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TECHNICAL NOTE NO, 993

ANALYTICAL BTUDY OF TRANSMISSION OF LOAD FROM SKIN
TO STIFFENERS AND RINGS .oF PRESSURIZED GABIN S".ERIJ'OTURE"I

By Theodore Hsueh-Huang Plan
e SUMMARY

The general problem of this paper is the deformation
and ‘the stress analysis of .a pressurized cabin structure,
cansisting of sheet metal skin, longitudinal stringers, and
a finite number of rings which are equally spaced between
two end bulkheads. The minimum potential energy method 1is
used. The deformations are calculated by solving the simul-
taneous differsnce equations, involving three deformation

rarameters = radial expansion of rings, quilting of stringers,

and transverse elongation of skin. The tensile stresses of
the rings and the stringers, and the longltudinal and the .
circumferential stresses of the skin are determired from the
deformations. A few special cases from the genergl problem ,

are also considered. ot Lt R

The results obtained during tests of preesurized cabin
structures by both the Lookheed Aircraft Corporation and the
Congolidated~Vultee Aircraft Corporation yield reasonadble .
checks with the results from the theoretical analysie.

INTRODUCTION

The requirements of comfors during a high altlsude
bombing mission, and in the commercisl passenger alirplane,

call for a new design trend of airplane atructure, the pres-

surized cabin structure,

[ oo

*Thesis submitted in partial fulfillment of the require-
ments for the degree of Master of Science from MNassachusettis
Institute of Technology, 1944,
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A series of laboratdry investigations (reference 1)
were carried out at Wright Field during 1935 and 1936, on
pressure cabins, the results of which formed the basis of
the specifications of the firsy practical substratosphere
airplane, the Air Corps Model (Lockheed) XC-35., The results
show also that the simplest and lightest type of structure
is a round ecylindricel veseel with hemispherical heads, and
that the present standard design of semimonocoque construc-
tion of fuselage 1s- quite suitable. The first passenger
airplane with pressurized cabin, the Boeing 307-B "Strato-
liner" (referencd 2); is-0f the sama type of all-metal
structure as the Lockheed, circular in section, with alumi-
num-alloy rings, partition bulkheads, longitudinal stiff-
eners, and smooth skin aleclad covering. Following the same
design trend, Boeing B-29 "Superfortress' also has a fuse-
lage%?f:circular section for holding presaure.

VI, ) . s

Tehts'bf’@resaurized cabin atructures were xﬁ; ed out
’iﬁ’tﬁe‘ﬂu&%iss-Wright Corporation, St. Louis AirpLa Divi-
stbr’ "(réference B3), the Lockheed Atreraft Gorporation ﬁnef~
erentes 4 and B5), and the Congolidated-Vultee Aircrafﬁicqr-

fporation (reference 6). The effects. ofr the internal pres-

.sure on the stresses and the strain of .the structure w rﬁ
ﬁspeeially investigated in the Lockheed and the Consalid §ed-
Yultes “a¥Feraft Corporations. The results of some partigcular
test sectﬂons were represented by some plots. Some ampfqical

'formulastWeré developed. However, there were no anayxmical
“golutiong’for the general prodblem of the pressurized cabin

structuree. R . .

.

" Thé ‘¥nvestigations -in this paper were made to obtain

“'more genéﬁglized mathematical analyses of :monocoque strnc-

ture subjeatéd:to0 internal: pressqu,;,lt ks also assumed
that -the "principle of superposition.oan. be applied, so that
the stress analysis of a structure with combined internal
pressure and external load can be made without excessive
compllication.

The author wisheg to take this opportunity to express
hls appretiation to Prof. J. 8. Newell for his valuable sug-
g€estions and helpful encouragement during the preparation of

‘this thesls, and also to express his gratitude to the:lpok-

heed Aircraft Corporation and the Consolidated-~Vulteg.diy-~
craft Qorporation for their interest in this work, and their
kind cooperation in supplying the test data, DUt

)
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NOTATIONS « oo

modulus of elas;icif§-
Poisson's rati; |
cabin internal pressure-. -- .. - S S
longitudinal spacing of rings

number of stringers along circumference of fuselage
radivs of fuselage

cross~sectional area of ring

section moment of inertia of ring”

cross-sectional area of stiffener : o
section moment of inertia of stiffener
thickness of skin

total numdber of spaées between two heavy rings
longitudinal stress

cir;ﬁ;fgrantial stress of skin-. T
longitudinal strain

circumferential strain of skin

rectangular coordinates, longlitudinal, tangentiel
ond radlal, respectively :

radial displacement of eithef stiffeners or skin

an integer between “0, and n

radial dilplacément of the nth ring

LU — - =

radial displacement ‘of skin (or stiffeners) with
respect t0 ring

longitudinal displacement between the nth spacing
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M bending moment

& nondimensional parameter (1/1 - w®)

™

nondimensional parameter, ratio between ring and skin
area (A'/t1)

nondimensional parameter (t/1)
nondimensional parameter (r/1l)

nondimensional parameter (amsI/1)

£ © o DO

nondimensional parameter, ratio between stiinger and skin
area, (sA/2mrt) o

<

nondimensional parameter (p/B) ' : ’
operator for solving differential equation

Parzmeter in the solution of differential equation

="o> |

parameter defined by equation {(55)
STATEMENT OF PROBLEM

The simplest type of pressurized cabin structure is a .
oylindrical shell with hemispherical heads, as shown in fig-
ure 1. This fuselage is divided longitudinally into many,
gimilar sections, each one of whicthoqsists primarily of:

1. Sheet-metal covering - the skin

2 Longitudinal stiffen;ng membera f the stringers
3. Transverse stiffening eleménts ~'the lighter forming
rings, and the heavy partition bulkheads

The present problem 13 limited to the stress analysis
of this kind of sitructure ‘when subjected ‘to.internazl pres-
sure only. The analysis involves the determination of the
deformations and stresses of the skin, the stringer, and fthe
rings. _
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s;MPLE ‘uETHOD® FOR cALbuiAh;%b et A#ERAGE*s@hES§ES‘“?

aRClin _"iL G4}

R, jﬁ'_’* . 'oun pé'rHesfuEd ‘f“":j“_ ,’1,. o
T peadta $B!‘nalh:3_ﬂ1'r i ir ,;q“? {*'?;f?.,é.r4ﬁ13~:
A m%thod for galculatfgg the averag: tfinger. frame —,i#i

and skin stresaes wae given in reference 4 Lty
=} L3 I

~ 2.
§ P

In the case of a mogogoque fuselage the skin stresses

are given by the twb- eqﬁatrons e cLoLs iy
ot = rpft- ¢ (1)
and i
o = rp/*t (2)
where

I longitudinal stress, pounds per square ‘inch

.

- - .

G, circumferential stress,_nounds per sqguare inch ey
t.-!- i .2 - Ty T . _ o T A
r radius of Ifuselage, ainches i s . - '

P . pressure differencge between the inside and the outside
of the fuselage, pounds per square inch
Fr Lo e per P R A L

t skin thickness, inches =vigsue- - *. + s - s e L

.
Hp 20 :,.) . - .

“

It might be assumed thqt %f .the_longitudinal stringers
and the circumferential rings were added to the monocogque
shell they would tgke as much stress,as, the skin. This
would mean that the averageQIOngitudinal dnd éircumferential
stresses would be given dy

_ T
°L(av) = TE+ 2nrt C H3)
"3 5 : . S T
and rpl : -
CoL . ol céav)PJ 5"¥ it SRR (4)
. PRI S O AT N G A L S N .
where - - S S CLBROT SR TP B B
RPN R R SRR I RS- T
A *cféss-éectfdngl are&“&f stringef e e '{f Tt il
5 aTrdi wemeiqgta S LI AL, BRAYLc AR nine e

8 ﬁumWJf of stffngef& ‘dHdurd ‘the «GirdumPeroncs OF fuséraéd"”

Cate nlarrr

i frame spacing

A' frame area
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By considering the:..fact thalk 'the akin has 'etresses in
two directions, that is, by considering the effeet of Poisson's
ratio, there is actually . found-a:difference between the stress
of the stringer and the longitudinal siress of the skin, or
between that of the frame and the circumferential stress of
the skin., Two formulas-were suggested -dy.the-article Just
mentioned (reference 4) for calculating the atresses of the
stringer and of the frame.

eRalii I t s i

Ostringer * °L(av) = M9 (av)

(5)

Cframe = Oo(av) = ® 9L(av) (6)

vhere
# PFPoisson's ratio

A serles of tests on pressurized cabin structure were _
ran in Lockheed Alrcraft Corporation. The results of the
tests are represented as the plots in figures 2 and 3. The
measured stringer stress is checked almost exactly by ueing
equation (5), while the measured frame stress is lower than
the, oalculated value by using equastion (6), This shows that
the skin deflects more circumferentially than does ths frame.

The skin stresses can be calculated, from equilibrium
conditions, that is, by the equations

' 2nrt_cx =L§A‘ °stringer = nr?p _
’ t‘-l gy =.A.E éframe = rl_'p:_‘
where o
oy longitudinal skin sFress .. ° fw.,ic

O, c¢ircumferential skin stress
The discussion which' f6llows is based on the assumption
that there is a certein amount of quilting between skin,
stringer, and the frame. Some generalized formulas for cal-
culating the deflections and stresses have been developed.,
These are all dependent oOh*a’ilatge’ number df viatiadbles, such
as, skin thickness, stringer ,area, stringer stiffness,
stringer sbaclhg}Tfrand” breaq’ frameTspaeing,vand diameter of
fuselage.

B
L A

BRSO 2L
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MATHEMATICAL ANALYSIS OF PRESSURIZED CABIN STRUCTURE

"ot Method vof Approach rinv 0 el
., N L omLe S ATE . (TR s T IR
-The" analysis of the preséent’ problem is based on the
strain=ehergy: method, or in dther words, the principle that
the potential energy of a loaded elastic structure is mini-
mum whent equilidbrium is reached.- In.applying this principle,
the fbllowing procedure is followed.

The first step is to make a deformation assumption,
that-is, t0 write a formula giving the deflection 6f sach
part of the structure as a functlion of certain wariabdbles
which are often called the deformation parameters.

The second step is to write the expreeeion of the po-
tentlal energy of the structure as & function of the defor-
mation  parameters. "Ll - - S T I T WS

The third.etéep 'is’ to determine the change: in potential
energy - due %0, a.virtual displacement, that is, to differens.. -
tiate: the. expreseion for potential energy of the structurer.L-
with respeg$ t0- each deformation parameter. N T A PRI

L R A e v vme donygy s EC

The fourth atep is to determine the work done. by . the, .

externel lpad during each virtual displacement. - ?pth' -

- -
a W
LA

'S NS TR 4N N i

e < e
2.

The fifth step is to write the equatione of virtual
work by equating the internal and the external work detepl”
mingd fron the previous steps and to solve for the deforma-
tionﬂpa?a?eters..

(TR if . - __'_____ - "-.::

e Thelast step ie to determine the stressee of each part"
offthe structure based on the deformation slready assumed,

~ .

~ .
'S

The type and number of deformation parameters are "flex-
ible depending upon the choice of the analyst. The solution
becomes more accurate as the number and suiltability of the
parameters increase. However, the amount of computation in-
creases rapidly as more parameters are added, and therefore
it is desirable to place reliance on sultability rather than
nunber, Thus the method pays & premium for good Judgment.

Assumptions
The'present analysis applies %0 a monocoque etructure
having the following characteristics:
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1. Circular ‘orose sectlon without taper
2, Very thin skin taking no bending loads

3. Uniformly distributed stringers: apaced closely
enough that the quilting of the skin_panels be-
tween them is very emall and can be negleoted

4, Bqually spaced light rings between bulkheads, the
bulkheads being considersd as rings of infinite
rigldity .

5. Radius of fuselage very large 1n compariaon with the
gsize of the ring . .

6. Same material for skin, stringers, and rings

Deformation Assumption - Three Deformation Parameters

1. BExpansion of ring.~ Consider a certalin section-of a

pressurized cabin structure between two main frames Or bulk-
heads., Between these two end rigld rings there are (m&l)
equally spaced light rings, each of which is attached to the
skin and ie supposed t0 expand radlially with the skin due %0
the alr pressure. The radial expansion of the ring, 47, is
oconsidered to be the first deformation parameter, and is
represented by wup,. The subscript =n indicates the order

of ring from the end, - i

-

IRT AP 4‘ d
2. Longitudinal expansion of stringers‘of "4 n betweon
two rings.- The increase of the distance,*ALh betwoen two

- rings due to0 pressure is congidered to be the seoond deforma-
. tion parameter, and is represented by v,. The sudbscript =n

indicates the order of the span, the nth span being that be~
tween the (n~1)th ang the nth ring, S

"3, Quilting of Btriqser or skin between the rin 55. 3The

*
J

stringer is a trigonometrioc function, that is, the sine
function, the cosine funetion, or a ¢ombimation of’ these
‘functions, In the practical construction, the stringers are
usually continuous through several spans, and are fixed to
the rings rigidly eithér by riveting or welding. It is,
thus, a proper assumption that the.rings remalin untwisted
“when -the pressure is gpplied. and .that the slope.of the .
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deflection curve of the stringer with respect to the.refér-
ence line is zero at the Junction point to the ring.

The deflection curve of the stringer can bé represented
by the following trigonometric -function, which satisfies the
ebove-mentioned end condltions, as its first derivative be-
comes 2zero at the ends of the span.

e = U e e
¥p = Qpoy * —E——E—E—l-<é - ¢cos %%}*‘“n (} - ©O08 E%E (7)

Here wp 4is the third deformation parameter, indicat-
ing the average quilting of the stringer between the rings.

The definitione of the deformation parameter can be
1llustrated more clearly by figure 4.

it

Strain Energy of Bending of Stringers
M
The general expression for the strain energy of bending
“4s given by the equation: (reference 7) '

ST R T v o . e
O O A TON B ﬁN = -"'b/n —“"‘ dx . .- (8)

where EI is the flexural rigidity of the stringer. The
?egond derivative of . y with respect to x  from equation
7) 1is 0 et o s

2 _
dy Up = Up.a1 o 2 2nx
_—= = —— c0§ — ¥ Wp cog —
ax?® 2 12 ]
Substituting in equation (8) gives o
. 5o
BI ﬂi,/p 1 2 X
Ve == 10 = (u, - wnoq) 08 = .-
2 1%,/ n n-1 :
N o) - -
e Lo : .
T e ~n.i1§;q‘s Lot g me
+ 2wy (up = up.y) cos ™= cos =& 4+ 16 wy® cos® 2LE gx
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It“can be ahown that

p i S R e LT Au SR Y A S
wd e e :'l".ﬁ o bove gl :
Lagd Fon . Y s .
ieoon coga anx: dx = J.:.
¥ ~>.," far - e . .
s A R . -, 'l.o- ' .. 1
and
-1 -

cosg 5%5 cos qu dx = O

.
-
L
=
2

Hence, thé exprésslon for strain energy becomes
g . R

BI n% 1, - 2 3
V= 2 128 l8 (“n - Up_y )% + 8 wy
or ‘
4 2
ant EBl 1 2 -
L LS. LI - + v 9
V = 1,3 . [64 (un un.-l) - -wn ] et (a :)

This equation applies to only one stringer at a particular
section., The total energy -of bending of stringers between
the two rigid rings 1's expressed as

. ¥ 3 . o
. v' = 411‘ SEI [ f\ (u -' un- )2 & Z WnaJ (10)
O 1

1 °

where

"
RN
-~

"o

3% ae

. l-. . ~! .
g number of gtringers around circumference
T - R AR

m number of spans between'ﬁﬁd rféid fiﬁés

s

Strain Energy.. of Elongation of ﬁgringera_ R

The general expression for the strain energy of elonga-
tion is given by the equation (reference 7)

e T @Bl e (L e
: N = g% 5 e : (11)
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where
A cross-sectional area of the bar
§ increase in length within a!c;iiaiﬁ_secéion of length 1§

The elongation of the stringer between two rings 1s
equal to the difference between the length of the deflection
curve and the original length of the chord multiplied by a
factor representing the increase in distance between two
rings. As shown in figure 4 the elopggtiou 48

I,., [ . . R . R o

v .
§ = [Z +{/P {(ds - dx)] 1 + — Va1 (12)
/ (+3) |

f:f

e el

~

The difference between -the 'length of an element ds of
the curve and the corresponding element 'dx of .the chord is

equel %o
= -
/ a
de - dax = ax /1 + (Y - ax == () ax
dx 2 \dx

P

Suhstituting'in“eqﬁgtfon (lB)’gifé§

i N 1
P IR NS; ALY A - T o N . L _ et
L 2-01 ax /. 2§£éf ax R NIt

. & IR T N S R AT R £ T Tt R M b - L -

From equation (7)

-_= -~ gin — + in —
dx 2 1 i 1 1 ,
SEPRE R A T ] - - —rald
and .
R Wp = Qpei\% w3 o /7E\. - 4wpcn? 2nx
—-;y—->' = (——-——n B 1> - sin® -_— + -———-—nz sin?®
ix 2 1 A i [}
AT DR AL RN S SR Na - B T o o e ot
+ 2n (up - up-3) wp-sin TX gin 20X
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It can be shown that

1 ’
R sin BTX 455 = &
] 2
e sr 0
i t .J
and ifi T R -
L Z
L/n gin 27X gin 27X gx = 0O
o 1 [
TN
Hence,
[ 2 .
[ dy . e Uy - Upo,y 2n”® a
g = — + w "
b/ﬁ Ei>~ ax =3 2 1 ¥n
and

2
mR /Uy — Upogy 2 3 Vn Vv lang i
8 = [4; (————5———{> +'7— W 1l + : * ¥ Piralh

By comparing the magnitude of the two terms of the preceding

i

very small order of Vny and it is sufficiently accurate to
)

ot L 3 - a
equation it is obvious’ that 1%— or (Eﬂ———552%> is of
agsume

8§ = vp (18)
Thus the expression for strain energy becomes

ve2B, 2 R A . (14)
21

The total energy of elongation of stringers between the two
rigid rings 1s expressed as
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- m

v = 242 Z vy (15)

Strain Energy of Expansion of Skin

.ore . N . - = j . - e -
P - :

The general expression for the strain energy for a
three—-dimensional stress distribution is given by the equa-
tion (reference 8)

v =;LZ7Q% (oxex + ogey + Tue,

*Tey¥xy + Tzg¥xy + Ty, Vyg) dxdydz (16)

where o, €, T, and ¥ are the normal and shearing streas
and normal and shearing strain.

.-in the present case, the problem of expansion of skin
canh be réduced t0o a two-dimensional one, by assuming that
the x- and z-directions coincide, respectively, with the
transverse and tangentisl directions along the skin, and
that the thickness t of skin is so small that the varia~ .,
tion of it can be‘néglected. HEaving the assumption that the-
skin is expanding uWhiformly and symmetrically along the ecir--
cumference, it c¢an be concluded also that the membrane shear-
ing stresses T,, vanish. _Phe expression for the strain
energy 1s thus reduced to the Following simplified form

! anr )
v ='£;/? /ﬁ .(cxex + 0g,€,) dxdz (17)
2-0 A . - ] )

where »r is the radius of the fuselage.

“In the case of plane stress distribution the relation
between stress and strain is gliven by the equations (refer-
ence 8): .
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ex = % (0p =~k oy)

(18)

L)
u

(oz - cx)
aF L te per ..

where . . 1s Poisson's ratio. Solving for o, and o,
glves ’ oo

€ + €
o = X% €2
x 2
1"‘“ !'.:_ l‘,'
(19)
€, + €

1 - p?

Substituting in equation (17) gives

1A aty
} . .bE /f .
v = ' (€ .® + 2p €_¢. + ¢.%) dxdz (20)
241 - W)Y o x XY z

The strain ey, can be assumed- constant'throughout the span
through the same argument as in the previous section., " Thus

R § . Ly

: v . o
.,Gx .=_zn_ (21)

‘The strain ¢z can be ‘expressed in terms of the other two
deformation parameters,

" - fa
M B

h[u + Un= Up-y l- cos ES) + wﬁ l~.cosg Znx (22)
n=1 2 1 .- A W 1 /

Substituting equations (21) and (22) in (20), andlintéérating
by noticing the fact that

B s

Ar
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. :
e, b - PR .. <~ H RS t LR A n¢
. e s - d/“ cos BOIX 4x = O -y
_.h_o 2
. Al . T
' cos 20X cos BTX- 3% £ ©
1 [}
e w0 e
and
[
U/" cos® 2E gx = Ll
2 2
o .
'_' s w oyl T .
legds to0
) . .
v = DEE [z-vn2+ 2p v Eﬂ:l*——&+-w;>4-3- g
1-p® L1 2 r \8

15

(23)

The total energy of expansien . of skin between the two rigid

rings is expressed as FO
m m b
= OBt ir Sﬂ 2 4 =2 " %o,
- 1-np2 [Z L vn-":‘ I';,—afu SVt vn.', 21 RIS AN
T, o Boanlo A I
1 . 1l
3 2
+ - —Up_ 1 F —up.; v
7oAl s r Z (8 'n-l : ..4-.. .n'l..- o
[N T T d i
3
+ 5 up® t+ 3 Wn® + up wp *toup 1wW;>.]

(24)
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Strain Bnergy of Expansion of Rings

From the general expression for the strain energy of
elongation (equation (1x§) it can be shown that for the ex~
panslon of ring

t "'.'-
T A o) ;e

where A' 1is the cross-sectional area of the ring or

1
Vj='"i E up?® (25)

The total energy of expansion of rings between two rigid
rings is expressed as .

t

B -— . . e v )

Strain Hnergy of Bending of Ring

The general expression for the strain energy -0f. . bending
is given in terms of the bending moment by the equation (ref-
erence 7)

3 . - . .
L ';".’: L ) . v‘ - M dz- o "t PRSI T - Y .
I - . v -2 ;. ,
sz : RFRCE d (- l)l .

T 3
'] . O T 1

The bending moment for beams having circular central
axes is expressed by the equation (reference 9)

Py

M 1 day'> 1
EI r3 ad,*

where
T radius of curvature
¥ raiial expansion of ring

¢, angle representing position of section
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For a uniformly“é¥panded ring, the deflection. -y - is constant
2ll around the circumference} that is, its second derivative
with rgspectft§“f¢1 ‘vanishes, Thus X .

- .

BI
i M=--.‘r'_2¥
BI 2mr
{ ; V = ——%ﬁ deg
2r.
o
) nmBI°

(29)

In practical cases, the depth of the ring is usually very
small, while the radius r of the fuselage is very large.
It can be shown in the actunal example under the section

Analytical Solutions Applied to Actual Test Sections that

the value of J? is very small in comparison with the value

Do T
of A/r. It is thus allowable to neglect the strain energy
of bending of ring in the present discussion.

Expression for Total Strain Energy

The total Btrain energy between the two rigid frames is
expressed in terms of the deformation parameters as follows:

4m*sBI | 1 c j? A ii ‘
T 8 T 2 3 ‘8 .
V = e | =2 Y (u - Up o+ w e v.=s -
7:3 [64 ) n n 1) n :] 2; -,n
) 1 1

m . n )
Bt r am 2 M, -u,g.._l_:q..:s}n-x. N
Tl [7 EZ Yot T Bw ZZ n ( 2z~ 'm
1 1

m
1 3 2. 1 : 2 2.8 2
T Z (E‘ Unea"t 3 Unoy UptgupySFtgwpttuy wptup, wy
1

AtR
+ I ;ﬂ una " . "o : - (30)

5 . . . . -
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Introduetion of Nondimensional Farameters
In order to simplify the form of the general equationu
the following nondimensional parameters are introduced!

o = l.a . (31)
l-p
' . §
g = f? : (82)
p =.E:. . I (33)
8 ‘% (24)
s = AL - (es)
R R | (38)
2nr. ca S

s 2
m
+ % Z (g— un_r"la + .':_;;:#11'71 Yn + = unB + %wna . .
1 -
- m o
o+ Un wn_+;un—1 w;>‘} + %ﬁ'ﬂ§}~gni]:.~” f.,.;bﬁ ; o L87)
o ~ L ) ;

-4

\fhange in S%rain Energy Due to Small Deformation ﬁ_-

The effects of the small changes of the deformation on
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the change in the strain energy are determined by differenti-
ating equation (37) separately with respec¢t to the deforma-

tion parameters. Since the derivatives of 2; (u, - un_l)a

with respect to wu, vanish, it follows thet

dV m 1 (1 3 1 >
™ Up mr [p“ {3 (vp+ va+a) 56 \g tm-rTZ Uty n+1

P

. : o8 _
+ 26 (wn + "n+1) }'l' 'y un:l du, (38)

F S .u .+u - _

_a_b__V_ dvy = 2nrlE [p Vv, + pa {evn+ n (—PL;—-E + "’n) } ]dvn (39)

Vn

[ BCEU BEY

37 [¢ fur + 2 (Pnm2, )}] .
OV Gw. =32mrE |= w,_+ pa {pv += {2+ 2w dw (40)
dw, © R W 2 2 7 B

Work Done by External Load

The work done duc to the intarral preasuie appllie” %o
the end of the cylindsical struciure nmay be expressed approx-
imately by

m
LU = mr® p }j n (41)
. "ol — . o

where p is the pressure difference between the inside and
the outside of ihe cabln.

The vetrk dcee dae to the internal pressure applied radi-
ally is expresced as’ : - : rei

- . . . . . . - - .- - . v ot
. = P - &'y

ond
d
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-
]
-

Gyt - m . '
U = 2111- P Z f y wdx. . P e ., . s
. T t i N -

- Upoy
u " In T Tn-y - cos 2X
n 1 Lo 2 R N }

-,

iw

= 2nr p

+ wp (l ~ cos 3%5. } ix

11l m

(v

. ug + up :
= 2ur l Xﬂ Uy + —— wol . . (42)
? [z_l_.. 27T Z n]
The work done by the external load during the additional -

variation may be expressed similarly by differentiation.
U
20 qu, =2mrp b u, (43)
ou :
n

-

(Bxcept for wu, and uy, which are taken to be zero in this
case) '
14

4 vy, = mr® p d vy, (44)
vy,

20 4 Wwnp = 2nr p L d wy (45)

dwy
Genera; Bquations . for Determining
the Deformation Parameters
Equating the change in strein energy to the work done

by the external load during each additional variation re-
sults in v
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OV 4w = 4w
foLeh ST duy = dup B
w
- S I e
{ox L AN A - o o -
i ; ; - e e e = éU
\ %.-dwﬂ}: . ¢ '_‘?n+
..n ‘\N n -
1 i B T I
+ + = + = + : F -
' ] . PP R :
Upn = P —
R -
(48)
Un o +5%p . *
o vt pn{e vaew (B >} EER
| SR iy i pEadag ek
o f U,k ugs P PO
.e_wn-l-pa,kp,vn __.Q__Q_.-I-.zwn ="p.é.
By defining another nondimensional’ ‘parameter U -for o/E, "
and by rearranging the terms, ‘it ig found that '
8 o 4 8 . = 2 o
oY .
. . sy o0 f
p (npoy + uy) + 26 @é + ,l_> Vo hBR Wy = — (48) K
. r LA Traet w . pa
T .= B
i (u + u.) + 6 pv +<—d—>-+-3->w = 2L 1. (49)
g o o 2 pa 12/ "R pa
From equations (48) and (49)# “vf -énd :#I;' “ean be solved im
terms of up., and up. Hence ' :
omioy il s "‘}ﬁ'f__liﬁ 2 ‘.. - !
r 4 N - DIl i
P s : s '--. :_-'(\ ).
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1-:-1-2»)%-#(%*’% (ag.y + uy)
v = (60}

[ 9E-D-+]
(6942 -G D

2
Wp = (1)
SIGHIHE

For solving Wy, the simultaneous difference equations are
written in the following form (reference 10)

and

1 + B = ¢ .3 = Vr
un+8;.|.Evn+ p—a'-+§>Ewn-‘—‘ (52)

where B 1is an operator defined by the relation
—n
E f (x) = f (x + n)
The solution of these equations 1s
Un = Ay MU o+ Ap AR+ § (53)

where A; and A; are the arbitrary constants determined

from the boundary conditions, A, and A, are roots of the
equation ’
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L. ' . . . 2
£.+(P-+=”’->>\'+.1.>\2 BB A%y AR A
8 4 87"

2 T2
po(1+ A) © . 28 <§-+ %)Afaﬁh_ =0  (54)
EERS T (—+§

and © 1s the particular solution of the difference equa-~-
tion determined by substituting T =1 in the preceding
simultaneous equation (equation (52))

Bquation (54) can be resduced to the following simpli-
: fied form . . e e e
o T T

":".".?'..""»I _:

I~'a N . - - .
A. +'K A-+ 1 =0 A R € -1

I w .. .

(@ FeHED - <1 <a+-> 2’ (ﬁ 1)
%%é%}&@“—:—)-»‘*]-%f

L. 1-,:,! ...’ [aad - . - .
In general KX, the coefficient of the A-term, is positiv?
and usually lies between 20 and 50, The solution of-this
quadratic equation will be approximately

L EUEDED L)
T ,1_:;--@[ <1+m> ]-ipﬁ

and

— — e =

Aa=ist - po. Qf(“"u]-?n
1 %*%)[("*5(5*9 - (s D .>
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The particular solution of unp 1s.ddtermined, by solv-
ing the following simultaneous equations

/ (E + i) T+0 pv+ 7= %
a o
2“‘7+39<m+1>7+ 2uw = 2L .(58)
& pa R
T = ¢ 3\ — Vr
wn D Py BT+ 0 pv + o + 2) w =

Tanivrete fer ol

hence . HE Y no. - N
L Y " [£ 2L .‘f"l-‘u

T L TarRERe)

' The boundary conditions in the present case are that
fori w'= Q, and n = m, The radial deflections of the ring

an&.ze:o. Whus “from. equation (83) for ugy ='0,

Py arfy atl 5 4.
' L
3

= . 41:-"‘"‘ A’B + u = 0 ] d’:
or : e S
pier e S e LA, T Tan
for - ay ‘= O 1,.;.“ - _ . e Ef;
or . T S LT
AR W Vol JFUR U W R B (v)

Solving for: Ay ‘and 'Ap ¢ from equatiafs (a) and (b) gives

Aam T
Ay = - =
: T T 1 +A,R
PR - 7 [ SR TON N < - ) - -
I3 : - e,
CW AT . s ieed e e . e ssaaem s . -
Aa S -

1 + AR,
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Substituting in equation (53).gives

Ns

AB g AR T
Bu 31.1

- — - +
T T aaam 14 A0

B
{

Qn

Rearranging and substituting A, by Ag‘% gives

hm-n_,,?\n ’
- 60
up = @ (1 TR (s0)

The other two deformation parameters v, and w, can
be determined in turn by auﬁstituting the values of 'u, and
Un., in equations (50) and (51)

;' . SBtresses ahi‘&omegts ih.thé;é%?qﬁtﬁiﬁff“;_;3;7 -
The stresees of the ringe, the stringers, and the skin -
can all be determined by.kmdwing the .deformations, or in
other words, the strains of the structure. Tor example, the
stress in the ring can be written as :

e aemin e e e s

Cerame = £ €frame .- -
or vy
Otrame = B 7 .. .t

Similarly, the stress of the p@ringer is equal to

PR LY LA - - - -

t . é o . S R i .‘ .- , - .________.._
L. = E £ .
N R g strdngers atringer : 23
.o ) '"'..'.:.7 3,_ .'._.,_r L S R P — - -
v e R
=a-# : (62)

:,,g -r

e

The longitudinal. stregm of £he skin may be written as
13 . - [
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2 ——t H (63)

where y is determined from equation (7). The circumferen-
tlal stresa of the skin may be written as

€, + €
o, s —E—tX g
1 -p

I . B (64)

The bending moment of a beam can be written in terms of
the deflection, The differential equation of the deflection
curve 1is

-
Ma-n1dl (65)

The second derivative of y with respect to x 1is

a°y u, = u ™ L 3 2mx
—_—y_ e B D=Y COB w—=— + W cos
ax?® 2 e °°% » TE 1

Substituting in equation (65) gives
- 2
M=-mz<‘_19.__}.‘.r_t-_=_n_cosﬁ+ wnﬂ'r_cos.z.“_x.) (66)
2 [ 13 i

It can be seen that the bending moment is maximum at the end
of the stringer where the ring Jjoins. At the end of the
rigid ring,

un-l =u° = 0

A m=-1 +
1+ A
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ra (1 + E) -”u] 2 4 [ua - (} g 4 ] uy
L @ po @
wn o afae )
SRR ae[<1 s (& d)- ]
o P 2
and | )
o M= -1 22T 4 402 cLA
\ 2 1= ;a:
£ A _ - : ‘. -
) 21°

Particular Proplems

I, FPressurized Gabin with Infinitely Many Equal Spans.
l..{,\j w4 s ve = At am w S0
It igyobvious- that the &eformatiéns of: each panel of
the presst riZQd cdbin structure with infinitely many equal
spane are identical, In the general equations,

' 3 3.t sma ot Y w33 T
7} i uﬂ,ﬁ e ns“'-* un.,,l = Wifnhs i .‘; ‘ . ol
J A % 5. P W !
Bkt ol P Feeowd o, St » - [T

Vnﬂ vn-l'l = v

., ; % oy sp gy g H - . = . - ..;-_’J;: _..'.': T < - .
pewtpged | kB a2 OW ‘*;L&_wn+1 =" w Ledchzn e edinlioas
and equahione (3?0 I(31‘5 15 and (39) becomg _:_;i_ - e
‘.‘&ﬂ|"-: '.' o . .-1!-_-4-!’” !9:- . N
‘ '.4 Yowe o CI Sy PR . -,
- ‘? Tl S 3 N S -
W * Q TR KT pa
vr
2;.‘.13;”4-29 -‘g:-i-l)v-l-ap_wa—' (68)
T @ P

u+ Op v + EL + §>¥ = Ur
"J - Pﬂv P-4 s ‘pq"

These are the same equations as the simultaneous aquations s
for solvin% the particular solution in the previous section’
(equation (48))., The solutions are
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. | [(ZHW') ][e+i] R
G ( [(“B)(“‘”D 2] - (0 2)
 E{EDECD DY

D ED[EDEY ] Y

U__E(l +'_‘£-.1.,;>
T pPa o a .2 J

D e DIEDED 6D |

It can be seen that equations (50) and-(51) reduce to equa-
tions (70) and (71), respectively, by substituting wup.,
= un = u'

II, Single Span Presgsurized Gylinder with Bnd Frames of
Infinite Rigidity.

This kind of siructure will have only transyerge and
radial expansion of skin, bdut no deformation of the rings.
For this case the deformatlon parameter u in equation (68)
is zero, and hence the first equation in (58) vanishes, The
problem is thus reduced to the solution of the following

equatlon
2 6 (ﬂ + 1) v+ 3 pw= br -
a pa

. (72)
¢ k) vr
5"“’."(3&'*'2')'“’53

-

The-sb%ﬁfions are
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¢ + é . 2 ﬂ) s e Ll
R i - - {(78)

_..,._.,_é.,eL(“—’*'l)(: 3) f]-

..
A
L

5[ () o e

= (74)

TEE D

- .

o~ EIl. Singke Span. Presaurized Oylinder ‘with Fixed End
Supportsa T B VR ) . _

R .

This kind of .structure will have only radial ezpansion
of. skin between the: end. supports. In this case only the de-
formation parameter w _appeprs.' The solution of this probe-
lpm is thus base@won the eguation

T S . LIS S

( l> -=;%5i; . . (78)

and 18 . inoo owbew de o

N A PR 2 £ ng?gﬂ;IP@o :;o';:Ur' Do dn Ll 4_1"(76)
e pdn .3 desd ol ':';?_'-'4, TR S coEoLe Al . _ .

SR RO A wi Fae oo 3§=L i ."E“thﬁf.fv ced ".“: TZoeme
l-‘-.n-l-q --' - ‘.If Lo
Cidme mmsms QF PREsSURIzED ‘QABIN. STRUOTﬁEE AT
s e on t,\ 1 Rl - R “"_3‘. - a0 TN -..
e *a - LQOKEEEH AIRGRAFE\OORBORAEION‘ R
o g e -.'.-’.H,.' ' [ _.5- :' . .

e

B S S S AR 1 BN B '-"1 wET S ’
______ Lockhqa& &ircrqft Qarporatiam.made -8 complete Envesﬁi-'
gation of .a grgqauriaei tédst secthdn. of .thé . Model 49 fwee-
lage. The fo;;owing provlens: were fatudied iid this te-t.

. ] vy -
A TSP P I 55 o fi sl oe FN bDiuellD o2
h ’ B aoal e LI P - Ja e -
@ A .,-.e-'.-: maoen mala el ,;H_‘.. AR
. Lnn .
PR T - - - s ~ 4, . - L} 2 . K
R T L LR N - T S R I A r': LR e
. . 8, - . e
Lcabfn o 4wl ot toatth T e prx s BN & S
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1, Leakage rate

2. Deflection due to internal pressure
3. Stresses due t0 internal pressure
4, Bending test

6. Torsion test

6. Floor-support test

7. General instabillty

8, Frame test

Since, in the present problem, only the effects of pres~
sure are of ilnterest, s summary of the test of the primary
strueture is given,

Description of test setup.~ The general arrangement as
well as the dimensions of the test apraratus are eghewn in
figures Ha and 5b, The essential elements of this egquipment
conslst of the followlng:

1. A full-scale section of the fuselage

2. A large reinforced concrete block which serves as a
fixed end to support the test section

3. A rigld steel framework or loading head which was
attached to the free end of the test section

The test section was circular in cross section and was
tapered with a ratio of approkximately 1:10 in the longitudi-
nal directlon, - The primary structure was composed of a
248-T alclad framework of channel=-section rings and bent-up,
J-section stringers to which a skin of 248-T alclad sheet was
attached., The stringers were uniformly spaced at 6° inter-
vals around the periphery of the cylinder, except at the
bottom, in which case 2.5° spacing was employed. The
stringers were of five different sections, only one of which,
the LS~160, made of 0,032-inch 2458-T aleclad sheet, was used
mostly. This section is given in detail in figure 5b, The
rings were spaced a2t an interval of 18.4 inches, A typlocel
section of the ring is also shown in the same figure. Two
thicknesses of gkin were used, 9,032~inch sheet on the top
and the bottom, and 0,040~inch sheet on the two sides,
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av-:-. 11 The pressurlizationfi-of the-itost sebslon, was: aocomplished
with’the compressed air:which was.ied inhto the pgylinder:: :C
through- & . safety ‘walve. located:within thée concrete. support-
.ing structurel:. The.alr was suppliled. constantly’ for.balanc-
ing the leakage of eir through the skin.
RN E TR -':r,,.. . RITI . _-..-...a 1‘: .
-z 1 The Baldwin-Seuthwark-%ype electrical strain gagesrwefi'
used for.measuring.the stresses. ' They wére.mounted,upon’ the

..eatrfaces! bf the: members, ih-which:.the sttekses were' tb be.

maasured by cementing'them tox these. surfaces., gree

,'-
- - !__-'- LI _-_..M"fd-""_ ‘.‘-,:'v

‘ru

5 P et
Pressure deflections.- The, skin deflectibna were.. cOmh-;
posed of two parts, firast, the deflection of the center of
fhe"phned-rélative:td- the~stringbrs ahd.mmomﬁ@g the: de-~
fisction. of the-stringer relative.to the framg: - These.de~
flections were;allimeasured by the dial.geges as; shown in.
the diagremmatic sketcHes in figures 6. and-7.::Therstrange.. .

;- and unexpecied reshlt: in these figures.is that skin between.

the stringers-had an inward deflection, An-.explanation for:
this may be.that . these panels-had. a slight curvature in the-
lonpgitudingl. éirection.. The-deflsesction of. the stringer be-
tween.the frame is outwerd; and is practically directly ... .,
proportional.to the internal pressure. L os.l L LT we. LAt

Pressure stresses.- The results of the ﬁressure sfregé

measutement - have been discussed-previously and are repre-
sented  in %the- plets in, figures 2 ani B

s P - ¢' .. - R .. © LS ...
aJ'au 4l ' T <. Fah .-,'.‘.-.-.5. P

¥ -3 S LI N S ' “EE Lo . | I P
he it e e E5TE. OF rkﬁssuaxzmp casxk smnucguam AT I
et e e fasa g T .

Pe GONSQLIDATEHNVELTEE AIRORA?T ‘CORECRATLON 5 1. -

. -.-.x. LT - --..., - n-i AR '.‘- ! .."
- . A N PIR  o

Gonsolidated Vultee Aircnaft Gorporation made a~aeria;
of tests to measure the atressestin and the deflectiomns,.of,
the structure members of a one-half scale "nose-wheel gsec-—
tion" of the ¥XB-32 fuselage under maximum operating air
pressure. The tests: ocovered two kimds: of smecgimens: the
"floored specimen," which was a cylindrical structure with
flooring and floor bracing inside, and the "control specimen,®
which .wage g:perfechly -aymmetrical .cylinder to.be used es
control in preliminery testing. Only the tests of the con-
trol specimen are described here, as this specimen is similar
to the strugture which isg.disgussed in.this papexn.. -

thar

2
-
-

1Y
!a

X_; e

Test setup.- As shown in figure 8, the test section was
made with 0,016-inch skin riveted to 0,020-inch angle
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strihgers: with: 0, 032+incht channél Delt frames. - The stringers,
52 in.mumbér; werecdibtributed nniformly arsund the psriphery
of"* the'cylindar.- The' belt Prames,~ 5. in hnmber; including:
the .2 end:bulkhdads, were. apaced at an:intarvalnof 10.inches.
T P FRY S RN TP WIRTY S S T
The test specimen was mOunted in a boxlike structure
Bteel Jig withithe .centeér line of the specimen in a vertical
position, The top bulkhead of the specimen:wus. held.in a.:
fixed 'lateral position by:means of bali-bearing: gulde. rollers.
The effect was, that.as the specimen expanded under pressuras;j
the top bulkhead could breathe vertically but 1t wag re-
straimeﬁ from lateral motlon. S _r-11~n- : -
e b : o
Stresses.- The stwesses of the control spegimen at 6 55
psi measured dy the “Celstraihn! gage equipment are gshown. in.
figure 9. ‘'Thée averagh ¥aslues of indicated stresses in-the.
memberd &t 6,65 psi compared with the stresses obtalned. by. -
simple calculations: (equations (3), (4),:«(5), and (8)) ' folloew:
In the stringer - 1300 psi- versus 1355 calculated. in. the -
belt framb - 2400 psi veransg 6660 caleculated; longitudinal
skin =4770 psiiversus BEBO talculated; arnd circumfrential.
skin stress - 11,200 pei -versusr8560 calculated. Tre ex-
perimental value of circumnferentisal stress was a meximam:- "
value instead of an average value._

--Defieetions.~ Etarrett deflection geges reading in

1/1000 inch were used:'to measure’ the’ deflection of the.mem-
bers of the specimens under pressure. The belt frames did
not deflect evenly along the periphery, but the average de-
flection of the center belt frame '0f -the econtrol: specimen
was 0,018 inch at 6.56 psi. The radial deflections of skin
and stringerd’vwith respect to end ‘bulkheads-at 6,55 pai werse
shown in figure 10, The quilting of the skin and stringers
was from 0,006 to 0,020 inch greater than the belt-frame de~
flection, ‘In’ne bab%'was a flattéhing'bf the skin between
etringers noticed in this areaf"'T : :

- P LI A s !
el .. . . - - . (l .

~

ANABYTIGAL SOLUTIONS APPBPEﬁ TO AGTUAL TEST SEGTIONS

LT .'J o "

st

b 4

Y - ol
F— ,.1 ~ e
foxl ke Ta T

ot LN :.—_-’c
-

1. Tests of” Preésurized Gabin Structura at. Lockhged
Aircraft Corparation. oo ! ';“~-
R - i -_‘ . A . .oe, - R :'...;_.

Por simplicity in hnalysis, the fdllowing assumptions"
are made:

R R R A Z I S U I I '

v

28 LU SRS M L . . R v Pl 1° .
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1,
2.
3.
4.

6.

Seme type of stringers (LS-160-0,032)

Same type of rings

Same skin thickness (0,082 in.) around periphery

Same stringer spacing (5°)

Uniform fuselage cross section

The pressure difference i1s assumed to be B psi throughout
the entire.computations., The important dimensions and fig-
ures are shown in the following list:d '

F #B o

-

Al

1!

5 psi

10,300,000 psi

0.3

18,4 in,

0,032 in, . R
65 in. R |
73

10

0.0617 sq in.

0.0096 in.*

0.238 sq in,

0.317 in.%

The following nondimensional parameters are derived:

v = p/E = 5/10,300,000 = 0,485 x 10~ °

¢ = 4nd oI/f1*

4m® x 72 x (0,00986)/(18,4)"

0.748 % 10~°

p = t/r = 0,0823/65 = 0,498 x 10~3
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B = A'/tl = 0,238/(0.032) (18,4) = 0,405

a =
\U::

For

calculated:

&/ pat

¢/ pa
¢/ pa
¢/ pa
¥/

v/l = 65/18.,4 = 3,563
1/1=p® « 1/0,91 = 1,1
gsA/2nrt = (73) (0,0617)/2w(65) (0. oza) = 0,34

further computation the following values are also

Py o g -3 1
= 0,748:X 107°/0,498 x 107" x 1,1, = 1,38
+ 3/2 = 2.88 B
- 1/2 = 0,88
+ 1f/2 = 1.88 i

= 0.34/1.1 = 0,309

1+ V¥/a = 1,309

B/a

= 0,406/1.1 = 0.368

B/a+ B/4 = 1,118

B/~

l1-8

1/4 = 0,118

[a = 0,632

B/o+ 1 = 1,368

ua

vr
pa

(0.3)% = 0,09

x-d

(0.485 x 10~°) (85)/(0.4983 x 10-3) (1.1) = 0,0581

Thé value of K in equation (55)'is

L (2.88)

[(2) (1. 309) (1.118) - 0, os]-l 309 - (2)(0 09) (o 118)

(0,

= 3004

5) (0.88) [(0.5) (1.2309) - O, 09] - (0.25) (0.09)"
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The value of A :in’équetion (80).is.eppreximately
equal to -1/K or

Mg = - 1/30.4 = - 0,0829 " = ¥

It can be seen from equation (60) that the expansions of the
frames are nearly identical,: ahd- that tb;s-prohlem can be
reduced to that of pressurized cabin with infinitely many
spans. By using equations (69), (70), and (71), it is found
that - R

. (0.0581) (1,809 - 0.15) (1.88)
(0.09)(0.622)+ (2,88)[(1.868)(1,309) - 0,097 - 1.309

_ 0.1265 "¢
3.648
= 0.0347 in. S I S

-

(0,0581) [(é.sa) (l;géé ;'of%> 4:65) (0.632) - 0.5}

(8.88) (#.6435_ ]

= 0.00361 in. : -

(0.0581) (0.368) (1.309 -~ 0.15)
' (3.648) '

= 0,00683 in. L et feo~

I
S

A comparison between the strain energy of expansion and
of bending of ring ls shown.

>oBnergy of&expahgfﬁh“(éqﬁhtiOpx(25)2‘
mA! B '

V= = u?
r e
_TX (oégss) E (0.0847)°

1.38 x 10°° B

Ay
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Bnergy of bending (equation (29))

g I
u

r3

X B X..0, o
L TXB X0.817 , (0,0347)

Aéés

fothm 3,26 X 1077 @

It is obvious that the energy. of bending of ring can be neg-
lected. .. .. , .o .

The strains and stresses of the structure are derived
from the velues of deformation parametar, .

Longitudinal Strain of Skin (Strain of Stringer) . . .. .

€, = v/1 = 0,00861/18.4 = 0,000196

Circumferentisl Strain of Skin (Av.) .

u + w 0, 04158
- = 0,000639
ey_l r = 65 63 ’ '- -' . 3

Strain of Frame

= % o 0.0347 _ 4 000534
bl 5

©frame &

Longitudinal Stress of Skin . -

N ST

[+
x 1 - u?

0.000196 + (0.3) (0,000639)
0.91

10,300, 000

43§0 pei-

NACA TN No, 998
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Circumfereptial Stress of Skin

IR
A PO TN P I S -
&z = EZ‘ 123 €x ) 4 ol 2 i d L o
1 - pd I A Y T -

3 1w : o
[y _
_ 0.0b0s39 * (0.¥) (0 0?01?5),; ;b 500,000
0.91
= 7900 psi Ci
Stringer Stress B

Ogtringer = €x &

= 0. 000196 X 10 300 000

,

2020 psi
« 5a ._:4 'z-

FProgme Stress

— -
Cframe = €frame ™

0.000534 % 10,300,000

5500 psi

The following is the comparison between the experimental
results and the calculated values.d

Experimental Results TR N
: j e e ]
- PP AP ” :'-!.:-t'_ - "E '_..
cframe i) 0,690 '
oz. 15600' :\éﬂ_a s ¥ ow
1 HE R L . - e
Ostringer _ 12007 vt =
o - TiB750: °

x

o Lt e L ACNEL L. s owY :
Calculated Results SEELEAEE j?* L )

c . 5-5:0 “_.' ':"..'.‘;_\ =z '__‘I :“' - ,':
frame
O 697
P Y. Rl A A
°strin§e&‘; Qﬂzﬁsg ‘0 ;gﬁxg .

Oy 4290
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These results are within a reasonadle check.

II., Tests

of Oontrol Specimen at Gonsolidated-Vultee'

Alrcraft Corporation.

A 1ist of the important dimensions and flgures for the
control specimenat Consolidated~Vultee Alrcraft Corporation

i1s given,

p =
p, =
P o=
t =
r =
g =
n =
A =
I =
A' =
11 =

6,65 psi
10,300,000 psi

0.3

10 in. -

0,016 in.

38.5 in,

653

4

0.025 8q in., (see appendix)
0,00102 in,*

0.0744 sq in.

0.0176 in,*%

The following nondimensional parameters are derived:

vV o=
¢ =
p =
B =
8 =
a =

p/B = 6.55/10,3 x 10° = 0,635 x 107°
4rn® sI/1%* = 4n® 53 (0,00103)/10*

=.-0,659 x 107°
t/r = 0,016/28.5 = 0,563 X 10-%
A'/t1 = 0,0744/0,016 x 10 = 0,486 = . Pauy
r/i = 28,5/10 = 2,85
1/1~p? = 1/0,91 = 1,1


http://www.abbottaerospace.com/technical-library

. NAGA TN.¥o. 993 ... 838

V = gA/2nrt = (52) (0.025)/2n(28.5) (0.0186)

O 536

For furﬁher'computation the following values are also
calculated.,

¢/pa

< e

0.659 x 10~ /(0 562 X 10'3) (1.1)

. w -
Tud .. s . ¥ P2 ]

= 1,07
¢/pa + 3/2/=:2.57
o/pa - 1/2"
$/pa + 1/2
V/a = 0.536/1.1

0.5%7

1.57

0.488

1 + V¥/a = 1,488

B/a = 0,465/1.1 = 0,423
B/a + 3/4
B/a ~ 1/4

1,178

0.173

'l - B/a = 0,577
oo L

B/la + 1 = 1.423

(0.3)2 = 0, 09

“‘2

%5 0.635 x 10”° x 28,5/0.562 X 10™° x 1,1

= 0,0293
The valua of K in eauatibn (55) is

X (2 s7)[(a) 6 488) (1. 173) - 0i08.- 1.488 = (2)(0, 09) (o. 173)

(0,8)(0.57) [(0.5) (1.488) -~ 0,09] (0,25) (0.09)
= 44 R R AP

P

The value of kg rin!equabién t@O) is approximately
equal to -1/Kk or

Az = - 1/44 = -0,0237
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The value of ¥ 4s from equation (59)

- (0,0293) (1.488 - 0.15) (1.57)
" (0.09)(0.577) + (2. 57) [(1.423)(1.488) - 0,09] - 1. 488 -

= 0,0163 in.
The expansion of the center belt frame is
u = ﬁ (]_ - ?\aa + 7\aa> Coh . -
, ? 1+ k?? < T

(2) (-0, 0z27)*
* 1 + (0, 0227)*

(0,0%163) (

= 0,0163 in,.

-

The expansion of its adjacent frame is
AN

A+ A .
u, a<l-—-—————---ﬂ"‘ 4) -
1+ A,

Ty

]

(o0.0163) (1 + ©0,0227)

= 00,0167 in,

" ' st

The parameters of longitudinal expansion and radial
quilting of tha.skin Betwden these two rings are determined
by substituting the values of wu, and uj in equationn (60)
and (B1l) .

v (2.57 - 0.6)(0.0298) ~ {0.8) (1. 57)(0‘016#54”0"0153)
a L _ - (2) (2. 85) [¢1.488) (2:57) ~-e OQJ ‘¢,

s g

0 00199 in.~---".".~' .\""‘l-"-"r \::"l"-.' -"'

-

_ [(2)(1.488) - 0.3](0,0293) + (0,08 - 1.488)(0.0167 + 0.0163)
Doresie i) [(1.46887(eiBr) S 0009 T

0.00435 in,
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A comparison between the straeln energy Qf,expaqsipp'and
of bending of ring is shown,

Bnergy of expansion (equation (25))

nA! R 2

Vv = u
-r- n

mx 0,0744 % B x (0,0163)%
28.5

= 2,17 x 107% &
Energy of “bending (equation (29)) - PR

n B I! R T SO TV SSLT E .
Ve —0 " 4 NN R O
1'3 n

X .
(28 5)

2 '3.9 X% 10‘ B

It 1s obvious that the energy of bending of ring can be neg-
lected here in the discussion., ... -, ..qu-fr ESL -

o ne e —— e - e pomo mre—  t e rw———

The strains and stresses are derived from the defurma-
‘tion parameters. . . _ . R

. . . . O P 0,0 ¢ s o .
Longitudinal Strain’of Sktn'(StrEIn“Uf'Stringer) u

€x = vg/l = 0,00199/10 = 0,000199,

Cirecumferential Strain of Skin

. Coe - PR

20 A Falue - _ ..;5;“m_iﬁft€;::_, R
(0,0167)+ (0,0163)
D )
z - ' 28.5

= 0,000734

+ 0,00435

(1111"'112)/2“‘ Wz
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4w Maximum Velue

(ul + u3>/2 + 2 Wa
r

€

z (max) ©

0,0167 ; 0.0168 , (2) (0,00435)

28.H

0, 000954

Strain of Frane

€frgme = uz/r = 0.0163/28.5 = 0,000572

Longitudinal Stress of Skin

Oy = —F———=
1 -~ pe
0,000199 + (0.3) (0,000734) x 10,300,000
0091 R N
= 4750 psi
Circumferential Stresses of Skin ' e
Average '

g, = 2:000734 + (0.3) (0, 000199) X 10,300,:000
2, ' 0,91 .

9.000 pei S

Maxinmum ' st

0.000954 + (o 5) (o 000199)

Oz (max)= 0. 9T X 10,300,000

= 10.800 pBi A osa )

. &
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Stringer Stress - o .
Ogtringer = 0-000199:x 10,300,000
= 2050 psi
Frame Stress o S

Otrame. = 0.000572 x 1q}3qo{ogq

'Y 2 5290 psi
A comparison 5etwaan the results deterqined ££9m experi—
ment, from empirical formulas (equations (3), (4), (5), and
(8) and from the mathemaﬁical analysis is spove irn the fol-
lowing table. S

e R B TS BT
s e 1wLEI Tens e 02
. IR I Poae A '.3 . - - ‘::_. :
COMPARISON OF SﬁRESSES IN PRESSURIZED UEBIN STRUGTURE'
~5rear, H - -J‘Ol’ B 2N
: g - AR A: Y an a2 Frav 21 5
R R $ From.s = Promaisfd e Eron TRy
T o S experimemnt | .emplrical- mathematicqﬂ
SRR+ FAPRR N A I + formule | analysis|
S T fpsi) . (psi)y |- (pai)
B ARENRETEEY FONE N N et ’ : 'J
L R oA R ',:,.l:.r,.. A “ - ARt
Longitudinal akin e e _ T P t%;.
stress. I R AL 5,230 . . ATEO
Gircumferential'aﬁih A B LA tha,?‘i
stress (av.) =  |=sccecc-ceaa 8,560 9,000 ' !
' aow - H oot s e lgmtusicy u
Circumferential skin | .. . .. . . R P .
stress (max.) {11,200 '.--rﬁ-mfﬁﬁkf,;%Jﬂkﬁ%fq";,
. . . . . .t TR )
Stringer stress o, 1,300 WJL.SBS ‘i.qugg- :
Frame stress T 4,406." '%,660 B ”::Eébt
coL . ) cm e - L, . -, .
y ] o i-"
I » ;)

The, expansion,of thp penter bslt frame is calculated to
be 0.0163 inch as. pompqred.with the. experimental valqe 0, 018
inch (av.).. e n g g o _ N

LAY [N l . . .. - -..: - -

.fl
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DISCUSSION OF RESULTS AND SUGGESTIONS .. ,...c

. FOR .PURTHER DEVEBLOPMENT

f'r [T

From the comparisons between'tﬁe-experimental results
and the mathematical solutions, the following facts can be
noticed: : -

1., The calculated values of skin stresses. and frame
stress all give a satiefactory check.

. @« The calculated values of. stringer stresses always
: exoeed .the experimental values.
3. The oaleculated frame defl'éction checks very well
with the values determined from experiment.

One of the reassons for the deviations of the mathemat~
ical solutions from the exverimental values is, of course,
due t0 the epproximation of the assumption in the energy
method, In the assumed function of the deflection’ eurve.
only the first term-of the Fourier series has been used.
However, by noticing that in the result, only the eolution
of the etriﬂger str*ess has large deviation from the experi-
mental value, it seéems that there may be something wrong in
the  asgumption, The assumption: that the skin expands uni-~
formly along the periphery, does not agree with either of
the two tests described here., In the test at Lockheed Air-
craft Corporation . the skin between .stringers had an inward
deflection. In thé test at Oonsolidated-Vultee Corporation
the skin between the stringere deflects more as shown 1in
figure. 10, - o b

In calculating the energy of bending of stringere only
the. moment of inertla of the stringer:was considered, How~
ever,' for a structure 6f circular shell with longitudinal
stiffeners. there is = redistribution of stresses between
skin and stiffeners., A better'result might be expected: if
an effective flexural Tigldity (BI) were 1ntroduoed. \

o e-m.One. more regson. for the deviations between the caleu-
lated and tested results lies on the deviation-of test speci-
men from the, ideal structure. The nonuniform stress or de-
flection dietribution cleariy ‘shows the unsymmetry in oon-
‘struction. = The fixity betwosn skin and frames depends wvery
much on the workmanship during the assembly of.the test
specimen,
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It might be. suggested~that furthervexperimental investi-
'gations te made to verify the deformation of the structure '
and to develop an empirical formula for' the effective NI
,.of the skin and stiffener combination,,

4 .
5 S .

Further developments dealing with” %he pressurized cabin
structure would be the analysis of the following types of
structures. . .

1., Fuselage with nonuniform cross ggct;on - elther

tapered or curved’ '

2. Spherical’ or ellipsoi&él heads. of the pressure ves-
sel .

et n

3. The connectlon between the end and the malin struc-
tures '

Massachusetts Institgte of Technology,
Cambridge; Masas,, October 165, 1944, . -

APPENDIX

LIS

Computation of Section Properties of Test Specimens

1. Test Specimens at Lockheed Aircraft Gorporation (Figs.
Sa and: 5b) S . Sonnds _ :

. x""

(o 512 + 2. 648 + o sss * o 199)

(l) Area of ring

W : T e
L | * 3x__§x<o.1zs * 9—'-25—1-)] x 0,061

ceme. ox w.npo= (8,945 .+ 0,707) 0,051 4o

¢ 4.652 x, 0,051

2]

.= 0.288 1n.? e

o (2) Moment of inertia of ring.:.The moment Of inertia
is computed approxiﬂately by assuming etraight bends at the '

corners, The position of the neutral axls from the top chord
is equal to

by - . . LR S -
.4 : A I
NS E I
e » - P . - . . i3 .
bl - P S F RET B B I T

. P'.' ‘.
LS e s
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4 _fa X.146.%.0,9378,%X+8 + 0,375:, %_8.812‘? ?fs? ;”1;675,1n.
*T"3 * o 9375 + o 875 + 2,812 4+ O] ee_s - R
LI . "57 - Jv». PR :-'- L s et -

1.
o E - R
The moment of inertia 1s éompu ute d "through the following
tabular arrangemant‘.,,_“, . N T

R + G - [
T F IR L
Part Length (1) as . 283

Top ohord “°-- ~0:6875. ;ifﬁéaﬁéi.‘ 1.83

caed s S0 376% .09
Lower chord - .9375 1,30° """ 1,68
Lower lég - ' (375 'f:i§33', :Lfg

£14° = 3,97

"
2V
.
m!
L I

~ ,‘ nY, g

LT T (Web) [t = 3% /13
6.22 X 0,051

Moment of Inertia

= 0,317 in,*

T (8) Sectionwﬁroperties of stringer.

T The. following table presents the computiatlion of-the ares,

the moments of length taken at the base of the crosgs'section,
and the distance from the base to the neutral axis.

- O oo oot e Length
E&LL-“~ Length Arm moment
‘Top are x 0.2035 = 0,64 X 0.9257 = 0,593
Web S c 2R T 8BB5 X L4688 = .308
Lower corner % x' 0;141 &+ Y0705 x ,0Bl4 = . 004
Lower leg T -1-7-T- N =
: a ..""Total Length'= ~-1,9285 Total Mom%ét = 0,9046
1;:1 ;z'!;:LP::;Z1;i;- ".jf;kfn?t:oéél e S ’li-;?”:

Total Area = 0,0617 in.?

Distance from the base to the neutral axis = %L%§§§= 0,490 in,
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The following table préseh%s the’ computation of the mo-
ment of inertia of the stringer.

DI i ol

S f pEET T T Lingtn (1) 7 'd® iy
- ' . . 2
Top arc BRI e,640. 4 T . (6,4357) 0.122
Web ;6868 ¥ 7T ¢ 0212)% - 003
Lower cormner L0705 TTE(lag9)R . 014
Lower leg .5625 fo(agy® LY 185
D 1 T L Iy
I.. . Né .y 3, L.
;g‘(wéb)_g (0.6558)° ; = .02a4
t T ,
(Arc) = (o 2035) 2 X ?) = .002
. 2 ' —ﬁ .
' I = 0,300
%

&

The moment of inertia = 0 300 x O 032 = 0,0096 in.*

A summary of the section proPerties of the specimens at
Lockheed Aircraft Corporation,is '‘gi¥en.in: the following table.

Stringer area ) A 0.238 in.2
Stringer moment of inertia I «317 in.4
Frame ares Al .0617 in.%2
Frame moment of inertia I . 0096 in.%

II, Test Specimen at Consolidated-Vultee Alrcraft
Corporation (Fig. 8)

(1) Ring

Area (A') (1.20 + 2 x 0.5625) x 0,032

2,326 x 0,032

0,0744 in.®
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Moment of‘fﬁ%ftih:(iijn
3 L e wT :
= [l;&g +:23 % 0,5625 x"Cd;s)aJ x 0,032
12 ) ’ - XY -
= 0,082 (0,144 + 0,4085)

[

* 0,032 x 0,549

"+='0,0176 in,*

(2) Sfringer
irea (&) = 2 x g X 0,020 = 0,026 in.s
Neutral’ axis position ;+75/32 from top leg

Moment of Inertia (1) .. = iﬂwg)

=,[-—-x( X 2+ <§> x—l— x 0,020
' 8 12

. -=-(0,0305 +.0,0203) %:0,020 B
... =0, osoa x 0.020 . - :f{{f o : _'”f:"?Tl
’ = 0, 00102 in. - .“ _ wo o omi
v -
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Figuré 1.~ Pressurized cabin gtructure.
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Figure 3.~ Longitudinal stresses dus to pressure, Lockheed Nodel 49 test section.
Ratlio of skin area/stiffener area = 3.08; skin thickness = .032 and .040:

- radius of curvmture = 66 in.
6000
o pre T
Sin sTress-- |alculated average siress
A
5000 4 =
V4 p
7
,/ / “-Mecaswured frame siress
4000 Y. L1 A

Tansion sé‘rass, psi
N

A
2000 /,/ ///
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I/

3
\

1
3 6 7 &

(4] 1 -4 3 4
Presswre, psi

Figure 3.- Ciroumferential stresses due to pressure, Lookheed Model 49 test section.
gur Ratio of Skin erca/fiame avea = 5.36. '
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NACA TR No. 983 Figs. 8,7
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Figs. 9,10
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Figure 9. -~ Celstrain gauge installation and stresses in control
specimen at 6.55 pai. 1/2 soale test secticn;
Consclidated XB-82 airplane.

‘;W'dwpy between

sfringers
\ .'".Sfrinqer \
iy -Center belt frame !
End bulkhead End bulkhead " -

figure 10.- Radial deflections with respeot to end bulkheads at 8.55 psi.l/2 scale test
seotion; Oonsolidated XB.22 airplane.
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