gus% veloclitiss agresd within the
instrumental error (4 fps). ©For the remainder of the
data all except ome of the values of the average effective
gust velocity (er)av- indicated discrepancies of less

than +10 feet psr second, Thu one outstanding point shows
a discrepancy of 17 feet per second.
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The discrepancies greater. than +4 feet per second can

‘ "Bo gscribed to-the diffeorent HSases on which the records are

evaluated, as previously mentioned. As an example, the
gust velocitles corresponding to the discrepancy of 17 feet
per second were 48 feot per second for.the pressure data
and 31 feet per second Ffor the accelerometer and alrspeed
data., If the acceleration peak corresponding to this gust
is evaluated by use of the value of acceleration Jjust prior
to the peak as the datum instead of the 1l g 1line, the of-
fective gust velocity so obtained Is 44 faot per second,
which 1is 1ln agreement with the value from the pressure data
within the instrumental error. It 1s reasonadble %o assume
that, 1f the method o0f evalueting effective gust velocitles
were modlfled in this. way, all the data would agree within
the instrumental error.

The position of the peak of the lateral gust~veloclty
digtribution between the two inboard stations is not krnown
because of the limitations of the orifice installation,

"A possibls error will therefore be present in the value of
"the effective~-gust-velocity increment iAUOO and the ave-

eragoe effective gust velocity (Uao)av 1f the actual gust

shapas deviate radicaily from those assumed. The magni-
tude of the error 1s unknown bdbut can be considered equal
to the discrepancies betwoen Ue and (Ugy)pye (Sae
fig. 7.) .

The lateral gust gradlent distances are estimated to
be accurate to withiu 220 percent. The possible errors are
known to be large, particularly for long gradlent distances
because a small error in gust vsloclty can causs a large
error in the gust gradlent dlstance. An additlional source
of error is the fact that the actual peak of the guat may

_ be betwesn statlons rather than at a station as assumed.

DISOUSSION

The data on the frequency with which the various types
of gust were encountered (see fig. 2) indicates that the

. rectangular and first trapezoldel gust- shapes were rere and

therefore do not appear worthy of conslderatlon in the de-
slgn of wings for gust loads. The triangular, the double
triangular, and the second trapezoidal gusta, which are
condidered in the same category in the present report,
represent 84 percent of all the gusts evaluated, Although
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the shapes of the double triangnler and the triangular
gusts are not alike, they can be combined into one group
since both produce approrximately the same amount of bend-
"ing moment at the root chord and very little rolling motion
as compared with the unsymmetrical gust shape, Inasmuch
ag the gust velocity at an outbtoard stetion is greater
than the gust velocity at an adjacent inboard station, the
rolling motion due Lo ihe dAouble triangular gust will be
decreasedl although the wing bending stresses a2t the in-
board etatlion will incremse, whicih 1ndiicatee that the
1ouble trisngular gust cannot be 1aclvied with the un-~
symmetrical gust, The unsymmetrical gust,wbich 1s the
next most freguent shape encountered, is of interest since
taie type of gust would cause rolliang motions of the air-
plane. If the same relative Alstribution of gust shape

18 . assumed to hold for all gust iata, the gust data
obtained by means of V-G recorders on transport alrlines
(reference 7) should conform to this distridution,

The falrest comparigon of the average intensity of the
variouns gust shapes would be on the basis of the lntensities
of pgusts occurring with tie same frequency. Frequsency
curves were plotted, tharefore, and from these curves cor-
responding values of the gust intensitles at d&ifferent
frequencies were noted. The results of this analysls are
given in figure 8 where the values of correspording in-
tensitles bavs been plotted for the unsymmetrical gust
and the rectangular gust combined with the first trape-
zoldal gust as a function of the intensity of the tri-
angular guet, which 1lncludes the triengular, the doubls
triangular, and the second trapezoldal gusts. ¥Figure 8
indicates that, es might be exfpected, the relatlive in-
tengities of the varlous gust shapes are in the same order
as the frequencles of occurrence, If the trlangular gust
1s assumed to have an eversge Ilntenaity of 32.1 feet per
second (30K fps where X 1s the effective gust factor,
from reference 8), the corresponding intensity of the un-
symmetrical guat would be 24.6 feet per second (23K fps)
and the corresponding value of the rectangvlar gugts com-
bined with the first trapezoldal gusts would be 11,3 feset
per second (10.6X fps). "Thus, the magnitude of the aver-
age intensities indicates, within the limits of these data,
that the triangular and the unsymmetrical zust shapes re-
present the gusts which will probably apply critical loads
to the wing of an airplane. It might be noted in connec-
tion with the unsymmetrical gust shape that the wvalus of
33K feet per second is in good agreement with the value of
24 feet per second proposed in reference 3.
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Inspectlon of the: triangular gust shapes in figure
3 indicetes that the gust-veloclity increments attalned
2 maximum valus of about 9 faet per second for averege
gust velocitles up to 20 feet per second but for the

. higher gust velocities the maximum values were about 4

to 7 feet par mssecond. The data 'indicate, therefore,

that the crltical symmctrical gust with an average 1ln-
tensity of 30K feet per secon? (referemce 8) would have

a2 maximum value at the apex oi 36K feot per second (near
the center line) and would decrease linearly to a value

of about 24K feet per second at each wing tip, Thils anal-
yels 18 verified to some degree by inspection of the data
presented in flgure 3.

Flgure 6 indlcates that, for all guast lntensitles,
the most probadble value of ths lateral gradient distance
1a 9 chord lengths. If this information 1is used, to-~
gether with an average guat intensity of 30K feet per
second, then the maximum intensity of the gust 1s 36X
feot per second and decreases linearly to 24K faet per
second at each wing %ip for ths X0-35 alrplene. As shown
by these data the design gust of 30X feet per second would
be a triangular gust with longitudinal and lateral gradlent
dlstances of 9 chord lengths. The e¢ritical triangular gust
would glve a wlng root bending momant that would be 6 per=—
cont lower than the present CAA deslign requlirement for gust
load given 1n reference 8.

In applyling such data to alrplanes of other slzes, a
quastion arisee as to whether the chord length or the alr-
plane spar 1s the botter measure of lateral gust gradlent
distanca. Yor conventlonal airplanes such as the XC-35
alrplane (airplanes with geometrically similar plan forms)
alther measurs 1s gatlisfactory. For unconventional alr-
planes with extreme valvee of aspect ratlo, 1t would ap-
pear desirable to express the gust gradient d4istances in
terms of the quantity that glvas the largest . -load factor,
Thues the gradient distance to be used wounld ve about 9
chord lengthe or about 1,26 span lengths. The amount of
data avalladle at the present tims is 1nsuff1cient to
settle this question.’

The data on unsymmetrical gusts in the present report
agree with the data of reference 3 relative to the average
gust intensity but indicate (flg. 3) that the effective-
gust=velocity increment, corresponding to Ut in refer-
ence 3, 1ls very conservative. Ths data show that the
meXximum effectlive-gust-velocity increment measured during
the current teats was only 9 feet per second as compared
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wlith +20 feet per sscond, the valus suggested in refer-
ence 3, ’

CONCLUDING REMARKS

Addlitional data are required befors any definite
concluslons can be drawn regardlng the magnltude and
the freqency of tho varlous gust shapes, On the basls
of the information prcsionted, which was obtained from
flight tests, the following romarks appear in order.

The most prodable lateranl gust shape encountered in
flight is trliangular. The other guet shapes in order of
thelr respective freguencles are the unsymmstrlical and the
rectangular combinod with the first trapezoldal shapes,

If the magnitude of ths averagze effective gust velocw
1ty for the critical triangular gust 1s consldered to be
30K feet per second, whore X 1is the effectlive gust face—
tor, the average offective guet veloclty for the critical
unsymmetrical gust, bascd on the same froguancy, would be
23K feot per second. Thls value is in good agreement with
a glmilar value for the unsymmetrical gust previously
obtalnad.

The lateral gust gradient distence 1s found to de
9 chord lengths, which agrees with the value for the longi-
tudlinal gust gradlent dlistance obtained previously for the
same airplane. Thus, the shape of the most probable criti-
cal gust encountered will be trlangular with equal longi-
tudinal and lateral gust gradient distances of 9 chord
longths and en average gust veloclty of 30X feet per second
(36K fps at the center of the wing decreasing linearly to
24K fps at each wing tip).

The maximum increment of effectlive gust velocity od-
tained in flight for the unsymmetrical gust was *9 feet per
second, which 3indicates that the value for aeffective-—gust-
veloclty increment previousl; obtained 1is conservatlive as
conpared wilth the data -nerein presented.

Data on alrplanes of different size and wing plan
form eimilar to date reported herein ars desirable in
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order to compare the lateral gust~velocity distributions
for the different sisze airplanes.

Langley Memorial Aeronautical Iaboratory,
¥ational Advlisory Committee for Aeronautics,
Langley Field, Va.
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