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SUIHARY

‘.l

A simplified type of all-metal wing construction of
18-8, spot—welded except for ‘the skin attachment, was
tested by means of hydrostatic loading, the wing being
proportioned to permit close representation of typical
conditions by means of the waterhead.

The general principle of design was to apply the skin
on the wing under controlled initigl tension and to uti-
§i8e a finite internal pressure in flight. ‘ The inltial

tensioning was found to be an essential factor ‘and the in-
ternal pressure in flight an important factor, although
neither was critical with respect to small variations.

The results showed the possibility of eliminating al=-
most all of the stiffeners from a stressed-skin wirng, the
possible reduction of weight in a lightly loaded wing and
of substantial cost in the construction of any all-metal
winges Further experiments are suggested, however, on the
magnitude and the effect of slight surface irregularities
and or the coatribution of the complete wing tip. A dis-
cussion of these suggested experiments is not included in
the preseni{ paper

d improve ents, tiae test meth-
od described is believed to be a valuable one for recsearch
on any new type of wing const tign, particularly in
cases where the covering, regardless of material or ar-—
rangemeat, is questionable,

With certain recommende
o)

INTRODUCTION

drion, forpnuias. d
shown that a fabric wi
covered wing of prevail

eveloped in reference .ly it»can be
ng {fig. L) 1s lighter-than & metalm
ling constyuction (fig. 2) eonly by
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the weight of the materia al. pelgnireds o handile the loecai
pressure loads and to transmit them to the primary beanm
siirueture, Although bthis econeclusion as to the source of
the weight difference might Dbe ‘regarded as merely con-
firming comnon knowledge, the reason for the condition
is not established since most of the weight, strength,
and stiffness criterions for thée materials themselves
flavor the metal rather fthan the deoped fabric.

(D

As might be expected, the discrepancy between theory
and present practice is:!especially notable for
loaded fl:gs and for a dense nmaterial, like f

|
e Q

e . In
this case the supposed necessity of closcly 2ced stif-—
feners or corrugations netionly ‘dinereases tne weight but

presents a serious cost.-problen.

The primary object of the tests described herein is
to show the possibilities that may exist for an all-metal
wing with even fewer parts than a fabric wing. If the
arrangenent is simple c“oubh, netal ean compare directly
with fabric both in weight and in eost,rand at the sane
tinme will provide well-known edvaniages: of metals:
stiffness, durability,; zesistance fo .fire, and general
integrity of form and structure. Figure 3 shows the ar-
rangement of parts in ‘the wingz panel built to test the

possibilities meantioned.

Because the problem directly invoTvﬁs local pressures
and strains in relatively'.large ted skin panels,
it was necessary to dévelop e that would
set up.thesc forces and a i relation-—
ship without the interfe 3 nvolved in
shot bags or Toad pads.d: e baily so to con-
sider the effect of varishle internal pressure, at least
betwecen the limits of zero (atmospheric) pressurc and nax-
ifnun dynanic pressure . gk

Prelininary analysis showed that the desired flight
conditions can he closclj ginulated by making the wing
watertight, nounting it ia &an inverted position,; and fill-
ing it with water. With the proper waterhead ond incli-
nation, aerodynanic load distribution is then approxinated,
any desircd internal pressure supcrimposed, and additicnal
loads applicd to o bean extension ' aad to a torque ara at-
bachicdifor Sthe purpose.,

If well-=known principles of structural nodels arc
uscd, such as have becn applicd to rescarch on airship
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hulls (refercnce 2), it is ogsible fto test hydrostatically
the structure of alnost any wing. ' This statement is sud-
Ject to the qualification, however, that when coafined to
the use of water for the load elenent the model will in
nany cases be larger than the full-size wing. TFor the
preseat tests, conditions are selected that will make the
sicale factor unity; Such conditions are net by-a ' lightly
loaded wing ia which the proposed type of structure will
‘show the. greatest advantage.:- - i

I%: is. Yelieved, however, -that both the type of shruec-~
ture and the test method ¢e¢an be used advantageously for
higher wing losdings 'and other materials, particularly

with resgpect to reducing production cost.

WING CEARACTERISTICS

General Proportions

The desired relationship between the aerodynamic and
hydrostatic test pressure at the top of any wing is ap-
proximately attained under conditions of operation that
make the pressure difference, in pounds per square foot,
across the maximum section, numerically equal to 62.4
times the thickness of the wing in feet. The equivalent

‘hydrostatic unit-spanwise loading is equal to 62.4 times

the scction area in sguare feet plus twice the unit wing
weilght, per unit local span., It then remains %to assumne such
airplane characteristics that the foregoing conditions will
Beesulafied. for a speed, loading, etc., . .that will be of
praectical i1nterest, :

The aerodynamic and hydrostatic pressuré distribu~-
tions are most closely comparable for an airfoil with a
well—-rounded top surface in combination with a nearly flat
bottom. For this reason, and to take advantage of exist—
ing cerodynamic pressure data (reference 3), the NACA
4400-series ‘airfoil was used, except that the camber line
was slightly modified behind the 40-percent peoint, .For
points behind 40-percent ‘chord, the camber-line gquation:

(x - 40)%." (x = 40)°/3

camber ordinate (percent chord) = 4 - ‘

il 2 400 5580
where % 1ig the abscissa in perceﬁt of chord behind the
leading edge.




This change avoids
otherwise existing at th

2 more straightforward sk 5
characteristics being only sl

The plan form is :shown in

test panel root the wing is ass

on a2 shraisht 0530 IHae, AT
(volume center of middle skin
chord, 6.75 inches (15.35 perc
skin madius ds 40 inches at 0.
Homsw Tl Sxcifes wiion (e wingl in

The areas listed include
percert’

}‘

to 110 percent of the
test section terminates with t
the rear spar web being .at 0.3

filled plan-— ‘orm area 18.4%5. square feet.

flaps—~down condition, the exte
to be in a neutral position wi
foil section. « Moment coseffici
the ‘basie wchord | C.

Struectural Design

Stainless steel. 18-8 was used throughout the structure,
the frame being spot-wclded (fig. 5). The skin of the same
material was 0,005 inch, half hard, screwed to the ribs
with ghakeproof no. 4-40 scrcws spaced 1/2 inch apart:-and
with no stiffeners except one at the extreme leading edge.
The single-beam wed was at. 0.30c, the flanges extending
forward and unattached to the skin. The flap spar was at
0.86c to 0.90c. The unit weight was 1.5 pocunds per square
foot and designed to .cazry 10.7 pounds per square 'foot
wing loadinge:

In order.to.:provideian internal struecture-consistent
with the 24-inch. §kin widtkh, a rib spacing of- 23-1)/2 4inches
was used, braced in the top surfacc by diagonal members 'in
a d'LOCulOH to-take compression due to negative torque and
driag Yoadss (The diagonals were later removed.) '

The rib-flange clements were of 3/8-by-1/2-by-0.020-
inch angle section full-hard.  These angles were bent By
crimping, and cross-—-braced by hat lattices, The diagoanals
were of the same hat section, with the skin across the
open facee.

scontinuity in curvature
erecent poling; 1t peruyts
ress analysis, the other
ghtly affected.

figure 4., Outboard of the
umed to be straight tapered
typical secibion &t the center
panel) has 44 inches nominal
ent) thick zness, and the top
30c. The terms top and bot-
Hish nigeznal Elydne positione

-‘S‘

e

a flap extending from 90
bagic chord c¢o The actual
heiflap hinge line at 0:90c,
6c, which makes the water-—
Except for the
nded sreiling edge is assumed
thipespect to the basic air-
ents are given in terms of
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In i zures & 'and 5 the basic simplicity of ithe isitruc—
ture is readily apparent. The structure involves but few
parts and a small fraction of the amount of welding hither-
to thought necessary in a stainless steel wing. Although
it seemed possible that this simplification had dDeen car-
ried ton Far, it was desirabie to lean 'in' the direction ‘of
over-simplification for an experimental structure in order
to establish safe limits for practical use later.

The test panel was made substantially watertight by
the use of & standard cauvlking compound. An actual wing
will be .vented to the air to the extent required for any
wing of similar size and performance characteristics. The
vents, however, will be segregated in positions that will
give a range of pressure for different conditions.best
suited to the structural effect desired. The representa-
tion of such pressures in the test panel will be made more
clear in the description of the means for producing them
hiydrostatically.

The end bulkzheads wer
around the edges, with the ne
and water connections. Beam and torque arms were carried
at the outer end for the application of additional load

e of solid steel plate, stiffened
cessary mounting attachments
n

Skin Tests and Attachment

L0050 401060082 1ngh half
u;zlnate tengile stre¥zthicin both
pounds per square iach or 750 pounds
per inch. A4 rewsd s le, with the designed seam pro-
perctions, Gtesbed in tension fgcross the :grain of the sheet,
had substantial yicld at 140 pounds .per.screw and failed
at 150 pounds per ‘screw or 300 pounds per inch’ of scam.

For skin application, the test p
on but not Jjoined was mounted right 2 wiith the -basic
c¢hord horizontal. &An upward load of 0 pounds was put
omlithe beam arm extension .at 0.30c and 103 inches -out Trom
thie panel center, equivalent. to a load factor of 1.90-in
the wing—beam flanges. ' As this loading resulted in a sub-
stiambial positive twist, the tip trailing edge . was jacked
up with a force of 64 pounds, sufficient to reduce the twist
to 0.0035 radian and to increase the load factor to 2.04.
After an interval of 16 hcurs, with the same beam load, no
appreciable ckhange was observed in the beam or torque de~
flection but the trailing-edge force had dropped to 55

el with thelslzin
o
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pounds. -The pcsition was -then £ix

beam arm, and the top skin was joi

fllange’ Load (fac tior "approximately L
thepaneck center, amd 2.7 "at the Hinp

shear load factors were 0.8, 1.2, =a

1

After the top skin was .attached, the panel was in-
P

n

verted, 40 pounds of torque arm and beam reinforcing weight
were removed, and a jack force of 200 pounds was applied
at the ceunter of the beam zrm extension at 30 ‘percent
chord and gt ¥/ 8 inches ‘from thie panel 'center. With the
test panel thus loaded, the bOUtOm skin was Jjoined.

! Th'e final weights and their momenis are listed in
tiablel Ea

Reguired Loads
5

The rocguirements and notationx from refeorences 4 and
fu £ e o tilcah Tieondiit Tonss,

© critical, for the wing
sSHUBes d ‘= 6L 9,  nakes. the
25 s
L o

ber. o= 4.8%3 8, 1.25 4 ~-0.29 (perpcn~-
dicular to the spar web): aad C; = -0.08 about the aero-
dynamic center at 25 percent of the basic mean aerodynanic
ehord.

Condition III giving maximum wing torque, at =
78.4, mnakes n = 3.20; O = 0.44; C, = 0; and Cy =
-0.08 about the same aerodynamic centeéers

Condition VII with 30% 'flaps ot g = 25.6, makes n =
2.003 Cp = 0.84; C, = 0.14; and GM = ~0.15 about the
same aerodyanamic center. With conventional construction
this conditiecn wowuld bc less critical in torque then con-—
dition III, but because of the lower available pressure
difference on the skln tno tendency of coandition VII to
shear wrinkles may be increased.

For the given wing proportions (table II) and. a
slightfcentter 'section cutront, 1%t is safe to assvme that
the span is loaded uni‘ormly in porportion to the chord.
For present purposes the wing Wv*éﬂt is assumed to be
similarl -t diicHributads
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With a wing loading of 10.7 pounds per square foot
vnd o wing weight of 1.5 pounds per square foot, the net
effective lcading (for span distridbution) is 9.2n pounds
per square foot, where n 1is the load factor,. L£ Sthas
loading is applied as o factor to columns 4 and 5 in table
11, it gives the total shear and bending noment, respec—

o
n

L;

:)

tively. Thus, the static root momeant is 29,200 inch-
pounds, which for an effective beam depth of 7.1l inches
gives a flange forece of 4100 pounds. The total static
shear at the panel root is 412 pounds. ¥ith an included
angle between the beam flanges of 0.0325 radian, the shear
carried by the beam web is reduced by 4100 pounds times
0.0325 = 133 pounds, and a net web shear of 279 pounds
remains (if it is assumed that nome is carried around the
leading cdge and the trniling edge).

In o similar mannez, the regquired torque on any sec-—
tion equals the figure in the last column of table IT pnul-~
tiplied by 0.107 n(x = 25) + Opg + 0.015 n(40 - x) where
i point (in percent chord) about which the torque

e
is desired, Oy 1is the moment coefficient about the guarsjer

chord, and q 1is the dynanic pressure. The last tern ap-
the effect of the wing weight, its center of
ng assuned at 0.40c.

pProxinate
gravity

4I¥G PANEL TESTS

Test Conditions

The nmethod of mounting is shown in figure 6. At the
pancl center (see table II), where most of the test data
were taken, the static flangze force and the net web shear
are 2850 pouads and 207 pounds, respectively. Since the
section arec of the upper beam flange at this point is
0.264 sguare iach , its static stress is 10,800 pounds
per square inch. This stress value tentatively neglects
secondary stresses due to skin tension and beanm stresses
carried by the leading edge and the rear spar. Multiply-
ing by the load factor gives the actual stress.

Integration of the water-filled section between the

leading edge and 0.86c gives a section area of 2=
0.66czp,x &t a center-of-gravity position % = 0040

back of the leading edge, where zZpsy is the maximum sec-
tion depth (fig..? and table II).




The water pressurs = 0.036 pound per sguare inch per
inch of head. The maximum pressure (m~nximum suction ove
top of wing). is approximatedy pp = 0.20 + 0.036H + 1.00
where HE iz bheal (inches) above the wianz boittom at 0.86ec
on' ‘bhe ‘penel cembter and @ ' is ‘the angle in rTadians be-
tween the chord and a horizontal plane.

¢ 8 shows the aerodynamic and the hydrostatic
Pressurenvariation over.-a section through the center. The
watcr-fi‘lei PeEtion dss o
10

inches long, or 3/4 inch more
than the ]

3
s L
ninal panel length at each end.

Hort the added (Yoad Teguirved to o gkt con-
ditions, the beam weight aad its arm portioned
ooy Eare bhesicorrect combinad oniteo s ah noment
andl tYormguelat “the panel center. &Llthou rocciu”e
gaves a. reascnable weight 'anéd leagth arm at
hicd owier Sioadl fac tentof Lasis it inve nvonlantly
larisge weighte anmd short arm at the Aetual=
it iable weight: whe used on a ¢ arm and
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wvater, werc tension wrinkles in the bottom radiating fron
t e tip end of the bean flange. These wrinkles were
spread. out but noft eliminated by inestaliing two supplenen-
tary tension straps from the bean arm to the panel tip.
The gane condition was accentuated in the case of the
water-loaded wing at low internal pressure, as shown in
figure 9.

above the leading edge in the
1t one in the ceanter panel were

A hollow, loose
fa

© w.w

sSpcC
a si
att

os
root skin panel and 5

evidently due to the vehment of the skin to a straight
leading-edge stiffener and the subsequent deflection into
a curve during attachment to the ribs,

Small wrinkles in, the top skin at the oot end of
the bean flange coincided with the point-at which the
section thickness had been increased to carry the skin over
base plates in the mounting structure.

Other sliight local puckers wore visgible along sean
lines, pwrt*cularly at rib 2 near the wing beam arnd the
trailing-edge spar. The scams in general were sonewhat
wWavy uppurently hecause of dcposits of the caulking con-

n

¢ |
nd between the screws.

As on cxperiment tc test the sound-deadening quali-
ties of an asphaltum preparation advocated by its manu-
facturers, sone of this compound was sprayed on the inside
of the bottom on the niddle :and %ip panels, In comparison
with the uatvreated rocot panel, the effect wos clearly ap-
preciable, but it was believed that the difference was not
worth the average increase in weight of 0.1l pound per square
foot that would be involved.. It appears possible, however,
that a nore cffective digstribution of the naterial night
be found.

fg shown in figure 6, the bean and torque strain
neasurcneats were.taken at the ends of a transverse rod
nounted across the tip at 70.5 i-ckos fron the rooty -with
its front and rear ends 46 and 54 ianches, respectively,
fron the beam webly, The rod, 100 iaches long, gave a read-
inzs of 0,01 radian twist for a l-inch dlffereace in height
at the endse. The elastic or shear axis was cstablished
at the point at which there was no vertical deflection for
a change of borque alone, HNumerically, the beam deflec-
tion probably includes some deflection of the root bulk-
head ond nounting fixture.
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-

R 11“19 ary tests with .no wh

tér ‘showed that with the
esidual torque.due ‘to the parel and eguipment weight, as
tistediinytable 1, the f4p had alpositive twist of 0.01L02
radian. Ine 1ewsln the beam moment (at the pcnel center)
g 1558000 Wach— pouhds deflected the tip at the web 0,37
dinichi
A superimposed couple of -1000 1noh-;0141 decrecased

the twist by 0.0081 radisa around an clastic center slight-
ly behind the web,

Hydrostatie Test Progedure

Unless otherwise stated, test data refer to the panel
center (volumec center of conter skin panel). The load
factor n . is the tending moment at this point. divided by
the static bending moment.

‘Hor caeh conditivpildsted dncdchle 111, o and H
were chosea to give a pressure distribution over the top
of the wing (on the cihord scction) as near as possible
to.the avéragesdiffc engevetween the prescribed interaal
pressure and the outsife aerodynamic pressure... The angle
g is measured i; radians between the2.root basic chord
andsa norizo 21D c; ‘and. |E ig the waterhead in inches

-
above the oottdm atr@i86c.
For the half-limit load of eondition 'III
the agreen at'bctween the agrodynanic and hydr
pressures is aloost exact over the entire top
section, shown by the dotted eurverat the t
3

ure 8e .cconparisons of fhe twoieurves for
I atole cf ¢ ”dltlors Il T Nand e IT aresshown in ths
urc. ' i, "

The normal. procedure waos to:.opp ' 311 reguired
extro bean logad; at the plode ofitherbe and -then to
shift the lcded in 50-pound!increments . ( ent to lOOO
inch-pounds) out to the ené of the 20-1 ars
(£iz. B) to a total at: least eguad to the requiro& torgue
.LOc.“L. .. g

A bhe btwist was @ substantially linear funetion of
torque in all cases, the results in table IV give the
total twist (column 9) only for the one torgueNcorrespoad—
ing to the assigned conditien of  lpadinz, with the rate
Qi el o dy ia: eolunmn lO.




TACA Teehnieal NeoteilNo. 786 11

Column 11 gives the approximate effcctive internal
pressurce in flight, as a proportion of the maxinum dynanic
pressure, and counting atmospheric pressure as zero.

Figure 10 shows the method used to locate the elastic
center, which was approximately 4 inches behind the webd
for all conditions. It could not be determined more
closely because of the small angles of twist and the dif-
ficulty of measuring deflections to within 1/32 of an
Tnichls

Results

The only permanent set observed in individual parts
up to limit loading was due to the bow in the forward ribdb
flanges under conditioans of highk pressure, which will be
referred to later.

Under static load conditions (n = 1) there werc no
apnrcciable wrinkles in the top skin at any internal pres-
sure from atmospheric to maximum dynamic pressure. The
spanwise wrinkles in the bottom, however, were smoothed
out only at pressures aﬁproacnl 1g nexinun dynamic pressure
(24.4 pounds per square fcot). - Bulging of the top skin
was very noticeable under large bending nmonents combined
with a large head of water This bulging caused short
wrinkles along the rib seams directed toward the ceater
of each individucl skin panel. (See figs. 11 and 12.)
With o center bending moment of 28,600 inch-pounds (at
halle phieWl init ~1oad Factor of condition III), the top
bulge was about 1/16 inch, this deflection being nearly
constant over nost of the skin width between ribs (fig.
13), With the diagonals in place, these wrinkles along
the ribs tended to slant in the direction of the diagonals,
even agoinst the effect of substantial applied torque,
thus indiceting a harnful effect of the diagonakls.

With the diagonals cut, the slant of the rib wrinkles

was reversed for noderate torque. The difference in
twist with and without diagonals was so small that it
coulﬂ a0t be neasured accurately. The wrinkles werc def-

initoly reduced at the.l.6 load factor and were just per-
ceptible at adout 1.3, Wrinkles werec not visible con-
pletely across the top ccnter panel until a torque 'of
4,000 inch~pounds was applied. This torque was 230 per-
cent greater than regquired for the half-limit load of
conditiorn III. With 4,700 inch-pounds the wrinkles were
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not ‘muel more pronounceds  Theyiloceurred coonn“ in the k
root pamnel aand later in the +tip pamel. A Lysteresis ef- X
feet cavsed the wrinkles to disappneer at about 500 inch-
pounds lower torgue than that at which they formed (half- I
linmit bean load of coadlﬁion III at atmospheric pres su:e)

L diey vs noticed in %he botitom rid
flanges  sust yeam-when the head of water
was larse. :d by an abunormally high out-
wartc pressui ht, the bottom skin preé@ure
(ou‘vzra) is for gzero internsl pressurc.
Hor the ha ition ITII the pressure at
this poiatd sguare foot, as fairly well
represented t re higner locd factors, the
bottom slkin pressure would 'aectually be a greater negative
value., In ovder to aprnroximate the average %op skin pres~
sures at the higher load factors, howevar, the bottom pres-
stre was neecessarily ilagyreasec o A fietitiously high wvalue.

sfter the completiga OF ‘the teshs by table
I¥ ; the paaszl was drainediand a check was of the tomn .
skin Sension Dy mouatingithie panskiupri; observiang
the beading noment 2e€egsalr to malke the skin panel Jjust
slaclk. This bending momeni oy Stielr i 22,700 inehi= »
pounas t € corres: iy = 1.34 and a
flange 0 00 poundés ‘per sguare iach, a 33-per-
CIET G N6 ne bending moment used in apnlying
the slgin, tion i's. thousht $o be due mainly %o
creen legiin beariang.

= to degtruction was made of the beam
Sy rue ol ondiciowiE (:ig. 143, Although tests of
the 1in cture vefe Aot included ian the present
projec it is of ‘inm te €8t 90 note that buckling of the =
compre i 0urce* no failure or lealkage in tae
skin.

DISCUSSION 0F TEST UETHOD

As wl‘“t be. e?gcctn{ from the .f
method, severecl provements are

irst use of a new
e T
of' Thydiestetic W testing:

future use o

ot
o
-
<
(@]

desin oaidie fdilocal: seem Irregularivies, lit-
tle if any céulking paste, should be put wmithin
the seam, laps; inal watertightness skould be
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abdui L, dn preference; by use of a liguid

aulking compound applied from the outside.
Phis method was: tried locally with conpletie
success

BOCﬁuee of the snall defleetdioans Lo be me msurvd

eflection gages capable of nagnifying the
readinss about ten times should be used in
prpfbrynce to direct neasurenentss Strain
gages for direct neasurement of the skin
strain proved to be neither feasible nor

worth while.

a nagnitude
as. low ‘as 0.001. ineh: in 1 inch will apparantiy
be an inportant consideration in future tests
for correlation with air-flow experinents on
tho Poeation of the nansitionipelmbitronil and~

ar to turbuleant*flow. & suggested nethod of
tuk ng such measurements of the surface is by
he use of a Tuckernan strain gage set at right
angles to its usdal pesitien, to neasure the
vertical rise or depression between two other
gountact ‘peintis.s  AllSconteects flor this  purpaose

previously indicated, the use of water in the
actual wing section is restrieted by its den~
sity 4o relatively low wing loadings, speeds,

and load factors. It appears possidble, how-
ever, te extend .greatly the practical: applica—
tion of the ﬂcthﬁ by the use of hecawvier Lliguldse.
One suzgestion is thabt with, fine netalidecpar-
tlclcs or other pandticles in eolloidal suspen-

sion (eigs, red legd paint) it may be possible
Yo 1acibs a pracitieal i guidiwithe a speelificlgray-
ity up fo ot least 3. . Data on various niselible
ninerals possible for use in preparing liquids
of high specific gpravity are given in referenco
G peEe 09T

ially in conjunction with the choice of lig-—
ds warying in speeiflc gravity, it becones
desirable to apply the nethod to a conplete
half-wing, which will avoid the necessity for
such substantial added loads and will show the
requirements with rospect- tio the tip structurce
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Because of the largse external sucbtion over the top,
internal pressurec above atmospheric was found to be of
but slight benefit on the top skin but tended to smooth
out speanwise wriankles in the bottom skin. . Pressure as
high as maxinum dynamic pressurc was definitely harmful
LnSevieryvicagse except FTor! flap coqultlon VII at a maxinun

(&)
speed of 100 miles per hour. The skin was not seansitive
small variations of pressure. Torgue stiifness was
a) t a2t the higher: pressures.

For a wing approximating the design characteristics
here: shown, the best position of the. air vents would ap-
pear Bo be in the bottom Just forward of the flaps. DThis
position would induee an internal pressurc of 0.2q %o
O.3a0 for normal operating conditions, the pressure would
inercese to 0.7q with flaps down 30%%

Mhc wings asidesizsned ‘for a winzg loadingzlaf il Qa7
pounds per square foot, was about 25 percenft Lighter than
thelecgnvensional all=nectal clonstruetion for the sanesload-
ing (reference 1) and it saved 75 percent. of the fasten-
ings (spot welds or rivets) that would be used in an
equivalent coaventional construction. In ‘stiffnegss, at
zero pressure, the wing is 40 percent above the present
CAA rcquircnents (reference 5); with the sugsgested pres—
siirelicontrol s it is nearly 80" percent abewe ‘these require—
nentse 7

it thelsaying in fastecrinzs), Laps, and incidentaall
irresular 1+lcs is applied tc clrrent :riveted CO'Qtruction,
it is estinated from reference 7 that the parasite win
drag will be reduced about 12 percent for countersunk riv-
ets and Jogzgled laps or 25 percent for brazier-head rivets

apd \plain laps.

@n the other hand, from refgrence 8, a continuous)
wave % inches wide and 0,02 inehfhizh ‘at 10.5¢ on the up~
per surface will increasc the drag 6 percent. Although
the waviness under normal flizht conditions -was apparent-
1y 0f 'a small order of nagnitude, the econdition and its
effects should be accuratcly determined by methods such
as have been suggested. '

Stiout Skyerafy Cofporation,
Dearborn, Mich., October 4, 1940.
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Sttention is at £irst confined to the case of unie=
form pressure on a single-—-curved skin, where all curva-
tupe d1s in the direction of the panel width ‘and the
sitoadghtirellenents arle Infinitely Llong. Basled on an exaet
solution for this casc, practical engineering .formulas
are devecloped for the skin stress and deflection that are
due to the conbination of tension and pressure over a
given ponel.

Strain in the supporting structure is tentatively
assuned at the maxinum allowable value for the nmost erit-—
ileal case and readjusted by trial aand error for other
cCasesSa

3

ihie e fFoiet o indtdal curvature, stress, and strain
in a direction at right angles to the panel width is ap-
proxinated by considering it as equivalent to a change

in tke offcctive pressure. The corrected value for the
panel deflection is then made the basis for final stresses
due to all forces except shear.

Shear is handled by the usual nethod of principal
stresses as long as the nininun stress does not becone
negotive and reach 2 buckling value.

[ 5

The non-uniformity of pressure and curvature is a
serious problen only in cases re the variation is large
along an inportant line of skin stress. For present pur-
poses it is assuned that nean effective value can be
satisfactorily estinated.

[

Symbols and Initial Assunptions

< L
e X e
o
]
NI~y
- ‘/

7

Té/’),\ j Ly L
A g e
(ix>x=o~23

Edge angles fixed as indicated o~

Radius (initial)
elastically bent

Unloaded contour |
== == — padsd by nniform R
upward pressure p
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il

e, and e,  the respective unit initial skin strain in
the same two directions due to all causes
except exteasion of the skin itself under
normal pressure

e total unit strain in any one direction

TH oL

it bending moment in a l-inch strip of skin at
any point (x,y), inch-pouands per inch

lig Dbending moment at edge, inch~pounds per inch
8 maximum ordinate or fimal total deflection,

inches (assumed ¢ m*ll compared to L)

Relation between Deflection and Stress
for the previously mentioned condition of negligible

fllesupal wiaidity 1o twe principal directious but no shear,
the elementary balance of, forces gives:

)
S : (1)
%

Wa

Assume that the initial radius in the span direction
R, = o aud that r (in the chord direction) is practi-
cally coastant and eaval to the initial section radius o
the second term of equation (1) is most coanveniently
handled as a reduction of -effective pressure. - Thus the
net pressure is written as:

p':P—L:i: - (8)
5] Y IE5

For a smell value of 68/L (parabolic arc)

G_lJ'La L2 B (
8 & 8T< »r)

~

)
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Assune thot pb - can be deternined; a second equation is

then recuired to-solve. for:both T and 8. This equa-
don’  iseobtained| fronathe. stradn: pelations.

Ehiefiagiligl=in " sibmaiin * in Shet 'L - direction consisits
o0f three te2ns, the first.one! dne: to skin bulzel and the
other two due to the initial or the residual strain.
fhng P ThelsPoissondeffcet 1sttalen into acecount, the
fotal iwaid stnainvin. thedskin is

P(1 - @w®] §°
E h bl

where the geometric form constant K, = 8/3 for the as-
ned paraboliec arc; gy and "8 are each the algebraic
sum of the total unit strains in the supporting structure,
unéer the conditions of load rg plus the residual 4if-
ference in strain between the unbulged skin and the sup-
porting structure. '

tlon )
N m
5, = OselEl SR e . 0,5 b, (5)
& n ’

ch, with equatioa (3), permits the desired solution of
8 andit TE SRSt Neanthe tdeterrnined . In the usual ecase in
which %t 'is not directly known, it can be considered %o
e made up of three ‘bterms:

1. Increment induced by the deflectiorn 5. If con-
plete local shear rigidity is assuncd,® addiag
to r,; -is'eguivalent %t0 extending 1 in the
sane proportion. 'As this extension applies
only to the center element of the panel, a fac-
tor is applied based on the shape of tne deflec-—
tion curve for the nean effective tension over
the .panel as & whole, The slight change in R
is here a second-order effect and can be ne-
glected for a large value of 1/L.

*The assumed shear -rigidity neans that sections cut by

planes normal to the supporting edges before deflection
renain in the same plane after deflection, The spacing
of thesc planes may chauged, however, with straia in the

supporting structure.
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2. Increrent induced by Poisson's ratio (from tension
% 4in the I  direction).

%. Porbtion due to relative elongation of the support—
ing frame in the 1 . direction .andfor the imi-
tial stretching of the skin (or thermal shrink-
age) similar to that which has already been de~-
fined.,

The sun of the three items gives, for u = 0.3,

KtEhS
t = ——— + 0.3T + Ehe, (6)
o) 2

where t 1s the average effdctive stress and X; 1is a
factor deperding on the shape of the deflection curve.

For a circular arec Xi = 2/3 and for a straightline K; =1
A conbination of equations (6) and (3) for Ky = 2/3 gives

.
.
.

g o 1-5n T (pry - 0.3T - Zhey) o

The method of solution is to plot &6 against varying
T from both equations (5) and (7). " The point of intersec-~
tieom 0fithe two curves is thsn fthe correctd value of © . gnd
&
T

Edge Momernt in ‘the Skin

Wherever the bending stress in the skin is appreciable,
equation (1) nust include terns due to the skin stiffness,
By considecring this stiffness effective in only the L
direction, an adaptation of equation (2) expressed in dif-
ferential forn gives, by well-known principles, for small
deflecticns:

a7 a* a?y
Dt o= e D e S (8)
" dxF R ax* dx?

which, for an edge monent of Mgz, has the following gen~-
eral solutions: ;

4; ' ! 1] M
v = C,sinh x//— + 0 e oshi x 'gﬁ-E—E(L—X) - ol vmiie (9)
JB /D" am T2 T
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6 and T being botk known from equations (5) ana (8).

In using equation (12), it mus% be %cken into account
that fully elastic conditicns are assuned; whereas, actu-
alil = Spilastie deformation will teake place when the bending
stress is high, thus altering the snd condition in a direc—

“Gion btollreliieve the moment 1tselfl
Shear Stress and Buckling

Ia reference 3 the attenpt was nade to-cvaluate the
critical shear stress nt which skin buekling takes place.
Torque tests on an inisi ally smooth panel showed, however,
that it was practically '“Do,ulo;v to identify the buckling
point with any accuracy dus apparently to the. following

CIULS S

ma

fhe extrene edge tended to buckle first; and these
wrinkles length ener very gradually across the skin
panel.

The wrinkling itself tended to take up slack in the

naterial and to preveant any suddenr increase of buck-

liang,

are deternined
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Az a result, the skin took far nore than either the
required or the theoretical critical shear without seri-
ous wrinkling as long as the skin was unbuckled under the
given becan and pressurec loads. Hence, thc nost inmportant
theoretical criterions seem to be the conditions that
causc edge buckling along the rib attachments and those
that cause the skin to slack in a spanwise .direction. In
order to avoid the buckling of the edge

0.3T + Ehey > O | (13)

and to avoid spanwise slack

+a

= ) (14)

If T = 0 in equations (5) 'and (7?) and if terms of
a low order of nagnitude are omitted, equation (14) can
alternatively bHe expressed by the criterion:

ey, + 0.3e, > 0 (15)
which is independent of prossure except as reflected in
the relatively small sécond ternm. ‘

With the assumned inability of the szkin to t axe com-—
pression, equation (15) makes T = O; then from equation
(2), t = p/r; and a definite buckling occurs whether or
not there is shear in the skin.

The unit initial skin strain, ey 1s due to the
stress in the ribd flange, which for preliminary design
purposes can be assumed at a given safe value and the rib
can be designed to correspond. The actual force in the
rib flange can be computed by the usual method, subject
to an increment -tI due to the skin tension.

If Afy 1s the beam flan*e stress (conpr9531on posi-
tive)* under which the skin is applied, 9 is the final
bean flange stress (tezsion positive) urdnrlstatﬂc igaay’
apd n 1s the load factor, :

Afy ¥ n:’fb 1

&)

i}

(16)

()
&

Lad

*Considered as positive from a standpoint of skin tension.
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In other words, to avold spanwise buck
witk substantial coanvex curvature in %
€ it will usually be sufficient to ax
i stressed skin while the beam flange is strec sscd to
correspond to the assigned loadiang, provided that the skin
an be applied just taut and there is no crcep in the ma-
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Bxanple from Wing Panel a

In 'an analysis '0f the centsr skin panel o6n top of the
. hY 5
er watbter logdy iH (effective) can be taken o
26,000,000 pouands per sgquare inch, and fron data alreéady

B
]
LJ
(O3]

.
(@)
.
=
)
v
©
0

CD’

Surface radius, T = 40 inches

Beam stress, fy, = 10,800 pouhde ber square inch
1 ' (static)

Water deasity, 0.0361 poun Der cupie inch

.

As already explained, the skin bechne slack at about
= AL gl it !

Phias reduetionifronithe assuntd load factor of 1.6
made Af, + nf, =+1C,800 (L.34 ="1.60})  in‘equation (17):
vign - D= 0  gnd. ¢ =,p2 en

under Test COMQlulO:S, i

= (©

0.0286 (corrounoudi; to a : inbternal pressure);

e pressure at the top of thé wimg (a2t .0.30e) is: D=
O.BOO + 10025 = 0,225 pound per shiuare izch; cnd t =
40py = 9.0 pounds per izneh. . The increment of rib-flange
Fereo due b b e SR T pound s, to whieh nust be
added a net rib-flange force APp, dues to pressure and
torgue reactions, to get the tobtal force PR'

-
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Beam . «Shear

: . . ' Rear.
web : Ig/ center : spar Sy
0.30c | [ 0.33c 0. 86¢c 7
A i X=2,07 in.
=~ ey
HE~0.86 in, !o 1 ,Water level ,

| VEy !
i ’PW A=A A”=194.8 sq in.

~7—F<xx10.3 ﬂ
x = 0’71j</ e r

Hrpom the! sketech, ithe net rib—flangze force  APp =
Pp = Lt Jjust to the rear of 0.30c, 1is deternined by
patbing its moment in equl;:briun, about 0, with the no-
nent due to the water weight: P X" = 0.0361 L A"x", that
due to the watterhecad:

1
Puyy = 0.03611L | +
‘* LIS 3

. e A
ol 07 Z.3
il o) Ty \
and the torgue increment carried by the wing coveriang (taken
| as a couple): :

MMgp = -0.0361LATA"/4A

where H, 1is the waterhead (inches) at point 0; 4 and
AX are, respectively, the area and the first noment of
erea about the shear center, of the airfoil cross section;
At and " A'X!'! are the area and the first noment of area,
about O of the nose portion of the airfoil back to 03
. A" and " A"x" are the area and the first monent of area
about O of the portion of the rib from -0 "back to the
rear spari aanad z, is . the depth:of section at O These
. areas and arms are evaluated from figure 7.
The nomeat balance about O thus calculated nay then
be expressed as

=08 b z a4l
APpz, = 0.0361L < L. o L op AnEM 4 A"x:>
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from whick the net flange
sipus to this force Rus
pounds dve to skin tens

force Py = 311l pounds

rib flange AP = 0,025

force APp = 100 pounds

is . Zp = —Pq,AR = 12,400 pounds per square inch, an

f:/E = -0.00048,
alrecdy assuned in equat
tentative value of T=

uader the spne conditio

which

=

o]

Sk prnel W
a modif 0

f anal

25
£l
it

Discus

et heisie v alliie sl R

in ‘eguation (6), & = 0
a neasured de;leﬁtion o}
Grromsier b s hiell i evie d
is mainly due to wertic
of the fromt and rear p
ity of the marginal wri
would be i mediStiol el

11 below the value of
=

he observe

rinkled into a general tensi

ysis is regquire

O (1
,34 [110]

this supposition.

), thereby confirning
t d snall wrinkles

on

conpres-

t be added an iacrement of 211
ion, which nakes a total rib flange
compression, The seetbion area of 3
square inch. Then the rib stress

d e, =

ik

o

the

field,

siod of Exanple

t and e, are used, and K, = 2/3
.039 inch. This value compares with
£ 0.062 inch under egquivalent condl— .
that the small absolute difference
a2l cantilever ab_lect on, under load,
ortions of the ribs and to angular- .
nkles. More cr”nlete neasurenents

The thecry, wi thout -further correction, is apparently
adequatc to predict the conditions under which wrinkling
will oeccur. '
If it is assumed that all torque shear is carried in
the skin and the trailing edge spar, the standard formulas
for torque and twist give a2 torgue shear in the skin of
510 pounds per square inch for a torque of 1000 inch- pounds.
A conputation for the correspondin ; twist gives 0.0015
radian in the panel length of 70.5 inches, which conpares
well with the observed values.
This agreement shows that the naxinunm twist ‘in the g
water—loaded condition is still not appreciabley greater
than in the unwrirnkled skin alonc. Jithru+ water, the
twist increr a-t for the same torgue was about double that ;
of the meation value, which fits‘well the assunption that
in sweh a case thw skin sShear is carried by tension in oane
diagonal only. Thus, under aay practical flight load con-

dition, the torque rigi

would Dbe apparent fron
which the skin would be

dity is substantially
conventional laboratory
free to buckle,

greater than
tests in
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TABLE I.- FINAL PANEL WEIGHTS

Weight Dbeyond Span arm 1' Chord arm
Item Weight | panel center from COnterl Moment [from 0.3c Torque
(1v) (in.) (in.-1b)| (in.) (in.-1b)
Root bulizhead 79
Tiing panel 32 14 v 240 5.6 51
Tip bulkhead and braces 25 25 38 950 4.1 103
Load beam 75 75 76 5,700 -1.2 -90
Torque arm and clamps 17 7 105 1580 8.0 136
Tater 501 2502 18.4 4,230 4.1 944
Total 729 361 | 12,900 1144
8Subject to o small correction for skin bulge.
TABLE II.- VILG DIMEISIONS
i Distancej Nominal| Thickness Effective | Area of | Beam moment| Torque moment
Efrom root| chord c¢| ratio beom depth| overhang of overhang| of overhang
' (in.) | (in.) |(percent ¢) (in.) (sq £t) | area area
| (in.-sq ft)| (in.-sq ft)
ey I
Root of test panel ! 0 49.96 5 57 ol 44,85 3180 | 1700
Center™ of test pa ney 54, SSI 44,00 15,35 6.00 32 .35 1850 ! LG
Tip of test panecl i 70.50] 5789 14.72 4.83 21. 890 650
Tip of wing | 163.00| 22.08 11.60 1.81 0 o . | 0
i 1

5)
Teken at center of water volume of

equivalent to 35 1b /ag ft of water pressure.

bOVerhung

area multiplied by its nominal ¥.A.C.

center skin panel where the maximum depth is 6.75 in.,

YoV
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"TABLE

III.- REQUIRED TEST LOADS FOR PROPER BENDING MOMENT AND TORQUE

T
1

!

|

ExtraiTorque Dynamic |Angle of | Load |To be observed | Head H (in.)
Condition beam |load pressure| chord factor fors for atmospheric
load?®] q pressure
(1b) |(1b) |(1b/sq ft) |(radian)
Static III 39 | 21 24.4 0 1.00 ’1 ~1.3
-Skin wrinkles
Half-limit III| 136 59 392 .026 1.60 0
Limit III 395 144 78.4 .078 3.20 Permanent set 3.0
Ultimate III 654 | 320 AL 130 4.80 Structural 6.0
failure
Limit VII | 324 | 100 2546 078 2.00 Wrinkles and -1.3
i permanent set

'3) . N . . s 5 .
“At point ©9 in. out from panel tip (skin bulge and weight of beam arm tentatively
neglected) 104.65 from panel center, at 0.3c except amount in next column.

bOn 20-in. arm back of 0.3c; this weight included in first-column figures.

i)
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TABDLE IV.- TEST RESULTS

1
1 3 4 6 7 : ]l 8 9 10 11
1 {
Approximate CAA|Basic|Maxirum Torque |Normal|Bending |Deflec- |Twist of| Change in |Internal
or other load |root |pressure about | shear® moment (tion of |tip rel-| twist angle| p/g
condition angle|onto skin 0.3c2 (1b) |load 1tip rel-lative to| (radian per |(average
(ra- |(1b/sq ft) (1000 factor |etive to| root 1000 in.-1bjover top)
dian) in.-1b) root |(radian)|change in |
(in.) torque) i
k| e T T i |
Panel empty g.00600 - 8.7 G5 | 15l 0.8% |0 0.0102 | 0.0031 o ]
Panel empty 2026 - 24.2 <20 280 1.43 .4 .0015 - -
Panel cmpty .130 —— S .20 131 2Bl 0 .0114 - —
Ealf-limit III 026| 32.2 28.6 2.14 510 1.68 o .0084 .0013 0 {
Half-limit ITI 026 71.2 28.8 ol 519 1563 o .0087 .0011 1G] l
Half-limit III <078 BeS 30.0 2l 530 N6 ikt .0086 <0011 1:0 ~
Holf-limit IIIC| .026| 32.2 27.8 2.14 503 1.64 1.5 .0074 - 0
Timit III SO gk 56.2 C 4,14 793 3.50 T 0077 0015 0
Limit III O ks L 516145} 4,37 808 3.32 Lo .0074 .0010 4L (0]
Ultimated III .130 8.0 83.6 SLsr |- 1083 4.91 3.0 .0089 .0015 0
Ultimate III .130| 140.4 83.8 5.60 | 1048 4£.93 2ot .0090 - .5
Ultimated III .130| 140.4 83.8 5160 1048 4,93 3.0 .0080 - S
Ultimate III .130| 78.0 83.6 B.57 | 1039 4.91 2.6 +0097 .0016 0
Limit VII LOI8 | W28 B354 3.14 583 207 1.4 .0067 .0016 0
Limit VII .078 D88 35.2 S 16 597 2107 1.3 .0083 .0010 1.0
Limit VIIb Q81 588 3550 Bl 6 595 2.06 1.4 0074 — 1.0

aBending moment, torque, and shear refer to panel ceanter.

bNo diagonals between ribs;

Chord shear was calculated for all test conditions, but was critical for none.

all other tests with diagonals.

loading of condition III, the maximum value was 189 1b.

"Tip" refers to tip of test panel.

For ultimate
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Figuro L —v=

Conventional wood and
fabric wing construction.

Fhait ris |2 e
Typical all-metal wing

construction.
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Biglirs 8 ke
All-metal wing with
pressure-supported skin.
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Figure 4. — Plan of outer wing panel.

(At panel center, c=basic chord <4400 inches)
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Figs.5,9,11,12,13,14.

Figure 5.~ View showing the in-
ternal structure of
the wing.

Figure 11.- Top skin bulge un-

der limit load of
CAA condition III with gero in-
ternal pressure.

Figure 13.~ Top surface of wing

under half-limit
load of condition III with zero
internal pressure.

Figure 9.~ Bottom surface of

wing under half-
limit load of condition III with
gero pressure, showing tension
wrinkles.

Figure 12,- Top skin bulge under

limit load of CAA
condition III with full dynam-
ic pressure.

- : “ i . L
% w 3
gt 3.2 B

Figure 14.- Top surface of wing

after beam failure
under & combination of water
and shot loading.
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Figure 10.- Plot of position of rcd across tip of panel,

of rod intersection.
bending moment, 52,300 in.-pounds.

CAANIcongsstion: L IEs

Shear center taken at average position
o , 0,078 radians; H, 3.0 inches water;
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