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STRESSES PRODUCED IN AIRPLAmslwiHGs'BYLGUSTs*

’

: "
By Hans Georg Xussner

Whereas, .in calm air, the stresses in an airplane
wingz depend on'the airplane characteristics and on the »i-
"lot, thue latter has little or no influence on the magni-

. tude of such stresses in gusty weather from the point of
view of maintaining flight schedule and cruising spced.
Consequently,this airplane must be able. to Wltnstﬁnd such
stresses in any ca e.

Tae first information on-stresses in gusts was col-
lected by W, Hoff. in 1914.** At that time there was no
need to attach any special significance to.such siresse
becav.se the speed range of the airplane, i.e.,, the ratio
0f maximum speed in uniform level flignt to stalling speed
was, in most cases, essentially lower than 2, and flyiag
was, in the main, confined to fair weather, But since
that tlme the airplane has undergone cnormous changes and
improvements until to-day air traihsportation has doveloped
until it is practically imperative to fly under bad: as
well as good weather conditions.]

In order to gain.a: comprcnen51ve conceptlon of tae
flow pnenomena in the- open alr, let us first glance over
some neteorologlcgl renor ‘ C '

1. Offlclel entry of telephone conversation with
weather forecasting station, Tempelhof, Oct. 10, 1929:

WAt this -station the following vertical velocity

components of gusts have been recorded: (S

Normal (on cumulus clouds), . 2 to 4.m/s
Very fregquently in- bad weather . P Ik
o~ qég 4
zones, 6 to 8 m/s
Rare maxina, o . 12 " 13 n/ 593 22, 40.0Y
‘(Signed) Thalau,"
*"3eanspruchung von Flﬁgzeugfl&éeln durch Bgen.” Zeifé

scarift fur PFlugtechnik und iiotorluftschiffahrt, Oct, 14,
1931, po., 57¢-586; and Oct, 28, 1931, »p. 605-515,
*%¥Technische Berichte der Flugzeugmeisterei, Vol, I, 1917,
Ps Gl
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etter from German Haval. Observatory, Meteorolog-

ical Research Institute, to tne D, V.u,, October 25, 1929:

"In answer to.your request we submit the latest

reports of our forecastlng statlon.

Yo exsct moasurements on the vertical velocity
in gusts are availadble at this post, Ve cen
only give approximate values based upon our
éxperiences in numerous flights in clouds and
gusts. A

”he most violent buxps are alwavs eacountered at
the " front of an advenciag .gust roller, while at-
its upper border and above it the 1nten ity is
much abated, In this reupect only gust fronts
with cold air inflow areas are being considered.

The-order of nagnitude of the.vertical up and
. downward v91001ty components varl s between 5
and 20 m/s. :

Sidling into or flying through a cumulus, the
strongest Fusts are encountered dlrectly at the
border+of the cumulus; 5 to 10 m/s may be con-
sidered as normal for the vertical component of
the velocity. Below the OCu. an up current of
from 2 to 5 m/s prevails.,

In bad-weather zones 5 to 10 m/s.velocities have
béen noted quite frequently. Bad-weather zones -
‘accompanied by gusts are most generally bound
up with areas of inflow of cold alr and w1tq the
'pa,31nb of a convergence.* :

15 to BO:m/s are considered rare maximum in gusts.
However, it may be assumed that the maxinum val-
- ues of the horizontal components in bad weather
ma;: also be those for vertical gusts, so that
an extreme of 30 m/s is still within the ambit
of possibility.

——

-

*See ¥,

Exner, Dynamische iHeteorologie, Leipzig, 19217,

P 259,
Te Schmidt, Viener Sitzungs Bericht, Vol, 119, 1910,
Pe 1101, ‘ ' ’
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This information is deduced from airplane meteor-
.ograph records, The ‘ahove erperlences are con-
firmed by aerdological data from pilot balloon
ascensions. The figures cited are valid for
dynamic pressures within the first few kilome-
ters above the.ground. .

(Signed) Unterschrift,"
3., A, Lohr, Cloud Flying:*

"Phe -view of a convection cumulus field- is much

- morc imposing, The Cu. formations of the convec-
tion space ev1nce a much mightier form of towering
head than the. Cu. of the friction space; they rise
lofty into the sky and conjure, tarouwgh their sharp
contrast in light and ‘shadow eifect, miraculous,
magnificent pictures., Towering from their midst are
lofty thunderheads, reaching upward as high as 6000
meters, The pronounced bumpiness at'the border of
such towering heads is, of course, well known, 3But
the warning against attempts to fly through them can-
-not be emphasized enough, . They are invested by ver-
tical gusts of from 10 to 15 m/s velocity, whereas
beneath an ordinary Cu. formatlon the uprush of the
air is not expected to be more than 2 to 4 m/s and
which, of late, is so successfully utilized in sail-
ing fllght Closely related to the vertical curreant
with up~we111ng Cu. Heads are the caps over the Cu.,
which to a. large extent are ice formations and risen
stratus layers penetrated by the towering head. The

- latter spread out and often rise along tne flanks of
the tower, From time to time veil-like stratus

- clouds are pushed up by the turvulent layer beneath,
making one feel as though being above a smooth stra-
tus layer in which the cumulus fields Wltn soft
-fountain forms are imbedded. :

"Another important object in cloud flying is the
observation of the restlessness of the air within
and in the neighborhood of clouds. One case in point
is the restlessness of the air in the van of a gust.
Obviously, flight within or below.it is avoided. 3ut
IrequentIJ we started ahead of the oncoming roller,
It was found that in a spread of from 3 to 5 km in

the van of the gust sone very pronounced vertical
O L4

*liecteorologische Zeitschrift, 1930, September issue,
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gustse do -exist which, however, vanish immediatoly
after.ono .passes directly above thae zust roller,

where thé space dircctly behind: the gust head, in
narticular, is very cala." . - S

’

0. Lange, Thc Acrological Conditions.in’ Cumulus

Clouds:*

MWAlthough the entire descent was made with idling
engine, the instruments' recorded practically the
same &altitude for 20 seconds at 3000 meters, and a

‘gain of over 100 meters in 40 seconds at 2500 meters,
‘“which can oanly bé explainéd as being due to vertical

movements ia the air,  The sinking velocity of the
airplane from 4800 to 3000 meters is 540 meters per
minute, and from 2600 to 1200 meters, it is 530 me-
ters per minute, or approximately 9 m/s. According
to this, the upwind at 30006 meéters is about 8 m/s,

and 12 m/s at 2500 meters, In between, the vertical

velocity is from 2 to 3 m/s,” " - | ‘

Recapitulation: The records reveal that the air

.bodies of cumulus clouds by "folloWwing weather"' are

colder than the surrounding air, Within the cloud,

a fairly humid adiabatic gradient holds sway, the in-
versions and isotherms of the vicinity are destroyed
by the turbulence, bdbut: a stronger inversion at great-
er heights acts as barrier layer, . The verticsl mo-
tion does not extend uniformly over the whole cloud
dut fluctuates horizoantally; -the maximum recorded
upwind velocity is 12 m/s. Around zero Temperature

considerable ice formed on ‘tle -airplane; below zero

we encountered hail, Aside from pressurc spots on
the propeller the airplane, being all-metal, showed
no visivle damage. 3But the whole. flight demonstrat-
ed that it cannot be emphasized ernough not to fly
through thunder clouds." (Compare the altitude

time curve Ho. 4.)

*Beit

i

. T .
rage zur Physik der freien Atmosphare, 1930, Ho., 2,

L
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"Georgii, .The Airplane as Hedium for AOTOlObICal
Researcn'*

-"The Weather COﬂdlt‘OﬂS of the flights on July oO,
1929 - are characterized by. the occlusion of a "low,
‘,shlft1ng durlng the nig ght of ‘the 29th from tae coeot
of the ﬂorth Sea toward the Pomeranian coast. - The
L,fllghts were ‘made in the very unﬂtaole cold " alr bod-
-ies: behind the froat. The instability of ‘the atmos~

-'phere was manlfested by pronounced cuma]us clouds
(8/10 cu.) throughout the whole day which, without
‘connectlon to dlstldct fronts was 1nuub1tab1J due to

- the- strong turbulence of the brisk west wind, " The
~upwind flights. this day are uyplcal oP ‘the existing
- vertical motlons in such cumuli. .We have the records
- from three sailplanes: the "Luftikus," pilot Bedau,
. at 12,11 p.m., thg. "Wlen " pilot Eronfeld, at 3,30
. Pem,, .and the "Rhonadler,ﬂ pilot Groenhoff, at 5.25
. " Pelde -which, in. splte of the difference in the hours,
show many common symbols of the vertical motlon.
The "Wien" shows an almost uninterrupted climb from
take-off at 950 m.up to 3000 m, first in the dynanic
upcurrent of’ the Wasserkuppe, then from 1500 m ‘on in
~the uprush.of a cumulus entered after leaving the
mountain slope. The cumulus was traversed from base

" to-top, so the vertical welocities at 1600 to 3000 nm

- height correspond to the rlslnv air current in the
cumulus, The maximun (5 m; s) was reached betwecn
2200 -and 2700 m, One aurorlslnﬁ fgature of thng’
‘three flights is a distinct abatement ia the aocend~
ing .air current- at around -1400 m altltude. The¢' rec—
ord .of the "Wien!" showed only & short bend in tnc

p altitude-time.curve, whereas in the "Luftlkus" it
manifested at this height longer variations in up-
and-down wind, very similar to those in the "Rhon—
adler," but of course, of decidedly shorter neriod
within the same level. The very violent vertical

-gusts encountered at 1800 m, according to Groenno

record are. partlcularly illuminatinge.

"""in

Between the 51st and oSd nlnute of fllght tne
airplane was pushed Gown 140 m in a few seconds and
pulled up again 170 u in the next, Two other simi-~
lar but less violent bumps followed immediately.

*Beitrage zur Physik der freien Atwosphare, 1930, Ho. 3,
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The ‘shock and the torsion were so severe that it tore
the plywood covering over the fitting 6f the wing to
the. fuselage. The evaluation of the gusts reveals a
de°cend1ng alr: current of 9 n/s, and an ascending
current of 10 m/s where, of course, it should dbe
borne in mind that these velocities still represent
averages, even if only for a period of from 10 to 20
‘seconds. The altitude-time curve of the "Luftikus"
also discloses marked fluctuations in vertical cur-
‘rent for this day. The upwind velocity jumps at be-
“tween 1200 and 1500 m altitude also within a very
few seconds, from +4,1 to 10,8, then to 4.7, and
again to + 1.2 m/s. This is suggestive of the exist-
ence of very material vertical currents in cumulus
4c10uds, even 1f- they do not develop into cumulus nin-
bus, and their 1mnortance in aviation is far from
- secondary because’ airplanes and chiefly airships are
" subject to enormous stresses in . such snort period
“vertical gusts U (Compare altitude-time  curves Hos.
-5 and 15 ) I
S Georgll, Repoft on llth'Rhgn Glider Meéet:*
"Sedau ilrst sailed in theﬁupwind of the Wasser-
kuppe,_;n the 214th minute of his flight: he con-
nected with the upcurrent of a cloud which carried
him at moderate rate of climb to 1500 meters” abso-—
lute altitude., After-the first rise the upcurrent
in-the cloud abvated then suddenly in the 226th
minute an abnormally powerful -and wholly unexpected
current‘clutéhed the airplane and lifted it over 900
meters withih 3 minutes. The sudden rise was fol-
lowed by a drop in which the rate of descent in-
. creased to approximately 25 m/s, which later changed
into spiral flight, in which Bedau then emerged from
‘tne .cloud. On the basis of 0,7 m/s sinking velocity
for the "Luft“Kus,' the vertical velocity in the
cloud ranged between 6 and 7 m/s This rising air
current in an ordinary cumulus of around 1200 m am-
bit is very great. It exceeds the previously meas-
- ured vertical velocities considerably and demon-
strates more clearly the existemce of vertical move-
ments in ostensibly harmless appearing clouds which,
-ordinarily,; are not suspected outside of storm

%Zeiﬁﬁchrift'fﬁr Tlugtechnik und Lgtorluftschiffahrt, Vol.
22, Yo. 5, 1931, p. 131,
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Sor clouds. Tho uncxnuctud St&&OJ shii from very low
'gﬁhw::vertlc 1 motion to ghreat as cnndlug37e1001t1es,:as
~» gyidenced by Bedau's baroprdm ‘in thée: 226th minute,
o deads us to- sirmise that' thas. upwind in  the cumulus
oo igi’caused by an eddy with horlvoath or‘even verti-
. cal axis, and the air current's or a moutitain ‘slope
. "offer . many. possibilitie es to -zenérate gucn eddies, "
,-~w“(Compare altitudeatime Curve. no. 1. ) B

Moltchanoff Structure of Squalls in- the Open At-
mosphere* (Aeasu*ements on’ HOrlaO tal ‘Gusts; tne
'Structure of Vertlcal Gusts 1s “undamentellj Simi-
lar): ST N A Co
“The records from kites indicate the venera1 dura-
~+ .tion of eath gust at: ' from 0.2"%0 043 second although
in isolated cases, gusts up to 12 sééonds have been
recorded., Pigure 1 shows one of such kite records
THe gust lasted about ‘4 seconds, - At Dresent we are
king- COntemoerary studles of rusts at d1xzerent
AY B

nelghts." (See flg. -;;

e o

‘8¢ W Schmldt The Structure of the- 71nd *

."In'the sumﬁerfof~1928 ‘we were able to explore a
field of about -10°'X 10 m in 25 different test sta-
tions on -the Aspern airport in Vienna, The test
‘spacing (2 m), of ‘coufse, was So wide that the 'small-
est interferences escapcd, but it brought out the
‘major changes only more cTengJ. The »lace was fa-

- worable} wé: eXerclsed great caré’in having the winu
pass over. the field "to ~the observer's post which was
placed Tar enougn away Trom 211 duildings so 'as to
"give the wind:a“clean sweep (surroundlﬂr is- farm—
land), The best of the 17"séri es, ‘onr JuYy 24, '12.14
P.m,, suany, very hot (over 30°c), wind ¥.,W,, com-
‘prises 300 recérds, vepre,enued in ézectly the same

‘‘manner as Poaersdorl s sorles (real 1nstantaneoas
_1sotacqs) I R

Secause of the limited space, ‘we reproduce only
sections of it, The iniividual.pictures“are.l/?.s
apart; they are given _.in ,groups .of tarce -at interwvals
of approximately 1 rsecond in Figure 3. S :

*3eitrage zur Paysik dé;nfreien.Atmosph;ne; 1930, H¥o. 2.
¥*Tigner Sitze-Bere; Vol. 138, 1939, p. 100; Deubsche
Forschung, 1930, No. 14, pe. 58, ool e
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This large cross section substantiated the deduc—-
tions drawn prev1ously aarked variation in flow ve-
lOCltJ vertically and horizout@lly, frequently faster

7mov1ng lavers beneatn slower omes, practically no
-'sigh of a real eddy (at least, not of tho order of

'magnltude of several meters), eatry of ra pidly mov-
ing masses., New information was gained with respect
to the transformation of such masses, waich in this
case arrive usually in a more horizontal direction,
but subsequently appear to straighten up. The sur-
*prl ing fecature is that the stroangest coantrasts of
t“u veloclty in sueh. bumps follow 856 closely along
one another; two meters farther the velécities may

be as smooth as l:4 W1thout produ01ng a proper equal-
lZa.tlon." .

9. K. Veg enor, ,Application.of-Eiight‘Weather Obser-
"Vat10n5°* . T '

"The gustiness reported bJ an alrplane may ve the

Trésult of three dlfferent causes, Two air strata

stably superposed dbut moving in different directions
evince billows. along their boundaries lile those gen-
erally seen where water and air meet, These aerial
billows have Just as little regularity as the sea
billows and are felt in the.airplane as violent

bumps - bumpiness, They arc readily recognized as
such because they. occur only in a comparatively thin
layer which: rarely exceeds 100 to 300 neters t 1ici-
neus.** ' o

.

' "A second form of bumpiness is that encountered

"when the air is turbulent; it is similar to the irreg-

ular, eddying motion of a river, This motion is rec-
ognized in the airplane by its rapid changes dut not
such Dronounced bunps. . -

The third form of bump is caused by the verticel
exchange of air., 'Cold air flowing over- comparative-
1y warm ground becomes heated, rises, and cold air
from above takes its place. Tals exchange is usual-
ly strongéest by ¥.7, to -¥. wind, It may attain ver-

*Der Flugkapitan, 1930, . do0, 11l. -

LE N _
278, where he cites a;wave. 1engtn of 441 n for a- m[s_

M, Exner, Dynanische lieteorologie, Le$pzig;“l9]7

difference in veloc;ty aid 10°¢.difference in temocraq
ture. “Handbuch d. Techn. llechanyik, ,Vol. VI, ‘Bérlin,
1928, p. 240,
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tical velocities up to 15 m/s, although it makes fly-
ing almost. impossible even =t from 57to 10 m/s, with
the sluggish and inherently stable alrplanes of to-~
day, because of the tiring effect on the pilot, The
prevalence of - thié’”ind”éf bumpiness is contingent
upon the temperature gradient bveing greater than '
0,01 C/m by dry air, so that the air is in "stable"
‘equilibrium, . Thé first ‘two kinds of bumps preseant
no real danger to flylng unless the airplane has

. about rceached its’ celllng, that 1s, has no surplus

Aupower 1eft "? e :

WING STRESSES IH GUSTS

The author and This collaborator Kasperelt have made
a series of optigraph measurements of - such stresses w;tq
the Junkers .G 24, F 13, and the Messerschmltt ¥ 24 in 25
flying hours. - The method Yas already been described else-
where.* The installation into the fuselage and below the
center section of the wing can be seen in Figures 13 and
23, while Figures 14-16, 24, and 25 show some sections of
the records, Figures 3, 17 19, 26 represent merely some
of the most typical cases,

In the Messerschmitt .24 we used two optigraphs for
recording the deflection of the wing over the whole span.
In this wmanner errors induced by shifting of the instru-
ment are more easily eliminated, The maximum static de-
flection of the wing tips in flight with full gross weight
amounts to about 95 mm as coumpared to the normal position
of the wing on the stand.,” The maximum dynamic deflection
of the wing in . sun gusts during a five-hour flight from
Berlin ?o Friedrichshafen amounted to within ¥35 mm, (See
figs. 3,

In the Junkers F 13 the static deflection in flight,
8.85 m from the center of the fuselage with full gross ;
weight, amounted to 75 mm as compared -with the normal po-
sition on.the stand, The maximum dynamic deflection for
2 flight over the ilarker Sea in bright sunlight was 52 nm
at 300 m altitude. (See figs, 17, 19, 25.) To compute
the l1oad factors the static deflection of the wing for
its own weight would have to be determined and subtracted
from the total deflection, This could be accomplished by

*TUssner, Zeitschrift fdr Flugtechnik und Motorluftschif-
fahrt, 1930, Vol, 21, p. 433,
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dlSpOSlng the whole airplane on an 1nc11ne, an- investige-
tlon whlch is to be made later. L

The low stresses in dlstlnctly oﬁprmy_weathqr are sur-
prlslnb.' . - - Co

AIter several such measule ents have been obtalned
particularly of bad -weather flights,. the ration=: dynamlc
deflection to flight speed is plotted abalnst ‘the loga-
rithm of .the frequency .and gives, by extrapolating accord-
ing to. Gauss! law of distribution, a criterion for the
requisite strength of the wing, '

We also examined ‘the fine structure of several opto-~
grans recorded in the I 24, the F 13, and the G 24. Te
measured the variation -of the deflection.of the. extreme
station on the wing with respeet .to the tlme. (See flgo.
6 to 12, 18, 20, and 27,) .From the intorval -0f the rise
-of .the deflection to makximum, and the shape of. tne ]in
of ‘risd, iwe can draw ¢onc¢lusions: aoeut the structures of.
gusts, (Compare sectlon on Unsteady Wlng Lift, pafe 14. )

P

‘ﬁoTATION.A’

ag:to a, --coefficients of the differential equa-

- tion (23).
AL A, A integration constants (equation 25).
a - , ~ . angle of attack.
Qo , angle of attack.for maximum 1ift coeffi-
- cient (equation 7a).
o m semiépan.
C o . 1.‘integrati6h'constant,

' - 'm/s - 2. coefficient of gust stress,

: C; minimum value for strength calcu-
lation (equation 28).
dc, U .

ca’ = E&é variation in 1ift coefficient with an-

gle of attack

Cy _ circulation factor (equation 5).
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- gradient of .gust velocity (equation’

152a)

coefficients of unsteady 1ift; mng,
MNoq - = time rate of averages {equation
11). '

basis of natural logarithm.
g

elastic line of deflection by acceler-
ation 1 m/s2.

‘Wing area.

true elastic line of deflection.

direction of gust with respect to the

- horizontal-(equation 8).

_ 1 o¥%
Y —-‘-_"*;'5-8- 1/m
n (s), Mg (s)
e
£(z) = L{2) 42

g

F m=2
F(z) m
)
¢ (n s)
g m/s?
G C kg
. PR :sé' e
h s pii}

H

gl

~
H
i

k kg g/a®
X g
K, kg
K,! kg

- Kg kg

.Tunction of stdrting poiat distance .~

(equation 1).

1éccéleration'6f gravity.

gross weight of airplane.

1, displacement of zero point (equa-
~tion 22). - .

2, distance of starting point from tane

source of motion for computing the
circulation (equation 1). . .

fictitious unit.’
factor (equation 20).
normal load on the wing (equation 2).

maximum normal load preceding separa-
tion of profile flow (cguation 7).

maximun normal load at separation of
flow {eguation 7a}.

normal load in steady level flignt
(equation 70).
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dimminution factor (equation 4).

‘wing chord.

roots of the typical equation (24).

mass/unit of 1engﬁh.

-vidbrating mass (wing mass and co-

vibrating air cylinder (eguation 20).

.turnlng moment around the forward
" neutral point (at 1/4 wing chord)

(equation .3).
mass'ratio (equation 13a).

load factors (equation 8),.

load factors for vertical gust,

critical load factor.

(mnaximum) load factor for pull-up.

¢

basic frequency of wing in flight,

basic frequency of wing on stand,

exponent of velocity increase of gust,

coefficient of induced drag (equation
5).

air density.

relative flight path = ratio of {light

"‘path to wing chord,

path on whlcn the velocity of the gust
increases linearly from O to maximum
(equation 15a).

time,
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“iratis of factual to - computed fust
stress by assumed steady flow and rec-
tilinear7 ot*on (enuptlon 13&),

- maxlmam for U(z) (equatlon 7y
flylng sPeed

maximum Horizontal speed,

stalling speed.  (Landidg speed)
T(équa;tio'n '9) . A S

veloc1ty of rear neutral point (at
3/4 of w1ng chozd) (equatlon 1)

- :vectorlal veloc1tf of gust (equa- ) _

’ fabsolute value of ﬂust veloc1ty
" (equation 6)j Wy . in a descendlng
cgust’ (ecuatzon 15) :

ideal normal veloc1ty.

- mean horizontal wind veldcity (equa-
tlon 6) _ : ‘

V. . R

l. ve1001t} component pcxoendlcular
to plate surface.

2, vertical velocity of the air'(gust)
~ with respect to fllght oat“..

angular velocity.
“ideal angular velocity.
velocity ratio (equation 8a).

dwspTaceme nt of one wing element per-
prendicular to dlroctlon of flight,

deIlectlon of. elastlc wing.,

(eqaatlon 11)



14 N.A.C.A, Technical.Memorandun Ko, 654

z m coordinate in direction of wing span,
oo - . - Coee s e - -

Yo
e e « . . h . - s L3
¢ = elastic elastic overstress = ratio of maximun

5r1g1d dynamlc stress in an olastlc wing to
7 " that in a rigid wing,

UHSTEADY wxne %N‘

H. Wagnen* in his dlssertau;on, gave a general anal-
ysis of ‘the dydanmic llft of” alrplanc wings in unsteady
motion, . :

Assume a flat plate of chord 1 and span o« moves atb
velocity v., ¥varying perlodlcelly in time and directioa,
througn thepfluld. and simultaneously rotates at period-
ically changing angular velocity w'. - Further, let v
represent the velocity of the rear neutral point P Rin
S/& wving chord), - o the angle of attack between the di-
rection of v =~ and that of the qute' the 'fluid in « 1id
assumedly at gest all angular changes are small and point
0 1is the source or~starting'point of the unsteady motion,
(Sco figs 28,) :

Then let**
0 o .

. ) 1 A — d h
w(s) = v, sing = = d(h s l + guh § e 1
() = v L e ) /3 e )
be tho‘compoheht of, the veloc1ty perpendlcular to tne oléte
surface,
Yow the normallload'acting on»iﬂelplato is
vy, 1 o (1 i h
=110 Vp W - zp - (b s) . +
°©° /1i+s-ns,/n-n
m dw P 4w (2)
4 dt " 1e dt ~

*H.'Wagan, ueltsch*l?t fur ‘angcwandte matncmwtlk und de-
chanik, 1925, pp. l7~65 .
“*Insort in tho formulas of thce thesis: « = h.s and

u(a) M/a = ¢(h S)o
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The moment about the forward -neutral. point. -

3/4 wing chord), counted tail heavy.when: p051t1ve, more-—

over, is

¥p = =

e

Avp'w.—f

Now in order to define the function ¢ (hs)
the distance of starting point:

hs <.1 by tbe function. .

N

hs > L'}i_:h'

and br1ng both sides of equatlon (1)

agreement

i

@(h s‘)

a(h s).

]

]

2 anp- :(‘h', s)m

Y- ap (h S)fm

15

(at

- (3)

U express
"from the motion source

1nto apprbximate

An approximate solution“for normal velocity w(s)
o} _ .a sudden inferior change in «,
been given by H. Wagner.*

constant, that is,

eguaﬁion (2) is

4 A K=290 vp

wherein the diminution factor

is to w1tn1n 5.6 per cent correct

kK (8) ~ arc'c§ﬁ s

appended "in Table I

.Wk (éZf

2

has

In this case the integral of

The exact figures are

Table I. Unste“dy Lift
s 0lo0.25] 088 | 1 2 5 10 |=
1-1/m arc cot s/2|.5 [«5396{,5780|.,6476|.7500|.8788].9371i1
M =1=1/mk (s)|{.5[.5557[.6006 .6693|.7582|.8745| .9321] 1
R nd(s)*il o (.450).572 -.652' J749 |,871 951 |1

* Zeitschrift fur angewandte Mathematlk und Mechanlﬂ,

1925, p. 31.

** See equatibn (11), ?; 21.
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In the general ‘case of ‘arbitrary:velocity. chang
which may be visualized -as consisting of. a multltude of
small abrupt changes, the normal load then is ‘

-~

d: ds +

. _ g o s,
n(sl) =1 P vp w(s) - P 5 of K (s, --“s)_ is

TR dm mbody o (8

The. first term represents the steady 1ift in undis-
turbed flow which, in airplane wings, is lowered by the
effect of the finite span and the skin friction. So in-
stead of factor T .We write the 1ift coefficient* as

oy ‘. o
~ ~ 2,3 : (
2. 1+ 271, ¢ _ 5)

It is to be assumed that the skin friction effect is still
further reduced by the other unsteadj terms of equation
(4), in so far as the motion has its 1ncept10n at o = 0.
But, since this condltlon is not complied with in most
cases, that is, vortex trains already exist, the value
given in (5) is introvduced in all terms. . An experimental
check of the validity of these assumptions, altaough very
mv:h to be desired, is difficult %o carry through, How-
ever, in no case is it permissible %o express coefficient
c,' as the 1lift change of the\mhole airplane or as a val-
ue in the neighborhood of the separation of ‘flow; but al-
ways by a mean value for the airplane wing.

STRESSES IN AIRPLANE WINGS BY GUSTS
FROM ARBITRARY DIRECTIONS .

The novements of -the air massés quite frequently ex-
tend unsymmetrically from the ground to several thousand
meters, as the weather reports, cited at the beginuning of
this report, clearly indicate, The mean horizontal wind
velocity w, is, topped by a gust vector

W=V, el¢ | L o -.: (8)

xSee Zeitschrift fur Flugtechnil:. und ilotorluftschiffahrt,
1928, p. 516, for comparison. For conventional Wing
sections ¢, ~ 2.5 to 2.9. PFactor r, = F/4nd® cor-
responds to the aspect ratio of the wing,
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with a possible’ amp11tude of from w4 ~ 0,5 to 1,0 wp.

At the customary.flying height - 1000 to 2000 meters -

all angles @ of the gust dlrectlon with the 1orlzonta1,l
are probable; the disturbances in the uniform air motion
in this case may be construed as turbulent rollers. The
air loads on an airplane wing flying into a gust are

about the same as those caused by sudden changes in angle
of attack and air speed in calm air, In soite of the fact
that the above stated postulate of the fluid at Test &t
infinity no longer holds for thi's problem of the flow, (p—
preciable discrepancies with respcct to the above prodblem
arc only to bec expectecd during the time of centry of the
wing into tho turbulent ball boundod by an aroa of discon-
tinuvity., o

In viow of tho sc“rcity of ‘information .on atmospheric
air movements and of tho mathomatical difficulties, an ap-
proximate application of thc proviously achicved rosults
to the wing in agitatod fluid should be of interest,

To get some conception of the . effect which direction
¢ of the gust vector exerts ‘on the stress i% an airplane
wing, it suffices to make a rough calculation of the max-
imum normal load for the time after the entry of the wing
(relaulve flight Dath s > 1). The veloc1ty E within
the gust is assumedly invariable while passing from 2 to.
5 wing chords wherc the maximum stress usually occurs,

It is also prosumed that the longitudinal inclination of * .
the airnlane with respcet to tho horizontal doos not
‘change, Consequently, the normal. load must be computed

from the first two terms of equation (4). According to
the agsumption (8) regarding the gust vector, the effect-
ive hquzontul veloclty is Vp =V +w L cos @, and.the.

normal velocity is w = v sin ¢ + wy sin (a + ¢). (See
fig., 28.) .Thus the maximym normal load on the wing i's

s
KT P vy w =1 P vy (1 = Ty) dw 44
0 P P v (o) Of ds

~ TP (v+ wocos @) (visin o t Uy Wy sin (a +9))  (7)
. .. factor, Uy, .is eractly vomputed elsewhere., Its
numerical value is 0,6 to 0,7; Table II was compiled
with mean value. U, ~.2/3, | :

o Now let sin a0'~~0.3 represent the angle of attack
at which the steady flow separates., Stipulating that the
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separation also occurs for unstealy flow at the same an-
gle'. o, ° the normal load, on the other hand, cannot grow
beyond ’ .

Kot <1 P v2 (1 e,ﬁ Y sin o + T P v,2 U " gin o (72)
o S vE T Vo , Y o .0

The maximun acéqierationAof the airplane in multi-
.ples of acceleration of gravity, called load factor, now
is obtained by dividing (7) and (7a) by the steady 1lift

Ky= 1 P v2 sin a,. (7o)
which equais'fhe individual weight?@f the,aifplane. K-
' ' w
pressing the ratio of the velocities by 7} = { and

sin a ~ tan «, since it is al¥ays a matter of small «o,
the load factor according to (7) ‘and (7a) now becoues:

ng (1 + ¢ cos o) (1‘+ ¢ Uy cos ¢ + ¢ Uo §%%§%\ (82)
A . : i
ng 1 =T, + U Z%%f%g 1+ & cos@? {(8%)

Teble II contains several illustrative examples of
load factors computed in this manner, N ’

Table II. TLoad Fadﬁor of Gust Stress
with Respect to Angle of Gust

¢ lsing | 9=0] 10° 20°] 30°] 40°] 50°] 60°} 70°| 80°} 20°

o f1.3611.5611,74]1.90{2,0112.09!2,13|2,12{2,08[[3,00
o Al Bl gt A Bl il Bogl Jhodia il Il el [ ALK M —d
0.2 O*l?°{ - - - - 12.3202.24{2,15(2,04(1.94]1.83

" 10,100{1,86(1.63 |1.88/2.0912.26]2,382.45 (2,46 2,412,553

- W 10,067!11.36|1.77({2.15!2.48,2.76/2.96(39.,08|3,1313,00}5,C0

v 10,050{1.36 (1,91 [2,42]2.87|3.25!3.54!5,7213,8015,77 3,57

ol 1.56(2.00]2.40(2.74|2.9913.1713,25 3,24 |3,15(2.99

0.3 0.100{ DTS 13.5118.3615,1812.98 [2.76(2.55(2.33

~;1.78712.40{2,97({3,45/3,81 |4,0414,11 |4,083,9213,5
0,410,100 "2 10 13,9713.7613.50(3.21 |2.93 |2.62| 3,

l
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The lower figures of the series indicated by A are
occasionally valid and have been plotted against ankle. of
gust ¢ in Figures 29 and 30. The maximum load factor is
reached at @ ~ 65 to 70°%, -although-it differs but little
(not over 10 per cent) from that at ¢ = 90° that is,
load factor n, produced by a vertical 5ust " Moreover,
the numerical value of n, can be used for estimating
the ‘maxinum stress .even if -the corvesoondlng flow attitude
is no longer realized as a result of separation, because
the intersection of the two curves (8a) and (8b) yields &
value which differs but little from the load factor ng,,
altaough for smaller Q.

By given flying speed, that is, prescribed steady an-
gle of attack sin a, control maneuvers without speed in-
crease, that is, pull~up from norlzontal 1"‘l:Lgnt do not
produce a 1oad factor hlgher than

sin Qg - v2

n- = . = . (9)
~T8 . sin vy® T
wherein v is the minimum sustaining speed in unstalled

flight (landing speed).

It is worth ment*onlng that aucordwng to recent
flight tests by the D.V.L.* the eangle . q,. of the separa~
tion of flow in flight can be essentially higher then for
model tests in the tunnel,

Tﬁe speed of present-day airplanes is, with few ex-

ceptions, at least v = 40 m/s ‘or more. O0n the other
hand, it can be assumed. that a gust velocity of more than
wo = 15 m/s is seldom exceeded, so that the velocity re-
lation" :

£ = > < 0.4 : . (9a)

may be assumed., According to Figure 30 the load factor’
given by (9) for £ '= 0,4 in oblique gusts cannot be ex-
ceeded by more than 25 per cent. This figure.is practi- .

*F, Seewald, Zeitschrift fﬁr Flugtechnik und Motorluft-
schiffahrt, Vol. 22, ¥o. 13, 1931, pp. 405-410. - Accord-
ing to recent Wlna-uvnnel tests of ¥r. Kramer at . the
Aachen Instl*ute, tne- -angle stalling. by unsteady flow
increases by A qg ~ %} E%
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cally unaffected by the size of load factor ‘ng. Then if
we -estimate the overstress of the wing (calculated fur-
ther -on) by. the loading impact (swinging bteyond the cqui-
librium 9031t10n) at approximately. 20 per cecnt, we ob-
tain a rough upper limiting wnluce for the possible.load
factor in gusts: ‘

ngl+1.2 (1.25 Yoo~ 1.5 (91)
. - vy, / vi? -

The question of requisite strength and safety factor is
purposely left open. For high-spced airplanes the assunp-
tion (9a) is too unfavoradble, so that condition (9D) ‘is
likewise not always fulfilled. (Sce fig. 485,)

Thls type of airplane must be studied more in- -partic-
ular for gusts of limited amplitude, say, W, = 10 to 15
m/s. In view of the other sources of error of the calcu-
lation it amply suffices to compute these alrplanes for a
vertical gust, since no materially higher stresses are
p0531ble in other directions of gusts. K 3ut in a calcula-
tion of ‘this kind the separation of the IlOW must not dbe

takXen into account.
BQUATION 'S OF HMOTIOH AWD STRESS 0N AIRPLANES I
VERTICAL GUSTS, PIL APF PROBLE:

To begin with, picture an airplane as rigid wing with
® span and mass m per unit length uniformly distributed
over the span. The previously cited omission of changes
in inclination of the longitudinal axis of the airplane
against the horizon is permissidle because the wing is
raised only a few centimeters w1tﬂ respect to the tail
surfaces, at the beginning of entry into the gusts As
soon as the tall surfaces have-penetrated, they are raised
much quicker by the gust than the wing because of their
much more reduced mass, so that the initially slight rise
in sngle o is already on the decline at the time of the
maxinum stress. The introduction of the longitudinal in-
clination in the subsequent *orma1ao, nowever, entails no
fundamental difficulties. - v ' .

«le

'Tith the above assumptions it is now possible to sim-
ulate the effect.of the vertical gust on the wing by at-
tributing to it an ideal angle of attack change. Suppose
the wing flies at constant speed v and o = 0 from calm
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air vertically into an area of discontinuity, behind whica
the zir has the constant vertical velocity [ w,,  Consid-’
ered physically, a steady increase in normal load and mo-
ment is anticipated. This, evidently, is the case when -
conformably to (3) and (4)* ' o

R Lo . .
N L ' il e , :
Mn=i‘g[-v'wi.—“’i+'§j=9_  (1~0)

i

VTTp o . d)i -
Ak =7 [“.’1. :-’zr].—.. -

Taking into account that the relative flight path is
vt/l, equation (10) reveals the ideal angle of aot-
tack change the wing would have to make by steady shift

into the gust. The corresponding ideal normal velocity
is ' :
et o= i © -6S
‘ -88
Wi = wg (1 - e ) = WOQI(S)f

According to (4) the normal load becomes:

X=m P v wy (L=~ o~ 51 s) g%éil ds=

S, ;
- P v Wy f‘ K (%. -
. . o .
=1 P v Wy Melsy) « -+ .. (11)

The new" factor ﬂo(s) is given in Table I.  HWow the
normel lozd on the wing by ‘arbitrary:change’ of tae -ver-
tical air veloc1ty w(s) 1is readily computed from (11)
because o '

s

K=1m90° v jl No (s, - &) %E ds (12)
0 - 5 .

is anclogous to (4) and (11).

The third and fourth terms in (5) diseppear confora-
ably to (10) as long as the wing wmoves along a straignt
line without turning. 3ut as soon as the wing mokes é&n
accelerated novement tqroubn the unsteady aerodynamic

e s . dx 4w o _ A3y
* A '] - = o d) ST et -~ SR,
Abbreviation: X ait’ = it’ y it
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" 10éds mcting upon it, the additive. air load must be com-
'putod cccordlng to (4).n“' : :

‘So,~when dlsregardlnﬁ the rotation, and denoting the
wing wmass by m  and the vertical component of the wing
motion by y, the integral equation of the flight path

for an airplane of chord l pass‘nr from calm air into a

vertical gust is

P egy +.‘3.1,3_.. _ e yat =
( R f n (s sy y d t
. p o ! o . .
o= treel e - m R - as)

Tith the abbreviation:

2 m 1 by ' .
- . et 24 = . — = Xa
v t s; 5o 7 W v Wy U(s) (132)

Equation (13) then becomes:
s s
1 I . -1 1 . dw(s)
+ = - = = - praddils -
Ulsy) u.é n(s, s) U(s) ds _ { Mo {8y -8) e ds
Cooo S (14)

The new variable U(s) gives the ratlo of the true
to the calculated stress by assumed steady flow and lin-

‘ear motion, This presumption is approximetely correct

for a wing having o« mass after a certain entering dis-
tance necessary to set up the steady 01rCu1at10n. Conse~-
quently, - U(s) 1likewise expresses the ratio of the true
stress of an airplane with finite mass to that of an air-
Plane of o« mass

The total load normélly adfing on the wing inclusive
of static 1ift is according to (7):

o %al “U(s) cos a (14a)

The desired maximum of U(s), that is, the maximun
wing stréss in the gust, can ve graphically determined by
iteration from the intcegral eguation (14), aftcr making
the necossary assumptions regarding the local distribu-
tion of the gust intensity w(s).
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Judging from the revorts of }oltchanoff and We
Schmidt, the gradlent of- the ve1001ty can. assume values
of the order of .

19

y:g,gg 55 = O to 1.5 [1/m],

e

or, in other words, the violernce of the gust can rise

from O to maximum even within a flight distance of 1/7

~ 0,7 m, This is less than one wing chord and already
approacnhes.a sudden clhange in-gust intensity as previous-
1y assumecd for the calculation of factor m,, - despite the
fact that only steady transitions in the atmosphere and
'flllte values of gradlent Y are phv81cally feasible.

The most elementary case, which occurs rather frequently,
is the linear rise in vertical velocity from. O to a con-
stant maximum W,. (Compare fig. 1.) :

Assume for the flight path

Wo dw Wo
s = 0 to sgr Ww = P s is = -;(-)- i
- : o -
: (15)
s = 89 to. s, W =TWo ; %% =0

wherein the path along which the velocity increases is:
D ; ' : : i

5o = e _ _ (152)

The integrals in (14) really contain, so to .speak,
the entire antecedents of the wing motion as well as the
after effect of previously traversed gusts., .For instance,
the wing may have attained a downward velocity w,!
through a descendlng gust, ~In this case, according to
(15), we have .

o w, ! ’ w aw W
- a- o_\. - 9 .. - -9
s = O to sq \1 + 7o ; w=35,5 T 5,
(1. + \ t "W ot wgtr oo
= ~-o_ : w =W - W ; —=
S So \ o 0 S v [ 0 ds ’

and now we must insert the inferior limit,

. wal
(o]
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“in the integrel on the right side of the subsequent equa-

tion (15b) so as to include the approximate previous ef-
fect of the descending gust. .An exact integration .of (14)
for a’ longer fllght dlstance would consume too-much- time
and Pe abortive at that, 'Decau°e of our lack. of informa-
tion on the structure of gusts. .

Wow (14) becomes through (155

i .. B S - 5, -
U(SI) +'l,fl'n (51 - 8) U(S).;ds.‘-—.- 1 S fno(s) ds (15b)
. %o simsg

MWhICQ ylelds tiie maximunm Uo given in- Flgure 32 as ‘func-

tions of tne path s, = 1/Y 1 aid of the nass ratlo W
The values of U, < 0.8 occur w1tn1n the technical

The formula: w.= WO;CI-“: "S/SO) L (15)
embraces very rapid aé well as very slow increases in
gust velocity from O to wy, in a function which for
s = 0 and o subtends the“curves of formula (15). (See
fig. 31,) Writing (16) into (14), ‘we obtain:

s

1 S, S, A - —

U(S )yt o T](Sl-S) U(s) ds = f Mo (s1-8)e

) (17)

This intégfél equation yields as. solution a éiﬁiféf
benavior of the maximum U, values as with (15) (fig,

.33); but they are lower than in the first formula because

of the steady decrease of gradient 7Y <for equal values
of s, (fig. 32).

For very small gradieants Y, that is, for very slow

- rise in gust, 'the maximum stress is attalned only after

a flight path s, > 10. ZEven then the integrals of (14)
can still pe divided without appreciable error into

. s . .
1 .
e 4om ot e = w(s)
U(8,) T ¢ U(s,) ds = Mg o (172)
Setting U(s) = A o™ 8 the left side as linear differen-
tisl eguation, yields the root ‘
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A= - .11&.
s L. U,,

" Figure 34 illustrates the approx1mate course of the
averages TMp. and Mo for linear "increase in vertical
velacity w(s) and for stress. U(s). At s > 10 both
averages.are already >-0,8. Writing. these values as . well
as (16) into (17a) and further considering that U = 0
for s =0 also, we find

! v - . - .' K . - ﬂm _ S,
o s =
e = - -ie
9(s) wnoy T i

M
The maximum stress is reached aftex“covering disténcé;’
in nm.—ig_‘-:.
51. = .5, ,......_.__.;._H_.:_., -
Mm S0 _ 1

v

‘ The result is the figures in Table III ‘for the max-
imun stress Uo- which is nater1ally affected by the gra-
dient Y of the gust ve1001ty or, 1n other Words, by the
distance .85 of the gust increase.- "Thérefore, it is just-
as 1mportant to gain more accurate 1nlormat10n on the uét
gradlent as it . is on the gust velocity itself., TFor tae ‘
deflectionh curves recorded during the flight. in Sun gusts
(Berlin to Fr1edr1chshafen) the maximum stress was usuelly
reached only 1 2 seconds after entry; that is, aiter a
distance s, =.15 to 30.wing chords. (See figs, 6 to 12.)
This fact 1eads us to concludé of very "small gradients
Y < 0,03 (m™*). Still, the obtained maximum of the verti-
cal v91001ty can be con51dera01e. : .
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Table III. Effect of uradlent
M So/u 0.5 1 2 3 5
s,/80 1.39 1 0.6 0.55 0,40
Uo/nom | o.s01 0.368 0.250 0.193 0.134
so.[ 5. 10 b ozo 50 50
W/mm = 10| s, | 649 10 13.9 16.5 20.1
Up | 0.376 | 0.294| 0.207 | 0.165 | 0,119

Consequently, it would be erroneous to conclude on
thae stress in the wing from the height of the vertical ve-
locity alone. . According to (15) airplanes- having large =
wing chord 1 are subject to higher stresses. The in-
crease in gust intensity is quicker in relation to the
chord, On the other hand, it will be remembered that the
asstmption of plane flow, which forms- the basis of this
investigation, is more rarely fulfilled in large than in
sitagll airplanes, because the gust velocity is likewise
variable in direction of the span. (See fige 2.) It is,

- indeed, ‘very seldom that all parts of the surface on
large wings will be simultaneously subjected to high
stresses by gusts., If a gust-strikes, say, only one qalx
of the wing, the mass reduced to the center of attack
~emounts to only .about 0.2 of the total ‘mass, (See figs,
32 and. 33),_ 3But in order to be certain, the most abnormal
case, namely, plane flow, must be investigated.

SPATIAL PROBZEﬁ. _EFFECT OF- ELASTICITY OW‘WI G

Tow, we determlne the e;:oct of the elastlclty of
q1rol‘ne wings on the stress due to zusts Assauedly, tie
nass of the airplane is no longer evenly ' dlstrlouted over
the span but largely ceantercd in the middle, i,e.,, in theé
fuselage. ERach wing element is to have plane flow and the
1lift is to be proportional to the wing chord, a stipula-
tion wanich corresponds very much to the tapered wings in
Figure 35, when overlooking the extreme tips.

The wing.is to advance vertically on to a gust stra-
tum, so that both halves of the wings experience the same
stresses, Again ignoring changes in inclination of the
longitudinal axis of the airplane, we then obtain accord-~
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ing to (13) the following -systém of integro-differential
‘equations’ for the loads and moments 1mpressed on the wing:

2 . .b t o 2
avy 1 R
‘.Am' dz+k /1 s, - 8) — d-t a =
JEaE TS PR i
T Y TR
=k f1fmM, (s, - s8) dwad.z : (20a)
0 o
T T2 : © 'z t, _ . 2 L
ffmy & a4 z? +k 1/ m(s, -8) @¥atdq? =
'jof T Sl of Nt = .
z t,
=k f[f 1 [ Mg (s, - s) dwa 2z (201)
T o o .
Herein :
. ' )
m' = m+.p_..c.:.§. -L
8
x = P ca' v
2

For short time intervals (20) can be 1ntegrated as
11neur system, by inserting the mean value

At At
_ oy 1 _ _ oy
J s - Svard N7 ®) aF =5 D)
o (21)
The formula :
Ayt
yi = e H (f5(2) + h3) s £4(0)

yields o fold solutions, of which, however, only three
concern us here., The first is an aperlodwc motion of the
airplane as a whole, where fy (z) .is small with respect
to h,, and corresponds to the previously described mo-
tion of the rigid wing, The second and third solutions
yield the fundamental harmonic of fthe alrplane damped by
the 2ir loads., The other higher harwmonics of the wing are
agitated by gusts with only neglizibly small amplitude, so
that knowledge of them is not.essential, '

Since this method of solution already involves con-
siderable figuring, it is desirable to arrive at an ap-
proximate solution by a short cat partlcularly since the
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sources of error containod in ‘the avove assumptions to-
gether.with our scant.knowledge on gust structure make any
preat accuracy in calculation anDear valueless. TP
The deflection curves of airplane wings were recorded
by optigraph on -the folloW1ng types of airplanes: Do X,
G 24, F 13, and the M 24, The fori of these curves in one
airplane type was almost independent of the absolute size
of the deflections in gusts and shows practically no dif-
ference from the static deflection curve because fineness
in load distribution is blotted out by the fourfold inte-
gration which 1eads to the deflectlon curve. (See :igs.
5 and 22. ) '

The real static: deflection curve F(z) of an airplane
can bde measured in flight By optigraph, or else satisfac-
torily reproduced in the hangar by load tests, The funda-
mental harmonic vy, of the wing flutter in flight or :
static test can be determined in the same way.*

The next thought is to use these two experimental
data for computing the gust stress by making the form
change of the wing proportional to the static deflection
curve and then follow it up by a definition of the total
vertical displacement y -of one wing element so as to
yield the fundamental harmonic of the wing Wlth a frequen-
cy v, at v =0.

With f£(z) = Eéil as the static deflection curve dy

accceleration 1, this condition is complied with by
Y = Yo ¥ ¥ (£(z) *+ h) | - (22)
when the neutral point dfsplacéﬁent‘ié

L .' -
n = L +fg £(z) dz
Yo - /md z

_ ~ Thus, the ideal displacement y, is the criterion
of tie dynamic stress 1n the w1“g.‘mA static normal load

of
b

X = ?o.[ mdz

would De eguivalent to it,

*Luftfehrtforscaung,. Vol. IV,:HO; 2, and 1929 Yearbook of
t;.'ie D'.‘IQLI, p. 513. : T
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If we form (accordl ng to (13a)) the ratio U(s) of
the actual to the computed. stressugder gssumed steady IlOW

and 11neur motion, then -
b
U(s) = - 2 ¥, d/mdz _ 2 ¥, 6
Pvwyg cg' b Yvw, c,' F
JSldz ’
The load factor is ©
B . ) s.'y
n = ]_‘+_-9—-.
. g

Combined with formula (22) equation (20a) becomes
(P gV m e SU S (s - 8) T, ab Az +
0 : P ey

Vo® /5 S
b tl‘ LIXR ]
+ k f L(f{z)"t h) fy m (s, - 8) Yo dt dz =
(o}
) ty
=_,k f 2 f 'r]o (Sl - S) V.V dt'dz {23)
(o (o} -

By Lorminb average values conformably to (17a) and
(21) for a short time interval, the solution of (PS) can
be still more simplified. Let _

1 b AL vt
Nm (1) = o g, n \"T" - o) dt
o1 \
oy (1) = ;1—.0/.- Mo (\———-— - 5 )t
b .
2o =k [ 1 my (1) dz
o‘b.

‘ay =% /1 ng(l) dz
J ;

= ;)(m + P e 2) dz
o
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b .
=Xk [ 1 (£(z) + a) np(l) dz

- 2
% 5
. Theﬁ (23) éh;nges‘fd
84 3% t az YJ + ag Yo + a, Yo = a, w,
The formula y, = e>‘t yieidé thé typieal equaﬁion
a, \* + ;3 N +ay N +ta A=0 (24)

with the-three ' roots which are not zero

Nyi ho v g - i

For gust increase the formula

w=w, (1 - e"rt);' r =YV

is again used, which yields ‘the special solution,

~-rt ~-rt
080 4 W08 ~ 7020 4 To20°

a, asrd® -.azr® + azr -~ a; a, S (r)

Yo =

Now - tﬁe complete solutlon of (24) reads as

| o ‘ x .
j . A, At e
‘ y = 2 e l'f + e [()\. A - v .A.Q) cos vt + M
)\1 }\o + U
: ; . ‘Woao w ao ~ft
+ (v A, +_K A3)51n‘vt] + TS
.; | -1 | w 9T -
= a1 o™t + oMb [Mocosyt + Agsinv t] - 2%y oY p2s)
: i ¥(r

Aot

= Mot 4 oMot [(hoa, + v Ag) cos vt +

V 2 WAl AT o
+ (Nohs - v Ay) sinvt) + 2250l 7l
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. S . .

» "IA time intéerval -t =0,. y =y =.0, ., that *is, for
all 'z +values which, according to (22); is plainly possi-
ble only when ' SR '

Thus (°5) reveals the follow1ng deternlnatlng equa-
tlons for the integration constants

Ai'} Ao A Ax v Aa‘ + Woao~+.woao -
MUNE F D N F v & WD)
: : ' ‘ : T waanr
A+ A S - 20.=0
1 2 _ . . o . 7(r)
o - L - WaanaT2 _ .
S W Y R vy o °

and therefrom the constants

L. = - . AN .-. T ’
g o o )+ O 4 )
- h

N(r) (N, = A)? + v
Wa.asr .
0™~0
A2 = - AT
Woaor2

DAL= = A, A = Ay A, - -020T7

In this manner we calculated as examples the types.
G 24,°J 49, F 13, and M 24, and specifically for differ=-
ent gradients Y of gust increase., ' (See figs., 36-39.)
For comparison, we-also calculated the accelerations for
the same airplanes with assumedly rigid wings (a3 = 3,
= 0),. Table IV and Figures 40-43 illustrate the results,
waich in view of the previously mentioned forming of aver-
ages are of comparative value only. Accurate solutions
of (20) for different gust forms are réserved for a future
report : '

Whereas in the rigid wing the effect of the gradient
on the stress is no longer great, once it exceeds a cer-.
tain value (Y 1 > 0.4) {compare fig. 33) the elastic
wing evinces precisely in the technically important range
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of 0.4 > 7Y > 0,1 (l/m§ a marked .Gependence of the. gra-
dient . on the stress. Because"of:..the rapidly increasing
air loads the wing flies beyond its semistatic eguilibrium
position and as result th hereof increases the total siress
considerably., 1In fact, it can increase to as much as 10
to 70 per cent in the above-mentioned range of Y as com-
pared to the rigid wing. As alresdy sointed out, .gust
gradients of the order of those in Figures 40-43 are not
looked for except in bad weather, Figure 20, for example,
shows the damped-out wing-flutter of the type calculated,
‘But in the other wings the measured defléctioin changes oc-
currcd so slowly that vibrations wcre no longer percepti-
ble., (Sce figs, 6 to 12 and 18.,) Therefrom wo may con-.
cluvde of a small gust gradient Y <« 0,03 and an inferior
effecct of the wing elastlcﬁty on . the stross,

It is speéially unfavorable when the vibration cycle
coincides with the time it takes for a rigid wing to at-
tain its maximum stress., In Pigure 44 the overstress of
the clastic wing with respect to the inelastiec wing is .
plotted against gust gradient Y. Aside from the limit-
ing value Y = », tlie overstress .{ of the elastic wing
within the practical ambit of 7Y 'is so much less as its
natural frequency is higher, i.e., the stiffer-it-is,

In gusts of several seconds'! duratior the stress in
the elastic wing is always higher than in the inelastic
wing, even if inferior accelerations are noticeable in
the fusclage. According to (22) the acceleration in the
fuselage is :

Since the ideal acceleration ¥, is the criterion
of tiae stress, this differential eguation should first bde
solved according to ¥,, providing the fuselage accclor-
ation ¥ as time function is known. Inasmuch as this,
aside from the uncertainty regarding facfor  h, would be
very todious, the acccleration meesurcd in the fusela
for computing the wing stress is unsuvitable as soon hs 1t
becomes a matter of short-time processes.

Pny31ologlcally it is explainable that continueus ac-
celerations ¥ in the fuselage are disagreeable to the
passengers, a condition which abplies more to the canti-
lever monoplane than to other types. But to conclude
herefrom onh the magnitude of the actuel wing stresses
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would'be.mislehding. To illustrate: Although small bumps
are even felt in a car well supported by springs, it does

not imply that the stress in the springs herebdby could not
be considerable.

Befond direct gthess measurement on the individual
parts, which quite often is difficult on account of thin
walls and uncontrollable distribution of stress over the
cross section, the most elementary criterion of the ac-
tual stress in airplane wings is the deflection curve by
optigraphe. In view of the perplexing multiplicity of at-
mospheric flows any precise prediction is fallible, so
that for years to come we invariably will have to rely up-
on thc measurement of the stresses 1n flight and their
static 1nterpretat10n.
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Table IV. Approximate Calculation of Gust Stress
of Four .Airplanes with Respect to Ting
Elasticity. Vertical Velocity in
oWy =1 m/s
G F 2 b v 3 p cy' vo- v
Type |- kg | w® | n. |m/s |kg s?/m* 1/s..| 1/s
G 24} 6000189 28,5 | 56.1 «1075 4,31 16,7 15,9
- J 491 4000} 91 [28.2 | 44,5 «1053 4,53 18,0 17.7
F 13} 17901 43 |17.6 | 38,1 . | 1150 4,30 27.8 27,7
M 24} 2430 43 |20,6 | 37.5 | 1150 4,82 37.5 37.2
| T .
a, a;3 a, a, aq Al Mo A= - EL
G 241,095} 3.83 305.8 357,5| 357.5 |-1.18|~1,16 -1.17
J 4910.6823| 3.35[202.0[295.4] 295.4 |-1.49 |-1.94 ~1.,46
F 13|0.128| 0,50} 98.8{135,0| 127.4 |-1.37 {-1.28 ~1.37
M 24|0.090| 0,47 |126.0|156.6| 149.8 |-1.25|-2.02 ~-l.24
Tyve [r=Yv 4, A, Ay aor:N{r) A ¢
G 24/ » (1,186 -1,18%! 0,001 0 1,169 1.64
J 49 oS 1,508} ~-1.508} ~0,038 0 1,462 1,51
P13 o 1,376 | -1.3758 0,005 0 14366 | 1,70
M 24 o 1,260 -1.250| ~C.,026 0 1,243 1.73
G 24|11,22{#1.329 -0.380! ~0.612 0.969 1,305 1,68
J 49| 8,90{1.,814| ~0.244; -0.653 1,570 1,750 1,47
F 13| 7,221,602 -0.070| -0.,323 1,532 | 1,590} 1,23
M 24 7.50|1.435] -0.,0291 -0.,237 1,405 1.425] 1.15
G 24| 5,611,504 | -0.,102| -0.390 1,402 1,477 1,40
J 49| 4.45|2,268 | -0.044| -0,373 2.224 2.178 1 1.25
F 13} 3.61(|2.094 1 -0.014| -0.168 2.080 2,075 1,14
M 24) 3.75(1.792| -0,003| -0.120 1.789 1,778 1,08
G 24| 2.8112,046 | -0.020| -0.208 2.026 2.002| 1,13
J 49| 2,2314,550 0 -0.190 4,550 4,248 1,10
F 13| 1,80|5.416 0.001| -0.085 5,417 5,307 1.06
M 24| 1,883,573 0.002| ~0.0560 3,575 3.526¢1 1,03
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. RECAPITULATION

a) To obtain the maximum stress of an airplane in
gusts, it practically suffices to compute its acceleration
in vertical gusts., The achieved anumefical value then can
even beé put approximately equivalent to the maximum stress
in an obligue gust, when the computed flow attitude in the

vertical gust is no longer realized because of "separation,"

b) our Lnowledge on gust intensity and on:gust struc-
ture in particular, is sadly lacking, although this phase
of research has received considerable attention of late
from various sources. Liniting values - about 15 m/s -
of gust velocities are sufficiently known, dbut we lacL,g
corresponding information on gust gradients, which is Just
as. important for stress calculations as tne gust veloc1ty
itself. 5 :

c) Accurate prediction of gust stress being out of
the gquestion because of the multiplicity of the free air
movements, the exploration of gust stress is restricted
to static method which must be based upon

-1, Stress measurements in free flight;
2. Checlt of design specifications of approved
type airplanes.

With these empirical data the stress must be compared
which can be computed for a gust of known intensity and
structure., This "maximum gust" then must be so defined
as to cover the whole ambit of empiricism and thus serve
aS‘prediction for new airplane designs, )

d) Taking into account all secondary’ eIFects, partic-
ularly of gust direction and wing elasticity, the load
factor of airplanes in gusts is

. -

hq

+ P P v

ca’ . (28
5o c - (26)

The stress coefficient ¢ 1is a function of the "maximum
gust!" and of all structural data of the airplane.

The division of € into two factors w and m, of
which one is to be solely a function of the free air move-
ment and the other only a function of the siructural data
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as proposed in the DLA leaflet Ho., 1, for the D,V.L, spec-
ificatioans is, however, as this consideration shows, no
longer feasible,

As long as no mathematicals 1nforr uion of the order
indicated in section on Eqguations of wotlon and. Stress on

‘Airplanes 'in Vertical Gusts, Plane Preblem, was availavle

regarding the dependence of goerf*01eht~ C on the named
variables, only a minimum C€j ‘value could be" obtalﬂcd
from the‘strength of the present alrolanoo.

According to the: nltnerto very oleme tary control of
the spe01flcatlons by stiff load factors, this minimum
C; value together with (26) can be coas’dcrod a- "ten
forward, for at least it gave the correcct exfect of . tb

‘flight spced nd loadlng mecbanlcally similar %o the.load

Iactor.
For that reason the author suggested, anont leaflet’
Noe 1, a proposal to which the safe iocad factor

G

n

corresponded.

‘Since it may be assumed that the pertinent. air densi-
ty P "as well as the lift change c % 1is. approximately
equal for all commer01al airplazes, it was accordingly

"P'c voey -
'az Z ~1.33; Ci ~ 5 m/s. -

The.product 0.5 Prcy' C for a number of approved type

German commercial airplanes is given in Figure 45, The

factor ~C; lies, as seen, on thc lower edpe of the clus-
ter,. -therefore is a minimum reqalrement

e) Under the presumption that the gust velocity by
high gradient never exceeds Wy = 15 m/s < 0,44 v in our

“latitudes‘ it was possible to indicate - considering

wing elasticity and gust dﬂrectlon - an upper limit of tle
posswble load factor o ,

s .
nng;;z"Eh.‘ (27)
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for regular weatherproof airplanes, against whose trans-
gression a definite factor of safety must be’ provided by
special agreement. But instead of the sa fetj factors,
considerations on probability of rupture as advanced by
Skutsch* could also be used,

It is worthy of note that equation (27) for horizon-
tal maximum speed vy of all sport, training and acro~_
batic types of airplanes as well as of 70 per cent of th
German commercial types, is complied with, with varying
high safety,** and at cruising speed Vg = 0.85 vy, as
nucr as 90 per cent of the commercial types.. (See fig,
45,) Possibly the consideration for (27) already gives
a competent explanation for the ultimate load factors. of
airnlane wings hitherto arrived at by experience.

At any rate, the maximum stresses in flight, even if
occurring rarely, are materially higher than half the ul-
timate load. The reason these facts do not more often
lead .to accidents is that "light construction!" components,
wings 2lso, can, if suitably designed, be loaded several
times up to close to their breaking limit, without showing
any pDerceptible damage * ok % :

Very instructive are two failures of the lateral con-
trol system which occurred on one and the sane airplane
type; approved for commercial use for over a year it em-
bodied several aerodynamic improvements over a two-year-
0ld type., The ultimate load of rudder and fin for the new
type was about 110 kg/m2 and about 140 Lg/m~ for the old
one, 3oth accidents were plesumably caused by gust im-
pacts of about 13 m/s normal to the control surface. o
objections were raised in the old type, although 1t proo-
ably exverlenced similar stresses in flight,

The flow phenomena in the atmosphere tnus prove the
deciding factor for the stress in any airplane not de-

*Der Bauingenieur, 1926, p. 915,

#xIn tie range below it three accidents through wing fail-
ure occurred within the last year, two on the same type
(marked by a cross in Figure 46). Zoth airplane types
represented new constructions of approved older types,
greater engine performance, and various aerodynamic im-
nrovements, particularly, balanced elevator,

#x*%Development of Airplane Design_ Specifications, to be
pudlished later.
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signed for exhibition purposes, and deserve closer atten-
tion in the future.¢ o ‘

To 1ncreasb the reliability.of airplanes which have
not sufficient gust resistance, ‘according to the present
stage of knowledge, it is necessary to limit the speed of
such airplanes by a warning sign on the iastrument board,
such as is customary in all public vehicles of transporta-
tlo-—o ! ‘ '

f) The dynamic stress on tail surfaces in gusts can
be computed in the same way as for -the airplane wings by
substituting the mass my = (m i®)/(a® + i2)  reduced to
the neutral point of the control surface for the total
mass of the airplane; a here denotes the distance of the

neutral point from the center of gravity and i the radi-

us of inertia, The C.I.N.A. (International Commission
for Aerial Wavigation) proposes for the dynamical suriace
loading of the vertical tail group the formula pg = 3.6
i (kg/mz), that is, exactly as above, a stregs:lincarly
dependent on the fllght speed :

g) If the gust stresses of an airplane flylng level.
at cruising speed are already of noticeable magnitude,
they increase to wing failure when the airplane, through
some cause (error in piloting, nonvisibility in clouds,
etcs), gets . into a veértical glide and the air speed in-
creases. It is then that

1. Comparat1ve1y sllgnt gust impacts can induce
w1ng failure.

2, Pull—up ‘accelerations familiar to the pilof
and harmless in calm air, can multiply to
breaking stresses in -a slight gust,

. It should be impressed upon the nilot to avoid all
speed increases and pull-up maneuvers in gusty weather.
Experienced pilots do not attempt to fight against gusts
by elevator or alleron, but allow the airplane to swing
back of its own accord into it's normal flight attitude
through its natural stability, and nerely apply the rud-
der to keep the course, - ‘

Translation by J. Vanier,
National Advisory Commlttee
for Aeronautlcs.

|
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Fig.2 Gust structures. Bach picture represents a field 10 x 10 m (32.8 x
32.8 £t.) explored at 25 test stations. Each set of three pictures
follows at 1 sec. interval. The hatchings denote wind velocities,
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Fig.23 Optograph mounted
below fuselage of

Junkers F 13 for recording
wing stresses in free flight,
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gross weight ~ 2.3 t (5070.6 1b.).
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Figz.1l4 Gusts over

Thiiringer
forest. v = 135 km/h
(83.9 mi./hr.).Gross
weight = 2.34 ¢
(5158.8 1b.)

Fig.1l5 Gusts
over
flat terrain.
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(86.99 mi./nr.)
Gross welight
= 2.3 ¢t
(5070.6 1b.)

Alb,
crossing a
sharply indent-
ed valley.
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(83.9 mi./nr.)
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=23t
. - = vt . (4960.4 1b,)
Figs.14,15,16 Optograms of M 24 port wing. The dlack lines are traces of
lamps distributed over the wing. Time and Morse marks at
lower edge,interval of time marks 0.6 sec.,each minute a long dash.
3 < A : Fig 3 il e ‘ i rig.u sm
gusts
over lakes
near Potsdam
- at 300 m al-
. titude. (984 ft.)
Lk vy = 135 km/h
(83.9 mi./nr.)
Gross weight = 1.8 ¢
(3968.3 1b,)

. Fig.25 Gusts just preceding
landing.v=135 km/h
(83.9 mi./nr.) Gross weight
Figs.24,25 Optograms of F 13 starboard wing. The dashes are lamp traces,
time and Morse marks at lower margin,
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Figs.17,18
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Fig.20
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Figs.19,20 Deflection y of F 13 starboard wing in gusts. 8.85 m
(29.04 ft.) from center of fuselage. Gross weight=1.8 ¢
130 km/h (80.8 mi./hr.).
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Fig.2l Deflection curves recorded in free flight on I 13 wing.
(Ordinate scale:l unit = 50 mm (1.97 in.) deflection.
Gross weight = 1.8 t (3968.3 1b.) v = 130 km/h (80.8 mi./hr.).

]
/
/
Y
. .47 Y )
c,Plane of ground // 7/
-glass plate, /’ Vil
d,Fuselage y /- 7//,/
Jjunction 3 \4' 2 /7'/
| v
7/
: /‘/ 4
' e 3
C~ /L A 7 %
lzoi-/f.ﬂ/ 7
8l// /' -
LI e patrd
i
q’///{ |
7!,./' 1
0 2 a 4 6 8

Fig.22 Deflection curves of Fig.2l extrapolated for same curvature
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Fig.26 Deflection y of starboard wing tips of G 24. Gross weight=
4,7 t (10361.7 1b.) v = 125 Xm/h (77.7 mi./hr.).
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Fig.27 Deflection y of G 24 starboard wing in a gust.’
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ferent angles of gust @ plotted against flight path.

o = angle of attack, E = ratio of gust to flight velocity; separation

occurs at sine o = 0.3
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Fig, 36 Statical deflection curve F (z) of G 24 wing.
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