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A SEMI-RATIONAL CRITERIOYN FOR UNSYUMETRICAL GUST LOADS

By Richard ¥V, Rhode and Heonry A. Fcarson
U \L}I@,A. RY

The problem of establishing a rational unsymmetrical
gust-load criterion from availatle data on gust structure
Is briefly discussed and it is indicated that the problen
canrot be solved at the pressant state of knowledge without
extensive and questionablic analysis. On interin soni-
rational criterion, Tased on normal and angular accelera~
tion data obtained in rough air on the X.b--lR airplane, IS
suggested,

Thig interim criterion states (o) the intensity of
the symmectrical component of gust, Ug', to be considered

W
G
as actiag 51nuL+qMonuw_] withh thoe selccied unsynmetrical
component, and (b} the inteansity of gust, Ui, %o be

considercd asg qctlnw at the wing %ips with an assuned lin-
ear unsynnotrical gust distridution, Values of b/kk
(viz, span divided by radius of myrntzon) to be used in
the cvaluation of angular aczelerations with the proposed
gust conponents are also suggested, The critorion, to be
applicd at the sane speed as 1is ugod for the syrmmetrical
gust ani with the airplano in the lightly loaded condi~
tlon, conprises the following valuecs:

q‘n

Ug' = 0.8 Ug
Uy = 20 ft/sec
Airplane typo b /kx
Singlc-cngine 8.25
Two-engine and throe-cngine 7¢75

by

four-cngine 7e25



INTRODUCTION

The currontly used 100/70 dosign critcrion for unsyn-
netrical locads Of, airplanc wings has been admittedly un-
satisfactory prinarily bocause It is irrational aid also
becausc it leads, in somc cases, to obviously excessive
strength rcquircncnts, The nced and goncral reguirenents
for a rational criterion have long been clear enough, but
such a criterion has been impossidle to establish because
of the czomplexity and largely unkunown character of gust
distribution in the atnospherc, a thorough knowledge of
which 1S csseniial to0 a truly rational solution of the
problens While solutions can be evolved in individual
cases fron extended cal-oulations, suech solutions are not
generally applicable and, norsover, there is little or no
basis fOr any gust distribution that may te assumed.

The purpose of this memorandum is to discuss briefly
the nature of the zeneral problem from the standpoint of
available information om gust struciure and to submit a
suggestion for a gererally applicable unsymmetrical gust
criterion that is a% least semi~rational in character and
that yields degign loads whkich appear to be reasonable and
In accord with availaetle acceleration data. Tho criterion
suggested cffors notiuing of value with respect to tho de-
sign of the primary wing struciure, dbut it docs serve as a
means O0f ecstablishing design load factors for cngine-mount
supports and other supports for fixed masscs located away
fronm the planc 0f symmetry of the airplane,

The Wonuniform Gust Problem

A coupletely rational proccdure for the determina-
tion of design wing loads in noununiform gusts recquires
(a) & thorough knowlcdge of gust structure under various
atmnosphoric conditions, () knowledge of unsteady 1ift
phencmena under nonuniform conditions along the span,
(¢) znowlcdge of tiac airplane characteristics, including
rolling nonent of inertia, in advance of comstruction, and
() the nathenatical detormination of the airplane notion
In the innortant gust distributions. It probably is true
that, in the casc of s.all and sodcrate-size airplancs,
tho angular acccleration occurring in combination with sone
substantial liacer accoleration IS the only effect of im-
portance arising in unsymnetrical or nonunifora gusts.
However, in tho case of possible futuro large airplancs,
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Iin which wost of the load s carried in the mings and dis-
tributed approzimately INn conformity with the rnormal 1ift

distribution, and to a lesser degree in the case of exist-
ing large airplanes, thz existence of a localized gust of

high intensity may result in critical wing stresses irroc-

spective of the values of the angular or normal accelera-

tion, Tnec geoncral problom, therefore, involves considora-~
tion of each of tiae more-or-lcss random gast distributions
that may actually occur,

Let us consider briefly the gust structure or, more
specifically, the relation between gust gradient, size or
spatial extent of gust, and the gust intensity. Under
certain hypothetical conditions, refereace 1, it IS possi-
ble t0o arrive at the thcorctical resgult that

V.5« H
‘ :
Il &

where

U, mnaxinun gust velocity
and

E distance in which the gust velocity
increcascs from zero to maxisoun

This reclation docs znot repressant tho corsospondcncc of any
gust with its zradient distance, but it represents rather
the locus of the maxinmum gust inteusities likely to be ex-
perienced. over a long period of time, provided. the condi-
tions giving rise to the gusts remnain constant, Ezperi-
nental data obtained Iin flight measurements scon t0 bear
out the relationship approzinatcly ~ ceven whon taken with
such a wide rangec of alrplanes as from the little "Aeronca'
to the large 1-13%9% and XB-15,

On the other hand, there is no correlation found 'be-
tween gust intensity and gradient distance when dealing with
tho data as a whale (reference 2), This result is to bo
expected on the basis of certaln ovhysical considerations,
For example, a thermal convection curront nay, in a sinple
case, be viewcd as a froe-air jot whose origin IS rather
indefinitely defined as compared nith the origin of a jet
issuing from an orifice, But even in the latter case the
jet has a boundary layer that grows thicker as the distance
from the orifice increases, so that tho velocity gradient
(gust gradient) nay have a wide range of values for a given
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velocity of the core, In the case of the actual. thermal,
with its indefinite origin characteristics, there IS not
even the possibility of defining gradient distances in
terms of height above the origin, so that tho gradients
may havc almost any valuo whatover, being limited probably
only as to their maximums

Within the boundary zone of a thormal, masses of air
of various sizes arc set in rolling or whirling motion as
a result of the shearing of thoe vertical current with re-
spect to its environment., It is to bo oxpcctad. that; tho
peripheral velocity of these rolling masses will bc approx-
imately the same as tho velocity differocnce between the
core and i1ts cnvironment = probably less owing to friction-
al lossos, bur; possibly somewhat greater owing to conser-
vation of momcntum (if the whirling mass IS somevhat cone~
prossed bocauseo 0of dynamic forcces cxzerted by adjacent mov-
ing masses within the syston).

1t appears from the forogoing considerations that, In
gonecral, NO rolation beitween gust gradient and gust inten-
sity exists or can exist and that the gradient may have a
variety of valucs for any given value 0f the mazimum veloc-
ity

In rogard to size or spatial extent of gusts, 1t may
be said that acceleration data obtained on airplanes vary-
ing greatly in size indicate that gusts causing the high-
est accelerations havc graedient distaunces of° about 2 to 30
chord lengths (or about 1 span lengtk), Without detailing
tho reasons, it may further bo said that, in consequence
of this result and of* the details of the records, gusts
may be pictured as varying in size in a random way fron
dimconsions that are small compared with the span to dimen-
sions that are large compared with the span, and also that
the gradient distance in the direction of flight nay, in
general, be consgidered as of the same order as the gradi-
ent distance in the dirostion of the span, While adnitting
tho crudity of this information, we¢ nag perhaps bo justi-
fied at this point in idealizing the coacopt of gust struc-
ture for the sake of attenpting to provide a working
baSiSo

Such a conceptt that docs not contradict the cssential
known facts is illustrated in figurc 1, The largo gust
shown is the one that would yield the maximum normal ac-
celeration if the airplanc ponctrated It symnetrically,
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This gust may bo considercd cither as a complote or a
truncated pyramid (cr coume}. In the truncated case the
width of the flat top is about cgual to the span and the
grailent distance has a sinilar value - about 8 %o 10
caord leugths, The airplanc attains maxinun acceleration
Just as it recaches nmaxinum gust intensity, U, for the
pitching alleviates the load beyond this position, whils
ahead of this position the pitching has little or no ef-
fect, EHad thoe gust boon nmuch smaller, dbut zecmetrically
sinilar and with the sane maxinun velocity, the acceleor-
ation would have beon loss primarily because of the re-
duced latcral dimension, and both the time and the distance
from the start of the gust to peak load would have besn
less Decause of tae reduced longitudinal dinension, Had
tire gust boen nuch larder, But geornectrically similar and
with the sanc maximum velocity, thae acceleration would
lilkewise have been less because tiae alleviating cffcect of
pitching would have come into play before the position of
naxipun rust intensity had been reaclhed, Those rosults
arc well in accord with the results of the acceleration
rnieasurencnts in flizht previously nentioned, The assunp-
tion of conmpletely pyranidal or conieal, rathor than trun-
catel, gust form wouldl have ziven sicilar gqualitative
ALTCCNCLT o

Jow, 1f we Aiscount fthe cubic parabola hypothesis and
assune, on the basis of this discussiomx, that the justs of
varicus sizes have, uader a given sct of circumstances,

the sanme naxinun veleocity, we nay further crystallize our
working concept, Such an assunpition, so far as the non~
uniforn or unsymnebrical gust probvlem is concerncd, is con-
scrvative rclative to the cubic parabola hypoethesis, which
gtates that the smaoller custs hayo smaller intensitics in
acceordance with fthe rolaotion Um“ o H,

With the assumption of cgual intensitiocs, we nay now
picture pusts Of varions sizew, such as shown in figure 1,
acting at any location along the span, These gusts nay be
of any size and. distridbution according %o a perfecetly rane
lom pattern, Snmall oncs, such as shown, would lead to lo-
calized forces but slight disturbance of the airplane as a
whole, Other sizes and combinations would lead to differ-
ent results, and the motion of the airplane and stresses
in the wing structure would depend not only on the sizcs
of tha gusts but also on their distribution along the span
and in the direction of flight and on their vertical di-
rectionse



It can therefore be seen that no single, or few gust
distributions can be selected from the flight data to use
as criterions for unsymmetrical loads. The only possible
manner 1IN which this problem can be %ruly ratiomnalized is
to analyze the stresses IN and motions of ai airplane wuid-
dor a considcrablc zumber of the possible conbinations of
gusts that can be visualized in accordance with the general
idealized distribution pattern, Such an analysis would
have to be based on "fruef gust velocities as distinguished
fron "effective" gust velocities, arnd the unsteady-Ilift ef-
facts and airplane motions would 'nave Lo be takon into ac-
count. The unsteady-1ift conszideration alone poses quite
problem, for tho theory has been established only for uni-
form disiribution along the span; rather drastic sinplyfy-
ing assunptions would therefore have to be made to take
into acccuot the uasteady-1ift effect, Of course, the
tremendously exteasive analysis required for a solution
for evern one airplane could not possibly be undertaken as
a design problem. It wowld, therefore, be necessary for
someone to undertake a more general analysis in order to
study the effects of the raniom gust disbdridbutions on tho
wing beading moments and shears, and oa the airplane mo-
tions for several airplanes of different sizes and typos.
In this may i% might ©Te Pound possible ultimately to de-
fine simpiificd conditions and methods that would yield
substantially correct results for the critical cases,

Such analysis IS reserved for the future, mien timec and
personnel will permit »nrosecuition of tae work,

For the present, a more simplified attack on tho
problem nill have to suffice. Taes question of gust struc-
ture will be side-stepped as muci as possible and the ob-
jective will be to sct up a semi-rational criterion for
combined normal and rolling accelerations that will yield
reasonable values more or less in accord with limited
flight data and with past design practice,

Derivation of Acceleration Critorions
for Unsymmetrical Gusts
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1

H < <

slope of lift curve, radian moasure
moment of inertia about x axis, slug_ftz
wing span, Tt

aspect ratio ba/s

normal gust veiocity, ft/sec

. . 2
mass density of air, 1R_28¢
£t
. 2
angular acceleration, rad/sec

theoretical. rolling-moment coefficiont

load factor

factor for correccting effoctive gust voloclties;
ratio of wing and containcd weights to total air-
planeo weight

lift coofficicut

radius of gyration about x axis, £t

acceleration of gravity, ft/sec?®

distanco along span, ft

airplane velocity, ft/sec

gradient distance of gust in direction of flight,
viz, distance from U =0 to U = Upsyx

Subsecr ipts

0 sea level, initial
S synmetrical

st reduced symmetrical
e effective

e! reduced effective



Subscripts (cont )
a design value
t tip
I  high~speed level flight

g maxinum permissitle gliding

e

indicated
) maxinmuan

General considorations.- Somc unpublished tests made
on the XB-15 airplane IS rouga air form the basis for the
nunerical valucs of the eriterions to be established, In
these tests, both resultant normal and angular accelera-
tions werc obtained from simultancous accecloration measure-
nents at the airplane center of gravity and at a point IN
the wing 29 fcct I inch outboard fron the plane of symnmetrye.
From these data It is possible to deduce the nagnitude of
the maxinun uwnsymmetrical effoctive gusts, based on the as-
sunption of linear distribution along the span and corro-
sponding t0 the maximum synmotrical effective gusts exist-
ing under the same weathor conditions, The nagnitude of tho
unsynmetrical gusts thus found can then be increased to
correspond to the symmetrical offcctivc gust inteonsity of
30 feet per second, which IS approximately the value cur-
rently used as a ‘basis for iesign,

The flight data are not sufficiently extensive to per-
nit lircct deternination of t.ie largest linear accelera-
tions that nay be supcrimposed on the maxinun angular ac-
celerations, owing to the low probability of such conbina-
tions. Howover, It is cviient that tho unsymunetrical gust
cannot logically bo superinposed on the Adesign nornal zust
for the reason that such procedure inplics the propricty
of desisning for o more severe normal gust then has been
selected for desizn purposes. 1T iS equally obvious that
there is no point to superposing a normal gust of low inten-
sity, suck as night te obtainel directly fronm tlic test data,
for then the combined accclcrations at important stations
out on the wings would be less than that resulting from
the design normal gust alomne,

We shall thereforec sclect a normal gust of such value
that, wheon it is combincd with the unsymmetrical gust, the

4
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resulting bending moments and shears at the wing root will
be substentially equal to the moments and shears resulting
from the design symmetrical gust alone. This process
amounts to selecting the maximmm syumetrical component pos-
sible without raising any question as to the necessity for
designing the primary wing structure for the unsymmetrical
condition. If the value selected appears reasonable in
the light of past prectice and in the light of the limited

available test data, little concern need. be felt over its
arbitrary origin.

Flight data .” The applicable flight data were ob-
tained during a period of flight of about 10 minutes,
which was the roughest period in about 70 hours of cross-
country flying. During this period the maximum normal ac-
celeration increment at the center of gravity was 1.5g,
which value corresponds to an effective gust velocity of

18.1 feet per second, obtained from the following expres-
sion:

_ong §

(1)

in which
U, effective gust velocity, ft/sec
ong load factor increment, 1.5
W weight at time of measurement, 52,000 1b
S wing area, 2780 sq ft
m slope of lift curve, 4.76
v, indicated speed, 274 ft/sec

P, Stendard mass density of air, 0.00238

slug-ft®

The maximum differences between the simultaneous ac-
celerations at one outboard nacelle and at the center of
gravity were about 1.lg, which valuo corresponds to an an-

gular acceleration of 1.2 radians per second® computed
from
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(ABy0e1le ™ Anc.a.) &
: - (2)

g =

in which the distance, y, was 29 feet | inch.

Evaluation of effective linear ungymmebtrical sust.-
The effective lineally graded unsymmetrical gust corre-
sponding to the measured angular accelsration of 1,2 radi-
ans per second® can be evaluated from

=% - (3)

- T ...—-—.m-.‘km.,.w

¥ Gl g S b

a

 Sdd
o
=
jos)
bl
O
-

U effective gust velocity at the tips; positive
at one tip, negative at the other tip

-

ot

o

IX momont of 1;ert¢q, 532,000 slug-ft , computed
fron eguation {11), rcference 3, as value
existing under condiitions of test and corre-
sponding to a value of Db/ky = 7.22

q dynamic pressure, 89 1b/sg ft

Cy theoretical constant for 4:1 taper and aspect
P ratio, 8. The value is 0,455 from fig, 8
of refercnce 4,

b wing span, 149 ft
The value of U, 1is found to be +13,7 feet per second,

Since this valuec was obtained from measurenents in
rough air, in which the maxinmum normal effective gast ve-
locity was 18,1 feoct per sccond, It |Is probadble that Uy
world have becn greater had the air been rough snough to
have caused normal effective gusts of 30 fcet per second
to be nmeasurcd. It ssems reasonable, therefore, {0 increase
the measured value of Uy by the ratio 30:18,1 in order
to obtain a design value of y. compatible with the design
normal effective gust of 30 feét per second, The increased
value of U, is 22,6 feet por second,

Selection of normal gust componenit.- As previously
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pointed out, the XB-15 test data are considered inadequate
as an cmpirical basis for tho selection of a normal gust
component to be applied simultancously with the maxinmun
unsynmetrical component, It IS perhaps worth rioting, how-
ever, that the normal component acting simultancously with
the maxinum unsymmetrical coandition measured in the tests
was about 75 percent of the maximum symmetrical component
measured, We should thesefore expect, 0On coansideration of
probabilities, that had the rouvgh-air conditiom lasted
over a longer pericd of time this figure would have boon
somewhat greater,

Procecding on the basis of egual bending moments and
utilizing results given In references 3 and 4, the follow-
ing expressions arc obtained for the banding moments at the
wing root in the symmeotrical and uwnsymmotrical cascs, ro=-
gpectively:

. A s / z -
' = e} DaWD - '~m-> fnaWo 4
MSroo’c (nWb/ 8 £alb 8 (4)
and
IS = (=2 n,'Wh -<—--% fa Wb (,___g_ I
*8 root \ 0o 8 inW 8 + Ix x&
A
) 2
-»*_T*:*'-mag "'\ f -7 « (5)
£ Ly a}
7
In which
ma
(-wE bending moment coefficient for the symmetri-
n¥Wo cally distributed air load
MW
( Z) bcnding moment coefficient For symmetrlcally
fnWd distribute?! wing inertis load
My
—E& bending moment coefficent fos the lineally
Ixo graded unsymmetrical gust

M
———F~) bending moment coefficient for the angular
f3b o inertia load of the wing
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ns' reduced load factor

f ratio of wing and contained weights to
total airplane weight

According to our premise, we wish to solvo first for
the ratio of =n,' to =ng when N ! equals i
S s 8 oot 0 Sroot”’

Since, from cquation (3),

Y
R
and since
2
. (>®
and
2n W
wmBor = Oy,
PoVe S s
wheoere
Vg design gliding speed
and
Cy, 1ift cocefficicont at this speecd corresponding
8 to ng we arrive, through appropriate
substitutions in cguations (4) and (5) and
by algebraic maaipulation, at the ratio
M &
el ( v (32.)
. U IXO(. f’Tb \K
Be' t IS )
S =1 . T Cy : . (6
n Cr 7 T i ¥
s b g i
LS & - ( _iﬂ - f _WZ£
nWb £fnWo

This equation may be written

1 U
ol - S Sl 2 (7)
g CL v

in which Xk represents the quantity appearing within the
brackets of equation (8 )
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The terms within tho Brackets nay be assigned numeri-
cal values from refereaces 3 and 4 in harmong with the de-
sign characteristics 02 any- airplane under consideration.
Substitution o a number of different dut possible values
for these several terns indicates that Xk has a probable
range from about 1.0 to 1,3, For example, the value for
the XB-15 at the time of the tests previously mentioncd
has been found to bo 1,12,

Now, with Uy having a value tentatively assigned
(say, 20 ft/sec) and V_, and GLS having valuos within a

<
roasonable range, the value of ng'/ng is but little af-
fected by substantial variations Iin k (viz, a changc IN.
 of 0,1 affocts the load-factor ratio less than 2 per-
cent)s The quantity Kk may, for practical purposes,
therefore, be taken as constant at its mean volue, Since
Uy and k mnow have fixed valucs, the load-factor ratio
varies only with the prod-uct v Nor does this prod-
uct change cmouga Vith various %8s,8%s Lo affect the ratio
greatly, and it has been found by substituting values for
a consideradle range of conditions that the load-factor
ratio will be very nearly 0.87 waen Uy 1S takea as 20 fect
per sccond,

he final ston is 10 deckermine the reduced effective
symnetrical gust veloeity, Ug', corresponding to a load-

factor ratio of 0,87, Since

i

ng' 1+ Ang? (8)

we find by substituting in equation (7) that

£ Uy
L 4+ Ang' = ng \1 -k 8£«~¥T (9)
S
But
m Up! V.
Lng' = Py ———toi (10)
2 W/8
and
P, m U, V
— o C g
ng = 1 4+ Lng = 1 + WS (11)

so that
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Ug! = Uy = mommnfion <U e 12)
° T Vo N® oV s/ (12)

Applying this expression to the evaluation o Ug! for
several airplanes {taking Ue = 30, Us = 20 and appro-

priate values for the remaining terms) reveals that, very
nearly

Uc‘ = 0.8 UG

This value may, thercforc, be sclectod as a practical de-
sign value that can Lo generally applied and that results
in wing-root bending mouwonts in the unsymmetrical condi-
tion very nearly egual teo the bending wmoncents in the deslign
syunetrical zust condition.

me t

In a sinilar way a value of Vs crn be found to give

approxinately cgual shoars, It has boen found by the au-
thors that the reosult is substantially the same and the
derivation will not be preseanted hore,

DISCTSSION

s . Lk
Alleviation resulting from angular velocliy .~ In treat-

T

<

ing the unsymncitrical gust as an coffective zust in a nanncr
analogous to the troatiment of the symmeitrical gust before
the introduction of the alleviation factor, £, (S.B. ¥o.
67), the noment of imnertia, Iy, plays a role analogous

to that previously played by the wing loading in the syn-
netrical case; that is, other thiags being equal, the ~ngu-
lar acceleration is found to be inversely proporiicnal to
the nonent of inertia, The gucgtion ariscs as to whether
the angular acccloration actunally beliaves in such a uanner
with changes in nonent of incrtia,

*Subscqucnt to preparation cf this secction, couversatioas
with Lt, Comir, R. S. Hatchor, U.S, ., indicated that gual-
itative discussion might be insufficient to clarify tle
effect of changes in the nowment of inertia on ansular ac-
celeration, Accordingly, an appeniix has Deen included to
show the effect guantitatively for an assumed gust distri-
Pution and with the lag in icvo}opment of 1ift necglected,
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In order to clarify this question somewhat, let us
first consider briefly and qualitatiwely the influence oOf
the wing loading in tho symmetrical case, According to
the simple sharp-edge gust formula, tho load-factor incre~
moat is inverscly proportional to tho wing loading, Two
phenomena operate, however, to prevent the wing loading
from having such a direct affect, namely, the lag In de-
volopment of lift whon the angle of attack swuddenly changes,
and the finite gradient of an actual gust. Both of these
phenomena join in producing a finite period. of time of ap-
preciable duration between tho initial onset of the gust
and the maximunm acceleration, As a result, tho airplane
acquires a vortical. velocity during tho period of increas-
ing accoleration and this velocity subtracts from tho zgust
velocity resulting in an alleviation of icad, or in an of-
fective gust velocity substantially less than the truo gust
velocity. Now, it Is clear that a lightly loaded airplane
acquires greater vertical velocity than a heavily loaded
airplane, other things being equal, so that the rolative
alleviation. is gzrcater in the former case., The effective
gust velocity for a lightly loaded airplane is, therefore,
less than the effective gust velocity for a heavily loaded
airplane when the truo sust volocity reomains constant,
This phonomenon has becen conservatively takon carc Of in
the design reguircments €or symmetrical gusts through tho
use 0f an effeective gust factor, f, which varies with the
wing loading. Tho effect of this factor, when applied in
the simple gust formula, is therefore the same as if tho
wing loadiang itscelf wore appropriately modified; that 1is,
tho acceleration celcuiatcd with the factor f included
shows less relative change with wing loading than nould bo
the case if the factor were not used,

An analogous effect occurs In unsynnetrical conditions
owing to the development of amngular velocity in roll,, and
sincce tho distance from the plane of symmetry to the lat-
eral center of pressure of the unsymmstrical component of
load is much greater than the raiius of gyration {~vith a
linear unsymmetrical distribution) , the airplane all the
more readily acquires an angular velocity in roll, Tho
effect of tho unsymmetrical gust is thorefore alleviated
In about the same degree as tlic vertical gust IS alleviat-
ed in the case of lightly loaded airplanes, It is guite
possible, in fact, that the reason.for the experimental
value of Uy, found fron the XB-15 neasurements, being so

much less than U, is a result of the wmuch greator allevi-
ation fnroll than in translation - the ratio of Uy to
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Uy Dbeing approximatoly the same as has been found fron a

rough gquantitative ostinate of tho relative alleviation fron
the two conditions,

It is therefore evident that the usc of a single value
of offective gust velocity, Uy, <for the unsynmetrical
component will causo apparcnt changes in angular accelera-
tion with noment of inertia that are not fully made good
under actual flight conditions, Thore should, strictly
speaking, bo an alleviation factor applicd to Uy in the
same manncr as tho factor £ ig applied to the basic syn-
netrical offoctive gust of 30 fcet per sccond, However,
we s1e not in a position at the present time to derive
suuch an alleviatiocon factor exgopt La a very rough and arbi-
trary way. An alternative and s.anler »nroccdure open to
us 1g to allow for the alleviaticon efifect by fizxing the
value of b/kg for each significant alrplanc iype, so
that the angulsar acceleratiosm will not vary at all with
chaunges in moment of inceritia whon othor guantities romain
tho samc, Such & procsdure ylelds a more necarly correct
reosult than if a fized valwe of Uy is used in conjunc-
tion with variable b/kyg. Certainly, at leas%, there is
little Jjustificatiom for a meticulous determination and
wse of moment of inortia until such time as a reoasonadly
correct alleviation factor for the unsymmeitrical casc can
be worked out,

‘ In view of tho foregoing discussion, It seems suffi-
cient for the present purpose to define the momoent of ine-
ertia as

2
X & [b ,
\ky/

in which the ratio vp/x may be assigned valuos that take

Into account prono-meed differonces in the nature of tho
dosign., After consideration of available data on nonecnts
of inertia and of the angular accclcrations resulting fron
application of differcnt values in conjunction with the se-
locted valuo of Uy at speeds 25 percent greater than
maxinun speeds in level flight, tho authors consider tho
following valucs of b/ky to be reasonablo:
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Airplane type b/kx
Single~engine 8425
Two-engine and three-~enginoe 7,75
Four-engine 7elB

Thoge values, of course, may not be applicable in some cases
in which there are peculiarities in desigm Or arrangenent
of mass,

Sone. ealenlated results ~ For comparative purposes,
engine-0ount load factors have been computed for (a) the
established symmetrica2 gust condition, (b) the propoOsed
unsynnetrical gust condition, and (e) the 100/70 condi-
tion, In 211 coses the airplanes arc taken in Light condi-
tiom at speeds 1,25 times the maximum speed in level flight.
The design symmetrical gust veloclity is taken as 30 f feet
per second and Uy is taken as 20 fcct por second., Radii
of gyration are taken in conformity aith the ratios b/kg

suggested in the foregoing paragrani,

The data used and tho results obtained arc tabulated
in tabla I, Tho angular accclcrations are plotted in fig-
ure 2, Row 13 of table I gives the positive and negative
load factors computed in tho symmetrical gust condition,
row 16, the enginc-mount load factors for the outer on-
gines is the proposed uwnsymmetrical conditiom, and row 20,
tho cnginec~mount load factors for tho outer engines in tho
100/70 unsymmotrical condition, It will be noted that in
all cascs but one the proposcd wnsymmctrical criterion
yiclds a somewhat more comscrvative result than the 100/70
critcerion., The exeception is the single-cngine fightor,
in which case the high mancuver load factor results in an
excessive sngular component when the 100/70 criterion is
used, That the proposcd criterion yiclds tho more con-
servative values vwhemn gust conditions govern docs not Sig-
nify that it is unduly soverc, F¥or cxample, figure 2
shows that, in tho case of the XB-15, the angular accocler-
atiom computed from the 100/70 criterion is about the sanme
as tho value actually neasured in air that was only moder-
atcly rough, whereas, as we have seon, tho value conmputed
from the proposecd criterion is higher only by an anount
sufficient 'l0 allow for afir that 1S gusty enough to cause
effoctive synmetrical gust velocities of 30 fect per scc-
onde It nmay also be mentioned hore that V-G data taken on
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a B-247D airplane of Pemnsylvania Céntral Airlines shoved,
over a aoderately long operating period, that tho accel-
erations at tho engine mount wore about 0.5g highor than

at the center of gravity. This resnlt is In good agree-
ment with the rcsults computed for the 14-E and DC-3 (table
I, rows 13 and 16),

The case of the airplane whose design is governed by
maneuver requirements should, perhaps, boe treated somewhat
differcently than tho cazoe of tho airplanc designed by gust
conditions alone, IN tae opinion of the authors, 1t mould.
be logical to detorminec the angular accoleration resulting
from the unsymmetrical gust and to superimpose it upon the
normal maneuver load factor reduced by an amount equiva-
lent to 20 percent of the symmetrical gust load factor
that would apply at the desizn speed and weight, Buch pro-
cedure tacitly assumcs that the mancuver load factor is
made up of two components, ono a true manouver load factor
and the other & gust component; sincec tho combination is
constant for a given design, there is a furthor tacit as-
suaption that the components are variable, the naacuver
componcnt becoriing smaller as the gust component increases,
aad vico vorsa, so that the load factor is realized by a
naneuver alone only when the air is smooth, These inpli-
cations nre preoscnt in thoe existing normal load reguire~
nents, if not expressly stated, and they are not unroason—
ablec wvhen considcerod in the light of actual flying practice,

Bcfore concluding, further reference is made to fig-
ure 2, which shows » nunmber of values of angular accel-
eratinn plotted asgainst a scale of airplane span, The
hyperboliC curves shown have a special significance ex-
plained in the appendix, The features of greatest inter-
est on figure 2 are the valucs of angular acceleration for
tho XB-15 and for the XF130-3, In the former case, as
previouSly mentioned, the proposedl unsSyamotriecal criterion
yields a properly higher acceleration than the 100/70 cri-
terion when congidered in the light of the neasured value,
In the latter case, the proposcd criterion yields an angu-
lar acceleration tnat is also .igiher than an experimental
value obtained in an abnormally abrupt aileron maneuver ;
at the sane tinme, the 100/70 criterion yields a value that
is obviously oxcessive both with respect to probable ai-
leron and to probable gust conditions, It appears that
the proposcd criterion gives results that are not only rea-
sonable for te gust conlitions but that it also probably
vyields a resul% that is adcgquate to take carc of any normal
aileron mancuver so far as the mere guestion of angular ac-
cclcrations is concerned,

3
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COWCLUSIONS AND RECOMMENDATIONS

The prescnt status 0f knowledgze of gust structure in
the atmosphere and the nature of the general nonuniform
gust problem do not permit selection at this time of a
gingle, oF a few simple gust iistributions to apply to a
rational solution of tho problem, However, a eritorion
with a rational framework can bo established far the dot er-
minaticon. of outboard load factors resulting from symmoctri-
cal and unsymmetrical gust couponents.

Such a criterior, the numerical values of which are
based on angular acceleration measurerents made on the
XB-15 airplanc INn rough air, ia suggested, It statos:

Uyt = 0.8 Uyg
n P . ?
vt = 20 £t/scc

S T e .
Airvlane type b [ky
Single-cngino 8Be2b
Two-engine and threc-c¢ngine 7:75
Four-cngine TeRB5

whore

U.' symmcirical effective gust conponcnt to be
used concurrsntly with the unsgyrmnmetrical
comooncnt

U design symmetrical effective gust

ity at the tips; positive
ative at; tho other with

U, effective gust vel 3
1
betwoon

oc
on one tipn and neg
Eincar distributio

b/ky ratio of span to0 radius of gyration

In applying the criterion, Uy,' is used in the usual way
to obtaian the nornal comnponent of aceelsesration; the angular

acceleration, a, 1is computed from
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c S b
7'13 . Uy
a = - o rteen
= 2
W/b_ Ve
gl b_
kx i

vhere Cy , the rolling nonent coefficient for iincar un-
D

yonetrical load distribution, is obtained fron reference L,

/2]

Tho use of constant values of b/ky for each type is

reconnended In place of the actual calculated valuocs be-
cause such use yields a rosult more nearly in accord nith
angular accelcratioas to be expocted in flight than the
uUst of actual values, and because it is sinpler. It has,
in Pact, becn shown that, othcer things being equal, tho
angular acceleration varies but little nith nonent of in-
ertia, whereas the use of the simple formula o = M/I
would yield an angular acceleration varying ianversely as
he nmoment of inertia,

The values of U,, etc., suggested, should be applied
with the airplane in {ight condition at maximunm permissible
gliding speed, In the case of airplanes designed by & ma-
neuver load factor, the symmetrical gust load-factor incre-
ment corresponding to U, at tho design spced and weight
should be determined and the wmanecuver load factor should be
reduced by 20 percent of tho gust-load conponent before
applying the unsyunetrical gust distribution.

It nay bc found preferable, if the proposecd criterion
is accepted in substance as a dcsign roguirement, t0 spec-
ify that

where the ratio C.87 Is the ratio of 20 to 30 which nay be
considered, in conjunction with the use of fixed values of

b/ky, as a temporary alleviation factor for the unsynnet-

rical case corresponding to the variable factor f used
for the symnetrical case. In this nanner tho basic unsyn-
nctrical gust is tied in nith the basic symmetrical gust
and the way 1S left open for inprovenments or modifications
to the unsynnetrical alleviation tern when further infor-
nation bccomes available,
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APPENDIX
Quantitative Illlustration of Rate of Change
or" Angular Acceleration with Moment of

Incertia In Gusts Having Finite Gradicnts

In order better to demonstrate the manner in which
the nonent of inertia affects the angular acceleration in
unsymmetrical gust conditions, an expression iS herein
derived for the angular accclcration in lineally graded
unsymmetrical gusts having linocar gradiontg in the direcc~
tion of flight as weil as in the diraction of the span,
The urstoady-1ift effcet it neglected, S0 that tho results
arc only approximately corrcect for tho "true” gust condi-
tions assnmcli., Bewetor, ifllustrative calculations based
on the exprosslor derived are adeguate to show the influ-
cnce Of #ze 3imec cloment in causing alleviation of the an-
gular acceleraticn and 1IN suppressing the effect of the
moment Of inertia,

Figure 3 illustrates the type of gust assumed, At
any instant tahe rolling moment

L = Ia

consists of two conponcnts: that resuwlting from the dis-
tributiom of angie of attack asscciatesd directly with the
assuncd zust, and a component resulting from a similar
distributioan 0of sngle of attack associated with the roll-
Ing velocity about the X axis, We therefore write

t
VtUﬂQ P H B P .
Ia = CZ D2X ¥ - 8bh - CZ i - &% 1V - 8D (1)
0
from which
- t
* _2__\\ ] I o ’/b .
Clp ? Unax g(KX/ clp v 2 gkﬁ; ?
o = = t - = [ o dt (2)
2 A 2
.'.'I e 1) ) 8 S Jo

Differentiating,

A
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. b p
Cy_ 9 Upax g<——> T % V3 >
g _ | _P kg | | '» R S\ (3)
at ¥y 21
L S S
The solution of this differential oquation is
O
= o —
bp 2 S\ky
- - 7 : t
2U v 2 =
o= 225 i1 L S/ (4)
HD ‘ g

Angular accelerations have been computed at time
o= % according to this expression for the following con-
dit pns:

b 120 £t
¥ 25 1v/sq £

v 200 ft/sec

Unax 18 ft/sec

¢y 0 ,455
P
H variable
éL variable
X
The results arc plotted in figurc 4, It is apparent at a

glance that wher H has approciable valuo tho rate of
dhango of angulur acceleration with moment of incrtia

T 27
}v1z, with < J igs greatly reduced fron the rate of
L

change with H = 0., For the size of airplanc sclected, a
value of H of about 100 to 150 feet (certainly aot less
than 60 ft) would be about right for a gust extending corn-
pletely across the spam INn the manner assumed. Between

i
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2
nornmal limits of (b/kX) , nanely, boetween about 50 and

80, and with X = 100 fcct, the change in angular acceler-
ation is only about *10 perfcent of the nmecan value as against
a change of £33 percent with tho condition E = O,

The effects pointed out in the foregoing paragraph
should not be construcd to nean that tho noment of inertia
has no grecat effect when it changes as a rosult of a change
in the airplane size, In order to show this influence,
curve scgnonts havce becen calculated and arce shown plotted
on figure 2,

The dashed segnents are based on the assunption of
constant wing loading and gradient distance, H, wusing the
suggested values of b/ky for the throe-size cateszories.,
The ordinates of these curves have bhecn adjusted so that
the right-hand segment pasgscs through tho "criterion!
point for the XB-1l5 asirplane, The curve sognonts there-
fore show the effect of reduced Size on angular accelera-
tion when all other gquantities remain constant. The points
plotted for the DC-3, Lockhecd 14-H, and XP13C-3 airplanes
on the basis 0of the suggested criterion do not Ffall exactly
on these curve scgments because of differences in spoed and
wing loading between theso airplanes and tho valuos for the
XB-15,

The dotted segments aro based on the gpssumption that
H 1iIs proportional to the span, the wing loading romeining
constant, The cffect of this assumption which, as we havc
scen, 1S probably morec nearly correct than the assumption
of constant H, is to cause the angular acceleratiom to
increase at a substantially more rapid rate with decreas-
ing span than occurs with the assumption of constant H
implicitly underlying the suggested criterion, This be-~
havior suggests that the criterion yields unconservative
angular accelorations whon applied to the smaller air-
planes. However, it should be bvorne in mind that the cri-
terion also consecrvatively assumes that Uy remains con-
stant nith airplane size. If H were assumed propor-
tional to tho span, it probably mould bve more logical also
to assume that Uy was reduced according to some relation-
ship such as U® o H, This combination of assumptions
nould substantially reduce the ordinates of the dotted-
curve segments. It is also worth reiterating at this point
that the criterion, as it stands, yields a value of angular
acceleration for the XF13¢-3 airplane that is substantially
greater than that measured. at high speed in an abnormally



24

abrupt; aileron maneuver, This result leads us to feel
that the criterion is adeguate for all practical purposes,

LS

Langley; Memorial Aeronautieal Laboratory,
¥ational Advisory Connittoo for Aeronautics,
Langley Piold, Pa,
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TABLE 1
o Lockheed| Douglas | Douglas Boeing | Boeing
_— HFL1SC-3 14-1 De-3 DC-4 XB-15 | 314
Number of engines 1 2 2 4 4 4
Gross weight, 1b 17,500 | 24,400 | 47,000 | 69,000 | 82,500
Light weight, 1b 4562 12,700 | 19,400 | 42,500 | 52,000 | 55,000
Wing area., sg ft 205 545 987 2,150 2,780 | 2,867
w/s (light), 1b/sq £t 22.7 23.3 19.7 13.8 18.7 19.2
Span, b, Tt 35.0 65.5 95 138 149 152
Span/radius gyration 8.25 7.75 7.75 7.25 7.25 7.25
Indicated max. level 237 216 197 190 190 190
speed, V;» mph
Indicated max. glide 256 270 247 237 238 238
speed, Vg, mph
Slope lift curve, m 4.55 4.76 4.76 4.76 4.76 4.75
Gust factor, f 1.07 1.07 1.04 1.04 1.2 1.8
Distance to outer en- 0 7.6 9.3 275 27.5 29,0
gine
Gust load factor, ng 4.32 4 .08 4.25 4.10 4.23 4.18
-2.32 -2.06 2.25 -2.13 -2.23 | -2.18
Reduced gust load 3.65 3.47 3.60 3.48 3.59 3.54
factor, ng! -1.65 -1.47 -1.60 -1.48 -1.59 -1.4
Load factor due to +£1.28 | £1.17 | 41.99 | f1.98 | £1.98
ang. accel., ng
ng! + ng 3.65 4.73 4.77 5.47 5.57 552
~1.65 -2.73 -2.77 -3.47 -3.57 | -3.52
Angular acceleration, 12.5 5.42 4.06 2.33 2.29 2.20
ng! (100-70) 3.67 3.47 3.62 3.48 3.60 3.55
-1.55 =177 -1.92 ~1.78 -1.90 -1.85
ng, (100-70) £ 75 + .65 % .96 £ .91 £ 03
(ng T+1y) (100~70) 3.67 4.22 4.27 4.44 4,51 4.48
-1.55 —2.52 —2.57 -2.74 -2.8l| -2.78
Anz. accel., o (100-70)| 17.00% 3.16 2.27 1.22 1.07 1.04

*Based on an applied maneuver load

factor »>f 8.00.
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Figure 1.- Possible gusts acting along span.

Figure 3.- Assumed gust distribution.
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