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SUMMARY

An investigation was made to determine the possibil~
ity of using the photoelastic method for the stress analy-
sis of bulkheads in monocoque structures.. The method was
applied to several typical bulkheads including a circular

ring with floor beam, a circular ring attached to the main.

wing spar, and a flylng-boat bulkhead. Methods for the
construction of models and test technique are given,

Tests of circular ring models were made to determine the
effect of the skin thickness on the model results. Cor-
rection factors for the elimination of skin effect are in-
cluded, The results indicate that the photoelastic method
is quite accurate. The method is recommended for use
where bulkheads with a large number of redundancies are
present., i

INTRODUCTION. -

Since the monocogue and the semimonocoque types of
construction have come into general use, many analytical
methods of 'stress analysis of stiffening rings and bulk-
heads have been published. 'The simplest type, the circu-
lar ring of constant bending stiffness, offers some .ana-

lytical: difficulty .although many special cases of loading -

for this type have been treated (references 1, 2, and 3),
Certain genersl methods of analysis of noncircular, non-
uniform rings have been 'discussed (references 4 and 5),
but the' uge’ of these methods ‘involves reither extremely
complicated analysis or'laborious -graphical methods. In : -
actual aircraft structures circular ring bulkheads of
uniform section are usually not the most efficient design,

In many actual cases the analysis of the bulkheads is
further complicated by the attachment of floor beams, wing
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beams, and other members. These members, if tied into the
bulkhead, tend to increase the number of redundancies;

This increase affects the stress distribution in the bulk-
head and greatly complicates the problem of analysis. Al-

though some of the analytical methods discussed in the ref-

erences may be used in the general case, they are so labo-
rious and the possibility of error 1s so great that they
are impractical for use in routine design.

Several years ago it was pointed out (reference 6)

that thc photoelastic method could be used for the solution

of this bulkhead prodblem. The purpose of the investiga-~

tion reported herein is to develop a technique for the pho-

toelastic solution of the problem. The present report
deals with the construction of the models, the methods of
loading, certain short cuts in the analysis of bending mo-
ment ‘that soem to 'be Jjustified, and the effect of certain
variables on the accuracy of the test method.

APPARATUS

The apparatus used in the tests reported is located
in the photoelastic laboratory at Oregon State College.
The light source on the photoelastic polariscope consists
of 2 type H-4 mercury vapor lamp. Light filters are used
to transmit the greem light, in the mereury vapor spec-
trum, having a wave length of 5460 angstrom units. The
polarized field in which models may be placed is 6% inches
in diameter. The image of the stressed model is focused
either on a screen or on a photographic film. The light
in the working field is circularly polarized by means of a
6z-inch sheet of Polaroid and a 6z-inch one- quarter wave
plate. The analygzer units con31st of another 64 in¢h one-
quarter wave plate and another 6%-inch sheet of Polaroid.

A photograph of the polariscope is shown in figure 1.

Material selected for the construction of the models
was Bakelite BT-81-893, This material may be easily ma-
chined, polished, and annealed »nd has a high elastic
1iamit and a high stréess-optic coefficient.
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CONSTRUCTION AND MOQOUNTING OF MODELS

In order to obtain godl results from photoelastic tests,
it is important that the models being tested be properly
designed and constructed. The faces of the model perpen-—
dicular to the path of the light in the polariscope should
be true plane surfaces, free from scratches, and highly
polished, When tested, the models should, in the unloaded
condition, be free from initial stress or its optical

-equivalent. Whencever possible the model should be geomet-

rieally similar to the actual structure. In many models,

-however, geometric similarity is not possible because of

the requirement that the faces of the model perpendicular
to the light path be parallel.

In the present investigation of bulkheads or stiffon-
er rings in monocoque structures, the largest stresses in
these rings are those due to bending. . If the model is so
designed as to represent the proper distribution of bend-
ing moment in the bulkheads, the results obtained from the
model tests will be satisfactory. UMany full-scale bulk-
heads and stiffener rings are constructed of built-up sec-
tions, I sections, T sections, or other extruded sections
of various shapes. In the design of models of these full-
scale structures it is usually simplest to have the model
of constant thickness and to vary the depth of the cross
section at each point in such a way that the ratio of the
bending stiffness of any section of the model to bendiag
stiffness of the corresponding full-scale section is the
same for all cross sections, The shape of the neutral
axis on the model should then be geometrically similar to
the full-scale original. The bending stiffness will be
designatcd by EI, which is the product of the modulus elIas-
ticity and the moment of inertia of the section in the
plane of bending. If the model is designed in this fash-
ion, the distribution of bending moment in the model will
be very close to the distribution of bending moment in the
full-scale structure.

If extremely heavy and stiff bulkheads are being test-
ed in which the shear stresses are large as compared with
the stresses due to bending, then it may be necessary to
build a model of varying thickness. In most practical
cases, however, such construction may be avoided.

The material for the model, Bakelite BT-61-893, is
available in sheets of various thicknesses from 1/4 inch
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to" 1/2 inch. The procédure used for the construction of
the models was as follows: 5

g i whe outlines.of the model wefe'aCcurately laid-
out on the bakelite sheet and were scribed lightly on the
surface. i -

2. The model was cut to within about 3/32 or 1/8
inch of the scribed lines on a jigsaw. In this operation
a fine, sharp saw was used and the material was cut slowly,
care being taken that the material did not. become heated.

3« The faces of the model were sanded and polished. .
A power sander was used until the surface was fairly smooth

and the model was of constant thickness. The model was then-
polished on a polishing lap; levigated alumina was used as a

polishing abrasive.

4, The model was annealed .after polishing to remove
any initial stress or optical birefringence. - The.anneal-:
ing oven used holds a temperature of .2602 F for 12 hours
and then cools .at the rate of 16° F per hour down to room
temperature, .. ' : : : ;

5, .Sometimes, after anncaling, .a_small .amount of
polishing .was necessary, . :

Bis The model was cut to fingl.dimensions by.one of
the methods discussed in the following paragraphs. The
final model should have its faces parallel, its corners
sguare. and sharp, and its faces freeée .6f scratches.

The model may be cut to final shape with many types of
machine tools, It is important to be sure th=st tools .are
sharp and that final finishing cuts are very light in order
not to introduce machining stresses into the model,.

The circular rings shown in figure 3 were all cut on a
small bench lathe., The model was first cemented to a
smooth wood face plate, using Dennisonts or Duco household
cement or similar adhesive to hold the modél on the face
plate., Under no conditions should the model be held di-
rectly in the jaws of a chuck because stresses may be in-
troduced. The model was cut with a sharp tool to final
size, The last few cuts did not remove more than 1/1000
of an inch, The model was then removed from the wood face
plate by soaking in acetone, which dissolves the adhesive
used but does not affect the bakelite or the polish on the
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surfaee,.  Onee the mnodel has been ecut, 1t should nét be
polished again as polishing at this point may round the
corners and interfere with the determination of edge
stresses. The model was tested as soon as possible after
completion as effects of birefringence begin to appear

on the model a short time afterward. A photograph of a
egircular ring model set up in the lathe is shown in fig-
urc 4.

For cutting nodels having straight edges, the use of
a milling machine is quite satisfactory. Here again,
however, models should be cemented to a wood block rather
than held directly in a vige., It is important to use a
sharp cutter and to take small finishing cuts.

For cutting modecls such as the flying-boat bulkhead,
model 7 (fig. 3), a vertical mill or shaper is very con-
venient, A metal template 7-T (fig. 3) was first cut out.
The drawing of the bulkhead model and template is shown
in figure 5, This template was 0.032 inch undersize on
all edges, In figure 6 are shown the method of attaching
the model to a wood face plate and the method of attaching
the metal template to the bakelite stock. 2 hardened and
ground steel collar was fitted over the miliing cutter and
adjusted to ride against the template. The thickness of
the wall of this collar was the same as the amount that
the template was cut under size, in this case 0,032 inch.
In some cases it may be necessary to feed the model into
the cutter by hand. This method is quite satisfactory if
care is taken not to feed too rapidly. If possible, the
wood face plate should be mounted in a compound rest. Feed-
ing screws should be used. Figure 7 shows the model set up
in the vertical mill. The wood and template may be removed
from the model by soaking in acetone in the same manncr as
previously described. '

With the cxception of a few preliminary tests on the
circular rings, all models were supported as bdbulkheads in
monocogue structures. Loads were applied directly to
these bulkheads and the reactions were taken through the
thin skin, For test purposes it was found most convenient
to mount the bulkheads at one end of a cantilever tube as
shown in figures 8, 9, and 10. Several materials for the
skin were tried, including cardboard, fiber board, and :
celluloid. All these materials can be uscd but thin sheet
celluloid was found to be by far the most satisfactory.
In the construction of these models several requirements
must be met:s PFirst, the light rays in the polariscope
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must pass through the model unobstructed by the skin or

‘supports. Second, the loads must be applied to the bulk-

head. ‘Third, the mpunting must be rigid in order that
the deflections under load are not so great as to move the
model into a position where the light will ‘be obstructed.

In order to keep the light path free so that edge
stresses on the model could be determined readily, a
slight taper, as shown in figure 9, was introduced into
the skin support of the model, The amount of. taper was
varied on several tests; about 23° seems to be the most
satisfactory amount. The procedure for constructing the
mounting for the model was as follows:

l, A drawing of the support was made.

2. A drawing of an accurate development of the skin
surface was made which was used as a pattern for cutting
the feellnloid skin. HBdges of this celluloid skin were
welded together as a butt weld with the inner surface
flush., A cover plate of celluloid was used. The actual
weld was made by moistening both the skin and the cover
plate with acetone and clamping in place $till dry.

3. A wood form was cut out to.hold.the celluloid _
skin. The skin was -cemented.to this form with Dennison's
or Duco houschold cement, as.shown in figure 9, :

4, The bakolitoc model was then cementoed into the

. skin with the same adhesive, A completcd .model of the el-

liptic ring is shown in figure 8. .

In figure 10 is shown a circular ring model set up.in
the polariscope for test.

- TESTS OF CIRCULAR RINGS WITH DIAMETRICAL LOADS

The problem of analysis of a bulkhead ring consists
fundamentally in dcotermining the forces and moments at -one
or several sections. .If this procedure is followed, forces
and moments at other sections of the ring may be determined
by applying the principles of statics. In many practical
cascs, when thc bulkhead is supported by a varying shear
reaction in the skin to which it is attached, the problem
in statics involved, ecven aftcr forces and moments at one
section are known, is still difficult to solve. It was
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|

|

believed that, if the stresses at the innér and outer fi- |
bers of the bulkhead were known, the moments could be 1
calculated with sufficient accuracy 1f linear digtribu- |
tion of the bending stress across the section were assumed. ?
From a photoelastic test it is a simple matter to deter- |
mine the boundary stresses, It is well known that, if the ‘
beam is curved, the assumption of linear stress, distribus t
tion does not apply; however, it may be demonstrated that, |
as the ratio of the depth of the beam t6 the radius of the |
curvature of the neutral axis becomes small, linear stress J
distribution is approached., A series of tests was made to |
determine what accuracy could be obtained in practical \
problems if linear stress distribution wére assumed. ;
|

|

In a beam subjected to bending, the shear force per-
pendicular to the néutral axis is zero at a section of [
maximum moment; consequently, at such a section the princi- \
pal stresses are perpendicular and parallel to the neutral |
axis and, furthermore, the principal stress perpendicular |
to the neutral axis is gero if the boundaries are unloaded |
(references 7 and 8). In a field of circularly polarized 1
light, each interference fringe appearing on the image of \

3 the photoelastic model represents the locus of points \
where .the '‘difference between the prlnclpal stresses is equal \
to a constant times the fringe order (references 7 and 8). :

- At a section of maximum moment, therefore, the bending
stresses may be computed’ dlrectly from the fringe photo-
graph and a plot ‘of bending stress against ‘depth of beam
may very readily be made at this -one section. If the dis- ‘
tribution of stress with depth of beam is known, the bend- \
ing moment due to these stresses may be accurately deter- |
mined by a graphical integration. In order to determine |
the difference between the exact bending moment and the |
approximate value obtained by assuming linear distribution,

a series of tests was run on four circular ring models of
constant EI. These rings were subjected to concentrated
loads on the diameters., Models were set in the field of
the polariscope, loads were applied, and a photograph of
the fringe pattern was taken. In figure 11 model 4 is
shown set up for diametrical load test. In figure 12 is
shown the fringe pattern for model 4 loaded with a diamet-

i rieal loead of 51.3 pounds.

i . ‘

In reference 1 the following formula (in substantially
. the same form) is. given for the computation of bending mo-
ments in a circular ring of constant EI subjected to di- ‘
ametrically opposed loads:
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- <l s 4 St 8>
™ Q2
whoeroe

M bending moment at any cross section of ring,
pound-inches

8 variable angle (Sec fig. 9.)
w load applicd to ring, pounds

By mean radius, inches

This formula was derived on the assumption that a
linear stress distribution existed across the depth of the
mings section,«bhat- the loaded ring is still circular in
shape, and that the strain energy due to the axial loads
and shear forces is negligible. The formula is included
here for purposes of comparison of the results obtained
from the photoelastic tests with the approximate theoreti-
cal solution., Where the inner surface of the ring is in
tension, the moment is assumed to be positive, The load
is assumed to be positive when it acts outwardly from the
eenter.

In order to determine the value of the principal
stress difference corresponding to any particular fringe,
it is necessary to know, for the material and wavalength
of light used, the value of the principal stress difféer-
ence per fringe order. In order to obtain this value, a
rectangular beam model 0.363 inch deep and 0.300 inch
thick was cut from the same material that was used for the
rings. This model was supported as a simple beam of 4-
inch span and was loaded with equal loads 1.0 inch from

each support. The egual loads were each 10,24 pounds,
which gave a maximum constant bending moment between the
loads of 10.24 inch-pounds. The stress in the outer fi-
bers at.a distance ¢ from the ncutral axis at the center
section is given by the formula

g = Mc _ 10.24 X 0.1815 _ 1555 pounds per square inch.

I 0.001195

From the fringe photograph of this calibration beam g
13) the fringe order at the outer fibers was determined
to be 5.15., This value gives a principal stress differ-
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eneer of | Gn = U5 = 802Fn, whiere ‘& 1sithea fringe order

for tho model of 03800-inch thickness. Since, for a given
material and wave length of light, the stress per fringe- -
order is inversely proportional to the thickness, the nate-
rial used may then be considered to have a stress per
fringe order per inch thickness equal to K = 90.6 pounds
per square inch per jinch thickness.

In table I are given dimensions of circular ring mod-
els. The symbols used for the dimensions are defined in
figure 2., In table II are shown the loads and moments at
thedpoint 0 = 90° for the four circular ring models test-
ed. The moments were computed by two different methods.

The first method assumed that the stress distribution
across the section was linear. On the basis of this assump-

Eien, the tensile stress 1s

o Me 12
s Tl
and the COmpressivé stress
e
(o] I A

where P 1is defined as the axial force and A& 18 ghs
cross~sectional areca of the ring. The sum of the tensile
and compressive strcsses is, then,

SC+St = :
or
T I(éc i St)
2c

Since at the outer fiber one of the principal stresscs is
zero and the other is equal to either the tensile or com-
pressive stress, then : e

8¢ = —g

sﬁ -

where
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compression 'side and ngy 1is the fringe order at the outer
fiber on .the tension side.. Therefore,

ol (nc +nt)
2ch

or

a°® x + :
T (nc nt) (l)
2 ’

From equation (1) it is apparent that the bending mo-

-ment may be calculated immediately from the photographic

pattern if the fringe orders on the compression.and ten-
sion sides .of the beam are known. In order to determine
these fringe orders, the fringe order may be plotted
against the depth of the beam and values of fringe orders
at the boundaries may then be picked from the curve. Fig-
ure 14 shows this plot for the points 6 = 90° and

® = 270° for the test made on model 4, This plot was
made by measuring the location of the fringes on the pho-
tograph shown in figure 12. Results of these measure-
ments are givenm in table III. If great accuracy is not
desired, it is unnecessary to.plot the fringe order
against depth. In many casés the fringe orders may be de-
termined merely by inspection of the photograph. 3By in-~
spection the fringe order can be determined within 0.3

of .a fringe order. If equation (1) is applied to the test
on model 4,

w - £0.495)% (90.6) (4.44 + 6.61)
12

= 20.55

This equation gives a value of ‘M/WRy as follows:

454 20,55 HENT
WRy 51.3 (2.002)

At the section of maximum moment at the points

g = 90° and 6 = 2700, as shown in figure 12, the stress
across these sections may be computed as in table III and
plotted as in figure 15, These stresses are producd by
combined action of bending and axial loads. The average
stress across the cross section is given by the mean ordi-
netie of the eunrve. The point in bthe cross section where
the combined stress is equal to the mean ordinate is the
poimt of loecation of the neutral axis.
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The actual bending moment may be computed at these
points by finding the value

¥
M = h //} gl iy dy
\O
where @' is the bending stress and ' is the digtance

from the neuvtral. sxis. In ta¥le IV values of o' y* are
given, If the product o' y' 1is plotted against the depth
of the beam as in figure 16, the area under the curve is
the value under the integral in the equation for M. Bend-
ing moments at the maximum points were computed for all
four rings tested with diametrical loads, and the values
are given in table II in the column headed "M/WRy (com-
puted from actual stress distribution)."

The average value of M/WRy at © = 90° for the four
rings was 0.,2004 when the simplifying assumption of linear
stress distribution was made. The average value obtained
by the more lengthy graphical method, which is theoretical-
ly the more accurate, was 0.2028, The difference between
these values is about 1 percent, which is less than the ex-
perimental error normally present in any photoelastic test.
In view of the excellent agreement betwocen these two meth~-
odg, it is believed that the use of the assumption of lin-
ear stress distribution is fully Jjustificd and this method
was used in all subsequent tests.

The assumption of linear stress distribution makes the
detcrmination of bending moments possible at all sections
merely by determining the boundary stresscs. If these
boundarics are unloaded, the boundary stresses are princi-
pal stresses and one of them is zero. Consequently, a
knowledge of the fringe orders at the boundaries immediate-
ly gives the combined strcss due to bending and axial load
and the bending moments may bc computed by equation (1),
The otheor method is applicable only to scctions of maximum
momont; it is fortunate, therefore, that thc linear assump-
Blom 15 Justified.

In figure 17 arc shown curves of M/WRy against 6
calculatcd from Miller and Wood's theorctical solution
(refercncce 1) and from the fringe photograph of figure 12
by usc of the assumption of linecar distribution. The shapes
of the curves show exccllent agrcement., The maximum dif-



32 NACA Technical Note. No. 870

ference between the two curves occurs at the point of max-
imum positive moment, The difference is about 10 percent
of the value obtained from the photoelastic tests. Of the
two, the results obtained from the photoelastic tests
should be the more accurate because the theoretical values

are based upon a strain-energy solution in which the strain

energlies due to shear and axial loads are neglected.
TESTS OF CIRCULAR RINGS SUPPORTED AS BULKHEADS

Both on the models and in actual monocoque structures
the thin skin.attached rigidly to the bulkhead will re-
lieve the bending moment in the bulkhead. The skin actsg
as a thin flange on a beam, The bending moments in the
bulkhead will depend both on the thickness of the skin and
the rigldity of this shell structure in resisting deforma~
tion of the bulkhead, In the model tests, since the wood
support wgs extremely rigid as compared with the bulkhead
model, this stiffness might be considerably greater than
in a full-scale structure. This ssries of tests was run
on several circular rings of constant cross section to de-~
termine the effect of variation of skin thickness and
length of support 1 on the bending moments taken by the
bulkhead models. The loads on these rings were applied
as shown in figure 9. Positive bending moments were as-
sumed to produce tension in the inner edge of the ring.

When the rings were loaded in this manner, the maximum

bending moments in the rings occurred at approximately

€@ = 75°, The values of the moments at 6 = 75° were com-
puted for, all tests as listed in tadle V. In the tests of
the diametrically loaded rings previously discussed, the
boundaries of the modcl except at the point of application

of the concentrated loads were free of external stress and,

as a result, a determination of the tensile or compressive
stresses at the boundaries could be obtained directly from
a knowledge of the fringe orders. In the soricecs of tests
with the rings supported by shear reactions in the skin,
the shear stress at the boundary of the bakelite models is
not zero. In figure 18 is shown Mohr's circle diagram of
stress for the edge of the model attached to the skin.

The stress sy 1s the tensile or compressive stress at the
is the shear stress, due to the skin,

edge of the ring; sg
on the outer boundary of the ring; and 03 - 05 1is tho
difference boctween the principal stresses and is equal to
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a constant times the fringe order at tho boundary. If the
angle ¢ (fig, 18) is small, cos § is equal to approx-
imately- 1.00, and it may be assumed with nogligible error
that the tonsile stress s 1is cqual to a constant times

a fringe order.

In order to find eut whother the angle

B 1 eibeldy

a quantitative analysis of the values sg and sy was

madc as follows: From reforecnce 2,

il W _sin g
s nRh
and
WR | i 1
M=—=—=1]1-(m~g) sin g + = cos
217 2

wherc R corresponds to Ry as uscd in this paper.

Therefore,

5 £
gllp B o SYR |y (v @) win0
hd 2mhd

From the Mohr circle diagram in figure 18,
Meo, ferom figure 18,

¢ = tan"l Eiﬁ

+ L cos 9]
2

sy=(0,-0,) cos p.

St
therefore
. oW sin 6 (nd°m)
o el ¢ = - 1
mRh (3WR) [l - lune 6>.sin e + 5 cos 6]
or : n =
3 2 i 2
L ¢ i 2 aN : 8300

|

Sl s
8 \R/ [1 - {m - @) ®1n 6 +

1.c:o's, 6]

In table VI values of tan § and cos § were computed for

d 15

a valtue of = = — This quantity represents the value for

R 4" S
the deepest model tested. These values of
cos ¢ are plotted 4dn "flgure 19.  Except at

tan § and
the points

wvhere the moment is egual to zero, the factor cos § 1is
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considered to be so little different from 1.00, particular-
ly at the maximum moment, that sy 1is equal to a constant

times the principal stress difference o0, - O, 'In view

of the fact that s; has such a value, all the moment s
were computed as though the boundary shear stress were
equal to zero and the moments could be obtained in exact-
ly the same way as in the tests of the rings under diamet-
rdeald losd.

In figure 20 is shown the photoelastic fringe pattern
for model 4, test 5, with a load of 120 pounds and support-
ed in a skin of 0.020 inch thickness. The fringe orders
for all fringes must be known. These may be obtained by
observing the formation of the fringes as the model 1is
losaded., OThe location of the fringe orders at sections
= -t 75 are given in table VILI. In figure 21 is plobted
the fringe order against distance from the outer edge of
the model, The difference between the fringe orders on the
outer and inner edges is 8.20 - (-4.80) = 13,00, By count-
ing the fringes and estimating the fringe order at the
boundary, this same difference was determined to be 12.95.
By use of equation (1)

¥ 8k (ng+ny) . (0.0495)° (90.6) (13.0) . ot
WRy 12 (WRy) i2 (108, 15008 v ~ o

In table V are given the results of the complete se-
ries of tests on circular rings mounted and loaded as
shown in figure 9. In order that all results be put in
nondimensional form, the moments were all divided by WRy.
The length 1 of the cantilever support was divided by
Dy and the thickness of the celluloid skin ¢t was divided

by d. Results of all these tests were plotted as shown
in figure 22, The series of curves for various values of
I/DM were faired as a family. These curves were then
cross~plotted as shown in figure 23 in which the effective

thickness te 1s defined by the equation

g .
Vg ?pellu?01d (t)
“pbakelite

The curves in figure 23 indicate that as the length of the
cantilever support is increased, the value of the moment
in the rings approaches asymptotic values at an Z/DM ra-
210 of gpproximately ‘L.0,  The'effect of the skin on the
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moments of the ring is quite large. In these tests the
nodulus of elasticity -E of the celluloid skin is spprox-

imately 150,000 and the modulus of clasticity of the bako-
lite is 648,000,

In using the photoelastic mecthod to¢ determine the mo-
ments and forces in bulkhead models, it is rccommended
that all values of tests be corrected for the effect of
the model skin and the length of support, If, for instance,
a tocst of a model is made at an 1/Dy ‘ratio of 0.4 and a
t/d ratio of 0,20, the momonts in the model should then be
correctéd by the usc of figure 24. In figurc 24 the factor
F is plottcd against 1/Dy for various valucs of $fsd,

Thigs factor F may be written

Ry

At the valucs mentioned, F is cqual to 0.83. The moments
obtainecd in the test model, thercfore, should be divided by
0.83, Although this procedure will probably give values of
M somcwhat higher than would actually be obtained in prac-
tice, it is neverthcless conscervative and it is probable

that the skin effect on actual fuselages will De less than

on the model.

In several of the tests made, the models were so load-
ed that the thin skin bdbuckled and formed tension: fieldss
On model 201, test 1, with a load of 16.05 pounds, the
skin did not buckle. When the load was increased to 20.60
pounds, very definite waves were formed in the skin. The
maximum values of M/WRM, however, were very little dif-
ferent, being slightly less for the buckled condition. On
model 3, test la, the skin was not buckled under 2 load of
72.70 pounds but was bdbuckled under a load of 20.00 pounds.
Again, the maximum moment was affected very little

In figure 25 curves are plotted showing the variation
§ for a typical circular ring loaded as

In table VIII complete data are given,
were obtained by

of moments with
shown in figure 9.
The values of the fringe orders ng + ng
cstimating the fringe orders on the boundary of the model.
Since the loading and the ring were were both symmetrical,
the valucs were averagod at corresponding points on the
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two sides of the ring. The values of M/WRy were correct-

ed by the use of the factor F in figure 24. Also plot-
ted in Tigure 25 are theoretical wvalues obtained by the
use of equations in reference 2. As in the tests for dia-
metrical loads, the maximum momcents obtained from the tcst
of the model are somewhat higher than those given by the
theoretical solution,

From this series of tests, it appears that almost any
convenient values may bec selected for model dimensions,
skin thicknesses, length of span, etc., and corrections
can be made in accordance with the method outlined. It is
recomnended, however, that an average diameter of model of
3 to 3% inches, a cantilever span of about 13 inches, and
a celluloid skin about 0,020 inch thick be used. These
dimensions zive a model of sufficient size to be easily
worked and constructed.

TESTS OF TYPICAL BULKHEAD MODELS

Tegts of Model 8

Model 8 represents a typical bulkhead conposed of a
floor beam attached to a circular ring. Dimensions of the
nodel are shown in figure 26. The fringe pattern of the
model loaded with a total load of 61.2 pounds is shown in
figure 27, Some stress analysts have analyzed this struec-
ture on the assumption that the floor beam merely trans-
ferred the loads to the points of attachment of the floor
beans to the rings., This assumption is not Justified,
however, as the stiffness of the floor beam has a narked

effect on the distribution of stress in the ring as a whols.

For this beam

2
w/wRy = &k (Be * 8¢) _ 4 00412 (ng + ny)
12 (WRy)
g oo Lo 80 o
f- = 35 = 0.618
and
< = 2a920 . 03003
a  0.215
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Helon Fieure: 244 F = 0,928s In table IX are shown: the cale
culations for the values of M/WRy at various points
around the ring. The theoretical values in this table were
obtained from an unpublished paper by Wayne Wiesner enti-
tled "Monocoque Fuselage Braced Circular Ring Analysis',
which was written in 1940 in competition for United Alr
Line Scholarship Awards. The value of M/WRy in the floor
bean itself between the loads is equal to 0.0642. Both
sets of values, observed and theoretical, are plotted in
figure 24.

Phis structure is an excellent exanple of the wvalue
of the photoelastic method. From an analytical standpoint,
the structure has six redundancies. In using the photo-
elastic method, however, the number of redundancies does
not conplicate the analysis. Wiesner's theoretical solu-
tion applies only to structures where the moment of inertia
of the ring is constant. The photoelastic nmethod, however,
can be applied just as easily whether or not the moment of

Inertiia of the ring 1s constant.

Test of Model 6

The main wing beans of nany airplanes are attached
directly to a bulkhead. Model 6 (fig. 3) represents such
a conmbination. In. several airplanes having this type of
arrangemnent, the ratio of the moment of inertia of the
beam to the moment of incrtia of the bulkhead ring was of

the order of 1000 to 1200, In order to obtain a stiffness

ratio this high in the nodel, brass plates were bolted to
the sides of the bakelite 'spar to stiffen that part of the
nodel. The model was tested at a ratlieo of EI of the
bearn to EI of the bulkhead ring of 1142, The dimensions
of model 6, which is made of bakelite, are given in figure
28. The loads were applied a distance b from a center
line in such a way that the bending noment at the intor-
socction of the spar and the ring would represcnt the mo-~
ments that would be obtained on a normal cantilever wing.
Figure 29 shows the fringe pattern obtained on the ring
with a total load W = 79.6 pounds. The value of M/WRy
for the ring is given by M/WRy = 0.00263 (no + ng). The
ratio 1/Dy is 1.00, and the ratio t/d is 0.102. From
figure 24 the factor F equals 0.93. The loads W/2 were
applied at a distance Db/Ry = 2.50 from the center line.
In table X are shown the values of M/WRy . for this model.

These values are plotted in figure 28, From these results
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it is seen that the structure would be more efficient if the
top of the ring were lightened as compared with the sec-
tions down near the wing root.

Test of Model 9

Many fuselage structures are elliptic rather than cir-
cular in .section. A test was made of an elliptic ring
model, model 9, to show application of the method to ellip~-
tic rings. The model was constructed by first laying out.

a metal template 0.032 inch under size on both the inner
and the outer edges. The model was thén cut in the same
manner as the flying-boat-bulkhead model previously de-
scribed, -The major diameter of the neutral axis of the
ellipse was 3.66 inches and the minor diameter was 2.70
inches. - A nondimensional plot of moments for the circular
rings was obtained by dividing the moment by the load
timeg the radius. . Since the radius of the circle may be

considered as equal to 4/m, in orfder to obtain a non-
dimensional plot of the moments for the elliptic ring, the
moments were divided by W,JE7;»=- Ja,g, where a 1is the
gemima jor axis and b is the semiminor axis. In order to
obtain a correction factor from figure 24, the 1/Dy ratio
[ el

was coné;dered tb be equal té E'Jg%'f 3 142 = 0.36. Tho

Tetio t/8- Tor this tést was 0,067. Then,-from figure 24,
= 0,92, In fizure 30 is shown a drawing of the modsel )
and a definition of the angle . The fringe patteran for

"model 9 is shown in figure 31. In table XI are given the

3 AT M ; A
caleulations for W ng. These values are plotted in fig-
- \

ure 30, It should be noted that these values will be ap-
plicable only, however, to an elliptic ring with 'a ratio

1585

a/b  equal to Le89 G 1855,

Test.of Model 7

In figure 8 were shown the ordinates and a drawing of
the - flying-boat-bulkhead model 7... Also on this figure 1is
shown a drawing of the brass template used for cutting the
model, - The neutral axis of this model is geometrically
similar to the neutral axis on a typical full-scale flying-
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boat bulkhead for which data were available, The dimension
d of the model is such that the ratio between momehts of
inertia of any two sections on the model is the same as the
ratio between moments of inertia of any two corresponding
fullescale sections. In figurs 32 is shown the model set
up for test., Loads were applied to steel straps. Loads
from the steel straps were distridbuted to rubber spacers
which, 1n turn, distributed the loads to the models The
loading condition represents an equally distributed load
over the bottom of the hull of 2.505 pounds per inch on

the bottom, or a total load of 115.2 pounds. As for the
case of the elliptic™ring, in order to make a nondimen-
sional plot, the moments were divided by the product

A/m, where A is cqual to the included area inside

the neutral axis of the model., TFor this model, A = 8,70
square inches. The length of the cantilever support was
2.20 inches and the thickness of the skin was 0,020 inch,

The value of was 0,393 4% (ng + ng). In figure
WA/A/

33 is shown the fringe pattern under the loading condition

described. The calculations for determining the corrected

values of —alifz for this model are given in table XII,
W /A

As the depth of the cross section was not a constant, the

value of t/d4 varied and, consequently, the factor F as

determined from figure 24 also varied. The moment curve

for this bulkhead is plotted in figure 34.

DETERMINATION OF SHEAR FORCES AND AXIAL LOADS

IN THE BULKHEADS

The technique and the examples given have emphasized
the method of determination of moments in the bulkheads.
In general, if the moments are known at all sections and
the external shear reaction in the skin is determined by
the usual methods, from principles of statics the axial
loads and shear forces in the bulkheads may be determined,
The shear force at any section in the bulkhead, however,
may also be obtained from the slope of the moment diagram.
For instance, if the moment in the bulkhead is plotted
against @ as in figure 17, the shear force B 1is equal
to _ﬁ%%ET or, in gemneral, is equal to dM/ds, where

s 1s the distance along the neutral axis of the bulkhecad.
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Axial loads at the sections of maximum moment may be
determined by finding the component of average stress par-
allel to the neutral axis, In figure 15 combined stress
duc to bending moment and axial load is plotted against
the depth of the bulkhead. The net area under this curve
divided by the depth of the bulkhead 4 is -equal to the
unit stress produged by the .axial load.  .This average
stress nultiplied by the cross-sectional area will give
the axial load.: ‘ :

At sections whexe the noment is not a nmaxinum, an es-
tinate of the axial load may be obtained by assuning a
linear distribution of bending stress and taking the aver-
age fringe order existing at the section, This average

ng - n
~nay be obtained by taking wiug__g_ I1f at a ziven: seebion
the fringe order on the tension side is 6.0 and the fringe

order on the compression side is 2.0, the average fringe

order is then 80 = 2.0 _ 5 0, The average stress 8
2.0 :
ok =

n
o c> and the axial load P equals s,d.

equals k (

This nethod of deternining the axial load nay be con-
siderably more in error than that used for the determina-
tion of moments. The deternination of moments depends on
the sum of the fringe orders whereas the axial load depends
upon the difference;. as a result, a small error in deter-
nining individual fringe order night cause considerable er-
ror in deternining this difference. It is suggoasted that
if axial loads are desired they be deternined approxinatee
ly by the nethod outlined and checked by use of the equa~
tions of statics using the values of moments previously
deterninecd,

CONCLUSIONS

1., It is believed.that the photoelastic method of
stress analysis digscussed herein is readily applicable
to the solution of the statically indeterminate problems
involved in the stress analysis of bulkheads and that this
nethod is nmore aeccurate than those analytical nethods con-
nonly used.

2, If the bending moments, the axial loads, and the
shears are deternined at every section in a dbulkhead, the
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stress-analysis problem involved is then merely to check
to gsee if the full-scale bulkhead has sufficient noment of
inertia and cross-sectional area to resist these known
foreces and noments.

Oregon Statc College,

Corwvallis, Oreg., June 1942.
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TABLE I
- DIMENSIONS OF CIRCULAR RING MODELS
[Symbols defined in fig. 2. All dimensions in in.]
Ring
D D D
nodel 9 B M % B
1 2.830 2342 2.5886 0.244 0.268
2 2.258 1,738 1998 .260 . B15
3 S50 2650 2.980 260 el
B 4,500 3. 510 4,005 .495 .309
4o 4,458 3.482 3.970 .488 .293
401 4,335 3.629 S 9BD 583 sob2
301 3.284 2.742 3.013 s L .268
201 288 1.846 Sre Dl Bl « 269
TABLE II
RESULTS OF DIAMETRICAL LOAD TESTS
ON MODELS 1, 2, 3, AND 4
[Theoretical M/WRy = 0.1817 (90°). Values of M/WRy are
average of values obtained at 6 = 90° and g = 270°]
M/ WRy M/ Wy
Model|Test|Load, W | Mean radius| WRy |(Linear stress |(Computed from
By distribution | actual stress
(1v) (in.) assumed) distribrtion)
1 [(a) | 16.00 1.293 20.68 0.2050 o.e;go
2 3 27.30 .999 27.29 .1965 .1¢65
3 3 38.60 1.490 57.50 .2000 .2020
i3 3 51.30 2.002 102.8 .2000 .2005
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TABLE IIT
MEASURBMENT OF LOCATION OF FRINGES, FROM FIGURE 12

[liodel 4; test 3; diametrical load, 51.3 1b; origin on
outside boundary of ring; diameter of ring in photo-

graph, 3.82 in.; actual diameter of ring, 4.50 in.3
ratio of dlameters, 4.50/3.82 = 1.178]
Left section 1 Right section
: 8 = 90° o g » 270°
oo Distance from origin Distance from origin
order = : ; o &
(1n.) ks (1n.)
Photographic | Actual Photographic | Actual
~-4.5 0 0 -1330 Q ¢
-4 TO25 029 ~1180 .023 0k
-3 070 .082 -885 069 « OBL
-2 e LD 95 -590 ;102 120
-1 .180 83 ~-295 s - .184
0 . 200 » 236 0 .196 cook
3 <206 Kb 295 LR34 B
2 .274 323 590 269 .307
. 3 .308 .363 885 .303 . S
4 .340 .400 1180 . 334 .394
5 .380 .448 14758 .365 .430
3y 6 .405 LAT7? L7l . ,398 L4689
TABLE IV
VALUES OF o' AND y' HMEASURED FROM FIGURE 12
Distance from Tt G
origin L) (1b/sq in.) gt gt
(1) {2),
0 -0,26 -1480 385
.04 -.22 ~1270 280
.08 -.18 ~1060 81
S -.14 ~840 5
s1 6 -e10 ~615 61l.5
20 -.06 -385 23
< BL a0 ~130 Py O
i .28 W 145 249
oD .06 425 2.0
i .36 .10 720 72
+40 .14 1030 144
.44 518 1515 237
.48 o8 i 650 363
1The symbol y' represents distance from neutral axis.
“The symbol ¢! represents stress due to bending only.
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TABLE V
RESULTS OF TESTS ON CIRCULAR RINGS

SUPPORTED AS BULKHEADS IN MONOCOQUE SHELLS

i R
Skin |Mean |Ring |Canti-|Taper
Model|Tost|Load, W | Phick-|diam-|depth,|lever |angle M i) 5 |Pig-
ness eter span WRM DM d |ure
% Dy d t B
1D) (in.) [(in.){(4n.) |(in.) [(deg)

216 76.00 | 0.020 |1,998!0.260 [0.38 2.5 10,0891 {0.188{0.080| 35
i | 16.05 Q0 12:01T 171 12,h2 2.0 | .1050(1.300| .058| 36
2.1 B 20.60 010 {2,017 171 }2.62 2.0 | .1038|1,300| .058| 37

0 ae | 12.70 .010 |2.980( .360 | .38 0 | .0oU5| .128f .028| 38

3| la | 99.00 .010 |2.980| «360 | .38 .0 | .0935| .128| .028| 39

mta 47.00 015 {2,980 .360 [2.60 2.5 | .1030| .872| .O42| 4O

3¢5 77.00 .020 12.980| .360 | .72 2.5 | .0997| .240| ,056| W1

L 47.00 .020 |2.980| 360 |1.10 2.5 | .0983| .369| 056 42

31 4 47.00 .020 {2.980| .360 |1.10 2.5 | .1015] .369| .056| U3

51 B 77.00 .020 [2.980! .360 {1.10 2.5 | +1015| .369| 056 U4

318 7700 .020 {2.980] .360 [1.10 2.5 | .0984| .369| .056( U5

316 91.10 .05 {2.980| .360 | .72 2.5 | .0901| .240| .1h42| L6

55 47.00 051 (2,980 360 1.10 2.5 | .0930| .369| .1k42| Y7

e 77.00 .051 [2.980| .360 |1.10 2.5 | 0898} .369| aba| -

315 47.00 .082 |2.980] ,.360 [1.10 2.5 | .0832| .369| .228| ug

315 77.00 082 12.980| .360 |1.10 2.5 | 0860 .369]| .228| 49
301 | 1 27.80 «O1B 13.01%1 271 |2.62 2.5 | .1020| .870( 056 50
301 | 1 39.00 D15 13,003] 271 12.b2 2,5 | «1020| .870| .056| 51

4|1 77.00 .020 {4,005 .L95 }1.10 2.5 | .0998| .275| .040| 52

415 81.20 .020 4,005 495 [1.10 2.5 | .0995| .275| .O4O| 53

Y| 5 1120.00 .020 4,005 495 |1.10 2.5 | .0995| .275]| .QU0O| 20

415 [120,00 051 {4,005{ 495 [1.10 2.5 | +0954] .275| .103%]| 5k

Bl 5 . 1120,00 .082 [4,005| 495 {1,10 2.5 | .0890| .275| +166{ 55

4 | 5 1158.50 164 14,005 495 [1.10 2.5 | +0682| +275| «331| 56

Ya| 1a | 79.10 .010 |3.970| 488 | .38 .0 | .0955| .096| .021| 57

bal 1a [115.80 .010 {3.970| 488 | .38 .0 | .0952| .096| .021| 58

Ya| 5 |120.00 020 13.970| 488 |1.10 2.5 | .0987| 2771 OHO| 59

Ya| 6 |120.50 .020 {3,970 U488 |1.10 2.5 | ,0962| .277| .OMO| 60

Ya| 6 |139.20 123 13,970 488 [1.10 2,5 | .0800| .,277| .123| 61
4oi | 1 b7.10 .020 13,982 .3%53% |2.62 2.5 | .0974{ ,656| .O57] 62
%1 | 1 62.00 ,020 3.982| .35% [2.62 2.5 l <0963 ,656| .057| 63

: ¥
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MEASUREMENT OF LOCATION

LE VII

OF FRINGES,

e No. 870

26

FROM FIGURE 20

[Model 4; test 5; skin thickness, 0.020 in.; diametrical

load,

120 Xhb:

photographic depth,
fn.; ratio of depths, 0.497/0.383 = 1,295]

0.383

origin on outside brundary of ring;

3 16 o [T

mean

mean actdal depth, 0.495

Left section Right section
Fringe & = ?5° g = -75°
order Distance from origin Distance from origin
(in,) {4n.)
Photographic | Actual Photographic | Aetusl
~5.,0 0 O: 0 0
-4.,0 .025 .0324 . 033 .0427
=30 «081 . 0790 . 069 .0892
-2.0 s OO0 +L 235 alieked .1385
s o) bl 171 145 SL8E
0 o L70 + 220 aL7E <226
1.0 + 200 H259 . 205 « 265
2.0 231 Sl .236 .305
3,0 . 258 334 .265 .343
4.0 .285 369 5 Sk SeLhie s
5.0 <310 .401 sO 18 4125
640 .336 .435 342 4425
a0 354 .458 .368 476
8.0 v382 .495
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TABLE VIII

870

MOMENTS FOR CIRCULAR RING MODEL

27

[Model 4; test 5; skin thickness, 0.020 in.; diametrical

Loed, 120,0 1v. BSee fig. 25.]
e M Corrected | Theoretical
e ne + ng nc'; Zt Wiy M/WR) M/WRy,
(1) (2)
B T e
851  -13.3
<851 .13.0 |-13.15 -0.1005 w10 w117
i :2:; ol ~.024 -.026 ~.020
—ig 3:8 TR .054 .059 .049
_28 ii:g 11.40 087 .095 .089
nzg ig:g 12.95 099 .108 102
_28 %%:3 13, %6 090 ,098 .091
~igg ::3 7.75 .059 .064 .063
—128 g:g 3.50 .028 .031 .025
_igg :}:2 -1.50 -,012 -.013 =014
-igg Zéji -5.00 -.038 | -,042 o DLG
_122 :gié ~B.18 ~.062 -.068 w D7D
_igg 2322 ~9.50 ~.073 -.080 ~ /080

lCorrected by use of correction factor F

friom Elgs 245

®Theoretical values computed by use of equation from ref-

erence 2.
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B IX

870

MOMENTS FOR CIRCULAR RING AND FLOOR BEAM MODEL

28

[Model 8; total load, 61.2 1b]
Corrected Theoretical
6 n, + ny | Average M M/WRy M/ WRy
D + nyg WRM (1)
8 ig‘g 10.2 0.042 0.045 0.036
i? 2'8 B0 -0 .023 .024
g
—gg g 8 ~2.5 -.010 -.011 - D09
45 29,
-45 _fg 8 -21.5 -.088 = 295 - JOBD
Ak, sy o, L, e w30
g B . i -.002
_§§ 2’5 6.6 <027 .029 .034
~gg ii'g 11.1 .046 .050 . 046
8 9.4 | .o39 042 o
.0
-igg 2.5 4,7 .019 Ko7 5] .027
O
e e 140 ,004 .004 .006
-igg :2'? -4 .3 -.018 -.019 - 012
165 w85 g
<1656 B ~7.0 -.029 o T ~.027
0 s
-igo -8 8 ~8.0 - 55 -.,036 s 0B

'Theoretical values taken from an unpublished paper by
Wayne Weisner entitled "Monocoque Fuselage Braced Cir-
cular Ring Analysis" written in competition for United
Air Line Scholarship Awards in 1940,
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TABLE X

MOMENTS FOR MAIN-SPAR BULKHEAD MODEL
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TABLE XII
MOMENTS FOR FLYING-BOAT BULKHEAD MODZEL

[Model 7; total load, 115.2 1b]

Averace 5 M i8arrected
6 [ng + ngly o+ Et a 8% - Ladbad RS 'S 1
c ———
0 3.1 3.10/1.030(1.060 }0.1288|0.019/0.98| 0,1315
10 4.5
20 6.2 %
-20 5.8 6.00| .700| .490 J1155) .029| .97 L1190
30 8,3
~30 8.5 g.40) ,s85] maz | Jy1s0] Je3ai 971 Liiah
28! 11.0
“40! 11,0 11,00| .440| .194 .0838| .046, .96 .0874
50| 14.5
w140 14.25] .295| .0B% .0477| .068| .95 .0498
60 0,0
-60 0.0 00| .304| .092 .0000| ,066| .95 .0000
0| 3.0
SHb! .30 ~3.00] 480} .22% |-.08611 .042] .88} =a0eE
80| -13.0
_ao| _iz.0 | -18.00| .280| .078 |-.0398| .071| .95 -.0419
§08| -10.0
“g86] -9.0 -9,50| .255| .065 |-,0243| .078| .94 | -.0258
30 4.0
-120 -5,0 -4 .50 s25b ¢t 065 = 0L1b <078 94| e G2 D
140 a0
~140 iy 0 2001 .260] 06761 .0000| 07| 5@ .0000
150 .1
~150 5.0 2.55| .295| .087 ,0087| ,068] .95| .0091
160 545
_160 3.7 .60 260 0676} .0¥22| 977 o4 .0130
170 546
~170 5.2 5:40| .286 | .065 .0138 | ,078| .94 .0147
180 5.7 5.70| .250| .0625| ,0146| .080}| ,93 | .0157
i
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Figure 1l.- Photoelastic polariscope.

Figure 3.- Bulkhead models.



Pig. 2

NACA Technical Note No. 870

Dy

Figure 2.~ Ring model dimensions.
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Figure 4.~ Circular ring being cut in lathe.

e eyt

Figure 7.~ Model being cut in vertical mill.
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Figs. 8,10
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- Mounting of elliptic bulkhead model.

Figure 8

Figure 10.- Ring model loaded for test.
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Moper No. 4
Tesr No. 3

OipmETRICAL
LoAp=513 %

Figure 13.- Photoelastic fringe pattern
for model 4, test 3.
Diametrical load, 51.3 pounds.
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Tesr No's, 3 ane 4

Figure 13.- Photoelagtic fringe pattern for
calibration beam loaded at
quarter-span points.
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Figure 20.~ Photoelastic fringe pattern for of the
model 4, test 5. Skin thickness, pattern
0.020 inch; diametrical load, 120 pounds. is the
reverse
of the
original.
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Figure 27.~ Photoelastic fringe pattern for
model 8. Total load, 61.2 pounds.
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Figs. 22,23
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Figure 29.- Photoelastic fringe pattern for

model 6,

Figure 3%.~ Photoelastic fringe pattern for

Figure 35.- Model 2, test 6; skin thickness,
0.020 inch; load, 76.00 pounds.

model 7. Load, 115.2 pounds.
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Fig. 37
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Figures 36,37,38,39.- Photoelastic fringe patterns for circular rings vested. (See table V.)
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Fig. 48
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Figures 48,49,50,51.~ Photoelastic fringe patterns for circular rings tested. (See table V.)
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Figures 52,53,54,55.~ Photoelastic fringe patterns for circular rings tested. (See table V.)
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Figures 58,57,58,59.~ Photoelastic fringe patterns for ecircular rings tested. (See table V.)
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