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SUMMARY
This rcport is concerncd with the effect of openings on the
stresses in plain, pressurized circular cylindrical shells.

A review of relevant theory is presented and the design,
construction and testing of Xylonite models is described.

Results are swmarised and discussed, and conclusions are
drawn together with proposals for future work.
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1. Introduction

The shells of aircraft pressure cabins have certain
discontinuities and are subjected to various forms of constraints. The
skin stresses, inferred by the straightforward application of membrane
theory to analyses related to pressure loads, are thus not truly
representative of the actual conditions obtaining in the shell, since
local bending and stress concentration cffects are neglected, To
arrive at the exact stress distribution, or at least a close approximation
thereto, some refinement of this theory is required.

The general problem of stress determination in pressure
cabins is highly complex1"’3, so that to achieve some degree of
success it is expedient to reduce the main problem to its clements and
progressively refine theory, or empirical rules, to take into account
the variocus factors involved. According to Williams1, the principal
sources of Ciscontinuity in the main cabin are the windows and doors.
The present investigation is therefore directed towards establishing
the influence of openings on the stresses in a plain cylindrical shell,
not constrained by stringers or hoops, when it is subjected to internal
pressure,

The presence of windows and doors in the cabin wall represents
porticns of stress bearing sheet being replaced by non-stress transmitting
elements, ILocal distortions in the flow of the membrane stresses thus
occur, resulting in what are commonly referred to as "concentrations of
stress", Experience has shown that the fatigue strength of pressurized
cabins with respect to pressure cycles most certainly is significant4’5,
so that the magnitudes of these stress concentrations, which form the
focal points for fatigue failures, must be brought to a minimum.

The stress intensification due to the presence of the hole may

be relieved by applying suitable reinforcement to its edge, and ideally,
this would reduce the concentration to zerc. It has been shown that, in
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fact, it is always possible - theoretically at least - to design a hole
and reinforcing such that the stress distribution in the rem?inder of
the sheet is undisturbed. Such a hole is said tc be neutral®.

To investigate experimentally the stress field around various
openings, having various types of reinforcing, it is convenient to apply
strain measurement tests to model cylinders rather than to full scale
structures. Models are frequently used in experimental engineering
science; nevertheless, it is usually necessary to develop certain
gpecialised techniques for a given type of problem. The choice of the
model material itself may be the major consideration when deciding
procedurc; this is the case in the present investigation. Xylonite was
used in this work, and a discussion on its suitability and influence on
experimental technique is presented in Section 3.

Strain gauges provide a means of point by point analysis.
For this problem however, it is useful to have information regarding the
overall stress ficld in the neighbourhood of the hole. The photoelastic
method of stress analysis provides such information, so that the
application of the technique to tests on flat plates, supplementing the
strain gauge work, should provide useful data. Considerable preparatory
work has been done in this directicn, bub shortage of time has prevented
the exploitation of this aspect of the project.

This investigation, then, is concerned with the effect of
various openings on the stress in a plain shell. It represents the
early stages of a project which it is hoped will ultimately encompass
a complex scale model, representative of an actual aircraft main cabin,
complete in all its details. Regerded in this light, the present
investigation may therefore be regarded as a vehicle for the
establishment of a suitable experimental technique which will be common
to all the model work related to this type of problem.

2e Theoretical Basis of the Problen

2.1 Dimensional analysis of the stresses in a pressurized
cylindrical shell having a reinforced opening

Unless there_is axial symmetry, the solution of shell problems
is extremely difficult’/, Vhen problems are mathematically intractable,
a high degree of success is often attained by applying dimensional
reasoning to the problems Such a treatment is attempted here.

Let the stress ¢ in the shell at the hole boundary depend
on the pressure, p; hole diameter, d; cylinder diameter, D;
shell thickness, h; cross-sectional area of cutout reinforcement, A;
Poisson's Ratio, w; Young's Modulus, E, Then

c = ¢[P:D:d’h’A:V3E] 060(1)

where ¢ is some function. Applying dimensional reasoning, this function
takes the form

™~ E

p.D st A P
o = """-(r*)lf("), (“—), <"'>,U o.-(2)
h i\D D2 E

The terms p/E and v infer the influence of strain, and if
this is constant, the terms may be ignored. Gurneys, states that if
D/d > A the problem may be regarded as one of plane stress; then, since
it is known that the size of the hole does not affect the stress
distribution in a very lorge plate, the equation for stress reduces to
the form
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That is, for a given size of shell, the valuc of the stress is the
nominal incrcased by a factor which depends on the amount of
reinforcing around the cutout. From the neutral hole theory, ¢, may
be chosen such that no stress concentration occurs. In predicting full
scale performance from the model results, one moy then write

n ()
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2.2 Cutouts in stress bearing shcet

Mansficld® has discussed the design of neutral holes in
pressurized shells, and he has shown that for a developable surface, the
shape of a neutiral hole corresponds to that in the developed sheet. For
the case of a spherical shell also, the neutral hole corresponds to that
in the flat plate provided ghe hole diameter is small in comparison with
the shell diameter. Gurney” also states that provided the ratio of shell
diameter to hole diameter is not less than about 4:1, the problem may
be regarded as one of plane stress,

A pnumber of investigators have studied the problem of
reinforcing holes in flat plates and, in view of the remarks of the
preceding paragraph, it seems reasonable to utilize their general
conclusions in designs related to thin shells, t should be borne in
mind, however, that this theory does not take into account the conditions
for radial equilibrium of an element of shell subjected to a pressure
load, so that for completeness, local bending effects must be
incorporated by means of the principle of super position. With this
proviso in mind, some benefit will accrue from a discussion of flat
plates.

In the neighbourhood of holes in a stress bearing sheet, the
values of stress are considerably above the average. The value of the
stress concentration factor (S.C.F.), defined as the ratio of the
maximum direct stress to the larger principal stress in regions remote
from the hole, is dependent upon the shape of the hole and the nature
of the loading.

These areas of very high stress intensity are local in
character, the magnitude of the S.C.F,, decaying rapidly with the distance
from the edge of the hole. As an illustration; for a sheet containing
a circular hole and sustaining equal principal stresses o,, the value
of the circumferential stress is:-
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Where a = radius of hole and r = distance {rom hole centre.

It is thus evident that a design which utilizes sheet of a
thickness appropriate to the maximum existing stress would be grossly
inefficient in terms of structural wcight, and that edge reinlorcement
is the only reasonable way of bringing these local stresses down to
safle levels. Ideally, a hole would be reinforced in such a manner that
no stress concentration would occur; it is interesting to note, however,
that in attempting to achieve this end, it is possible to over-stiffen
the hole region, introducing what Williams! refers to as a "hard spot"
which "attracts" load to itself by magnifying the radial pull in the
surrcunding sheet,

The application of edge reinforecing to holes _has commended
attention for some time. A4s early as 1924, Timoshenko” obtained an
approximate solution of the problem using the theory of curved bars.

By first applying the theory to an unreinforced opening, he was able to
Jjustify that method by comparison with the known exact solution; then,
for a reinforced opening, the only changes involved are in the properties
of the modified cross section of the "apparent curved beesm". The method,
however, does not take into account the stress concentrations which
arise at the junction of plate and the ring due to sudden changes in
section.

Gurney8, using the principles of theory of elasticity, attempted
to find the optimum reinforcement of constant section which would render
a circular hole neutral under specified conditions. Two important
conclusions may be drawn from this work., First, neutrality can only be
obtained under the special conditions of uniform stress in all directions.
Secondly, the bending stiffness of the reinforcing, in the plane of the
sheet is not as important as the cross sectional area in governing the
stress values.

Benskin1o, in 1944, extended Gurney's work to allow for a
thin ring along the inside edge of a doubler plate.

Levy and others!! have found that the optimum reinforcement
is that which has the material arranged to give a very compact ring.

Reissner and Morduchow 2 treated a 3lightly more general
problem. Like Gurney, they used the theory of elasticity and restricted
themselves to circular cutouts but they vermitted variation of the
section area and moment of inertia along the circumference of tho
reinforcing ring. The properties of the reinforcing were then expressed
as rather cumbersome functions of the appropriate stress function for
the plate. They concluded that only for the case of equal principal
stresses could neutrality be obtained and that the bending stiffness of
the reinforcing was not as important as the cross secticnal area. In
fact, for the case of equal principal stresses, the moment of inertia
was found to be arbitrary.

The work so far discussed was directed towards obtaining an
optimum reinforcement for a circular cutout, bringing the stregs
concentration to zerc, or at least a minimum value. Mansfield® based
his work on an entirely new concept; thut is, specifying zero stress
concentration and allowing the hcle and reinforcing to take whatever form
theory predicted.

If one is given a free choice as tu the chapce of the hole and
the stiffness of the reinforcement, then it can be shown that it is
always possible to design a hole whose presence does not alfect the stress
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distribution in the remainder of the sheet. Such a hole, which is
elastically equivalent to the uncut sheet, is then neutral.

By considering the equilibrium of an element of sheet
bounding on the hole, neglecting the bending strength of the
reinforcement, and specifying compatibility of strains at the boundary
of the sheet and reinforcement, then the shape of the neutral hole is
given by:~-

6 = 0O vee(6)

where ¢ is the Airy stress function defining the stresses in the sheet
and which satisfies the biharmonic equation

V4¢ = 0, ¢¢-(7)

The stress components, in terms of Cartesian co-ordinates, are related
to the stress function by the equations:-

82¢ 82¢ 82¢ ( )
O, = ===t O = === T e ces (8
* dy*® v ox>? v 0xdy

1t is seen, therefore, that the shape of a neutral hole
depends on the stress distribution in the sheet. In general, the
principal stresses are unequal, but if they are of the same sign, the
true shape of the neutral hole is elliptical with the major axis in the
directicn of the larger principal stress. Furthermore, the cross
sectional area of the reinforcement is not constant, but it is a maximum
and minimum at the ends of the major and minor axes respectively. If
the principal stresses are equal and of the same sign, the ellipse
degenerates into a circle and the reinforcement is of constant section.
For the particular case of a thin wall cylinder having no hoops or
stringers and subjected to internal pressure, the hoop stress is twice
the longitudinal stress and the ellipse then has axes in the ratio 2:1.

For a circular hole, the reinforcement cross sectional area

is:=-
re.t
.AI, = m——— 0-1(9)
1=
and for the v2:1 ellipse:-
X:a 3/3
V2.r.t <1 + -—)
rQ
A D e S o o e S s e e b s 10
. - (10)
1=-2v+ 3 =
r2
where 2r = minor axis of ellipse and diameter of circular neutral
hole.
v = DPoisson's Ratio
Gy = 20& = principal stresses

x = dilstance along minor axis,
with origin at the
intersection of the axcs.,
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More recently, Mansfield!? has restudied the reinforcing of
circular holes. Since, in general, this shape of cutout cannot be
neutral, he has determined the optimum shapes and the corresponding
S,Co ¥, 's for various conditions, These are expressed in terms of
perturbation siress coefficients and like the elliptical ncutral hole,
the reinforcements are not very attractive from a manufacturing point
of view.

3. The bodel

3¢1 Selection of a suitable material

In problems of applied elasticity, the material concerned is
assumed to be homogeneous, isotropic and to obey fHooke's law. Wood,
which from a number of considerations is highly suited for model work;
does not satisiy thesec requirements so that the choice remains between
a metal and a plastic. If a metal were used, then:-

(a) Fabrication would not be €asy.

(b) To obtain similarity between model and full scale would
require rather high pressures. Since air under pressure
has a very high cnergy content, the danger from possible
failures of an explosive character, render this feature
highly undesirable.

(¢) The use of a liqud for pressurization involves the use
of a tank similar to those at thce Royal Aircraft
Establishment but on a model scale, Jor strain gauge
work, this is to be avoided if possible since otherwisec,
difficulties in the strain gauging techniques would be
encountered.

Irom a consideration »f such factcrs as these, one is guided
to the selection of a material of low modulus such as a plastic.
Xylonite has been used successfully on previous occasions % and it has
been chosen as the material for the present work. A detailed
discussion of the plastic is presented by Redshaw and Palmcr in the
paper cited.

%42 Design of the models

The models, which were to be pressuriged by air, were plain
cylinders, each having two cpenings of different typoc.

Each cylinder was nominally 10" diameter and 2,% long. With
these proportions, the bending stresses resulting from the constraining
influence of the bulkhoads, being of a damped oscillatory character,
were negligible in the neighbourhood of the holes. The shells, of
0.030" thick Xylonite sheet, had one longitudinal joint and the two
openings were diametrally opposed to each othcr and 90 degrees away from
the seam. To permit sccess to the interior of the cylinder for mounting
strain gauges, end caps common tc all cylinders were used. These were
held in position by eighteen 4 BA screws and located by means of a
central spigot fitting into an accurately bored hole in the bulkheads,
To provide an effective secal against leakage of air at the windows and
end caps, a smear of vascline was found to be adequate.

In the testing position, the seam was underneath so that a
line joining the centres of the hcles was horizontals Each cylinder
was simply supported on short lengths of tubing projecting from the
end caps, thoen no constraint was offured to deflecticn under pressure.

3.2.1/
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3¢2.1 Desion of openings

It was decided that four openings would be examined.
(a) A plain circular hole with no reinforcemcnt.

(b) A circular hole with a nominal reinforcement. The
reinforcing ring was made cqual in weight to the
disc of material remnoved - for this purpose, the
outside diameter of the ring is the limit of the
hole as seen by the sheet. The reinforcing was
placed entirely on the inside of the shell, and
to minimise the local bending effect due to
eccentricity, the thickness of the ring was only
twice that of the sheet.

(c) A circular hole, designed to be neutral for the case
of equal principal stresses. The reinforcement was
compact and equally disposed gbout the middle
surface of the shell.

(d) An elliptical neutral hole designed according to
the theory provided by Mansfield., fere again, the
limit of the hole as scen by the sheet was the
ellipse defining the cuter edge of the reinforcing
ring.

Details of the openings arc given in Figs. 14, 1B, 1C, 1D.

The "window panes" were small pieces of Xylonite placed
inside the shell, the air pressure holding them in position whilst the
test was in progress, On release of pressure, there was a tendency for
the panes to slip out of pesition, so that to overcome this inconvenlence,
string was cemented on. (See Fig, 8).

343 Manufacture of the model

The first manufacturing operation was preparation of the
shell. Openings were first cut in the developed sheet. Vhere a
reinforcing ring was used, these openings corresponded to the inner
dimensions of the complete cutout. To assist in the location of the
reinforcement and strain gauges, very faint lines corresponding the
hole axes were scribed on the sheect., The sheet was then wrapped around
and placed in a fixture, a run of Bexol SX1 solution applied to the
longitudinal joint and the subassembly allowed to set overnight. The
bulkheads, previocusly bored, could then be finish turned on the outside
diameter to suit thc shell, cemented in position and the end caps made.
Finally, the reinforcing rings were formed to the correct curvature in
a warmed metal tool, and then cemented in position. In this way
homogeneity of the ring is obtained. Fig, 2 shows a completed cylinder
having in position a template for strain gauges.

A tensile test peice was cut from the same sheet as the shell
and used for control tests.

4o The Pneumatic Systen

In the Secction dealing with strain recording, the signilicance
of mechanical creep in the model material is discussed. Here it will De
sufficient to state that once the cylinder has been admitted to a certain
pressure, it is essential that this pressure be maintained within close
limits. This implics that since the volume of the cylinder is continually
increasing due to creep, and since also a small amount of leakage is

almost/



-0 -

almost inevitable, air must be continucusly supplied at the correct
rate, Preliminary trials showed that manual control was inadequate, so
that the pneumatic system shown schematically in Fig. 3 was devised.
This incorporates a precision regulator valve by means of which an
extremely close control of the model pressure was possible.

The characteristics of the valve over different ranges of
upstream pressure and having valve setting as parameter were found.
Fig. 4 shows a typical set of curves from which it will be seen that the
output is not sensitive to upstream pressure fluctuations when the
nominal pressure is about 25 p.s.i. This could be maintained manually
to within 0.3 pese.i. with no difficulty and was therefore adopted as
standard for test work.

The numbers 1.81, etc., in Fig. L refer to the valve output,
in inches of mecury, at the initial setting.

5. Automatic Strain Measuring Set

Xylonite exhibits pronounced mechanical creep so that if
consistent results are to be obtained, a strict programme of events
must be observed during the testing period. Redshaw and Palmer 4 have
obtained a strain-timc curve which shows that very little creep occurs
two minutes after the application of a load. The testing technique
employed by these investigators was therefore adopted. For both control
and model tests, records of strain were taken two minutes after the
application of a load increment; after a further minute, the next
increment was applied and the procedure repeated.

From the sbove paragraph, it is evident that if there are more
than one or two gauge stations, some form of automatic recording is
necessary. For this purpose, an automatic strain measuring set was
designed and built to be used in conjunction with the New Electronic
Products "series 1000" multi-channel galvanometer recorder. The design
of the set was based on the familiar D,C. Wheatstone bridge and was such
that ten channels were available for simultaneous recording.

The set, Figs. 5 and 6, incorporated the use of two eight
bank, twenty-five way uniselector switches, electrically coupled,
impulses being applied to the uniselector relay by meens of a master
contactor clock. The switch positions were connected to the centre
tappings of 5 ohm potentiometers which constituted the trimming resistors
by means of which an initial balance of the bridges was obtained. The
common terminals of the uniselector were connected to the mid points
of the ratio arms via the recorder galvanometer and impedance matching
resistors, The latter were nccessary since the effective resistance of
the bridge alone was not equal to that required for optimum damping of
the galvanometers. Ten signals could be recorded simultaneously, so that
to avoid interaction between the galvometers, ten pairs of ratio srms
were used.

The strain gauge leads were fed into junction boxes mounted on
a panel, and energised by a ring main, Fig. 7. The boxes were connected
to the set proper by two, 12 core cables per box, so that only two leads
per station entered the set, thus simplifying its design. To avoid
differences in "e{fective" gauge factor from station to station, to
obtain temperature compensation and for natching purposes generally, all
leads which performed the same function were of the same gauge and
leng the

The effect of changes in switch contact resistance, which
could be comparable to the changes in the gauges under lced, were
minimized in the design employed. As will be secn in Fig. 5, all the
switching which actually took place was in the galvanometer line, and

since/
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since the resistance was 290 ohms, changes of as rmuch as 0.1 ohm would
affect galvanometer current to a negligible extent only. The signal
was recorded as a trace on photographic paper, and tests showed that
scrupulous cleanliness with regard to switch contacts was imperative,
since otherwise, fuzzy, meaningless traces could result.

All bridges were fed from constant output batteries which had
a high ampere~hour capacity. Using the set, 120 gauge stations could
be recorded in 12 seconds in one cycle.

5.1 Calibration of the set

To calibrate the set, it was necessary that a signal corresponding
to a known value of strain should be fed into the recorder. For this
purpose, electric resistance strain gauges mounted on an aluminium
beam in pure bending were employed.

The gauge factors of these gauges were first checked using a
null method in the usual Wheatstone bridge arrangement. They were then
connected to the Jjunction boxes and for a series of values of the
central deflection of the beam, measured with a 0.0001" dial gauge,
traces were cbtained. In this way, the electrical system as a whole
was calibrated eliminating the need to make any subsequent correction
for lead resistance, etc, A statistical analysis was then applied to
the results and a calibration factor obtained in terms of units of
strain per inch deflection on the trace,

6. Electrical Resistance Strain Gauges and Gauging Technigque

The building of models in materials of low modulus and small
section, introduces a problem which is not met in ordinary strain gauge
work on structures of steel, for example. The local stiffening effect
of the gauge now becomes significant. There are two results consequent
on this, Mirst, the recorded strain is less than that which would have
cccurred had the gauge not been present, and second, the strain
distribution in the neighbourhood of the gauge is disturbed. It is
possible to make an allowance for the f{irst effect after the method
discussed by Dove 5; however, because of the latter much more complex
influence, it is highly desirable that the gauge stiffness should be
very small,.

The present investigation was concerned with stress concentrations,
50 that the overall dimensions of the gauge had to be small, thus imposing
an additional requirement upon it. In view of this, some time was
devoted to the development of a miniature strain gauge. Due to shortage
of time, however, this work had to be discontinued and it was decided
to use the Tinsley type 6H gauge, as it was the smallest gauge available
at an economical price.

Most of the gauge stations were along axes of symmetry so that
two gauges along the known principal directions were sufficient for stress
determination from strain measurements. Since the gauges were comparatively
large and close pitching was desired, use was made of the symmetrical
conditions at the hole, and complementary gauges were mounted in
homologous positions, Fig. 8. At rezions not on axes of symmetry,
"equivalent rosettes" were arranged.

Gauges were mounted inside and outside the shell using Bexol
solutions The leads from the inner gauges were brought out through
small holes at distances remote from the gauges, leakage of air being
prevented by cementing with Bexol.

To estimate the stiffening effect of the gauges, pairs were
mounted on tensile test specimens and calibrated. It was found that the
apparent Young's Jlodulus was increased by a factor of 1.39 for the type
of gauge employed cn sheet 0.030 inches thick. y
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7. Experimental Set-up and Method of Testing

The experimental set-up is seen in Figs. 6 and 7. All the
controls for the pneumatic system were located together in such a
manner that the operator could observe the upstream pressure gauge,
mercury menometer and manipulate the controls whilst seated. The
recorder and recording set were adjacent to each other so that a
second operator could operate bothe All the apparatus, including the
rig for determining Young's Modulus, were in cne laboratory which was
free from draughts, and where temperature and humidity could be
maintained approximately constante

The testing procedure was as follows:-
(a) Bridge volts measured using a potentiometer.
(b) Pressure applied to the model and the stop watch started.

(¢) 4fter two minutes, the pressure was recorded and two records
of strain taken. Taking two records of strain and
subsequently using an average value for signal, eliminated
the danger of misreading the trace deflection and troubles
due to possible erratic traces.

(d) After a further minute, the next pressure increment was
applied, and the procedure repeated.

After the tests, the bridge volts were checked.

Immediately on completion of the main test, Young's Modulus
was determined using a tensile test piece. By carrying out a control
test at the same time as the main experiment, changes in the elastic
properties with temperature and humidity were allowed for. Fig. 9
shows a test piece in position in the loading rig. A typical load
deflection curve for Xylonite is shown in Fig. 10.

A statistical analysis of the results was carried out and this
value of the modulus used in stress calculations related to the
corresponding main test.

Poisson's Batio was found using two methods. The first,
discussed by Searle’ , making use of the relation between the main
and anticlastic curvature for a beam inpure bending, gave good
consistent results in the neighbourhood of v = 0.39, Fig. 11, the
optical interference method of Cornu, see Ref. 17, was not very
satisfactory due to difficulties with the Xylonite as a test material.

8. Photoelastic Investigation

841 Photoelastic rig

A loading rig was designed and built to apply a biaxial stress
sytem to sheet; the construction was such that the stresses in the two
directions were applied simultaneously. The magnitudes of the applied
loads were measured by means of tie rods which carried gauges connected
up to give a four active arm Wheatstone bridge, the output of which was
measured with a potentiometer.

The proportions of sheet were such that the ratio of width to
diameter of hole gas over 6.25:1. Quoting from a paper by A. J. Durelli
and W. M. Murra.y1 , this enablcd a good approximation to stresses in
an infinite sheet to be obtained. To achieve rapid diffusion of stress
into the sheet, a wiffle tree arrangement was used, Fig. 12,

8.2/
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8.2 Photoelastic material

Araldite B, which has only comparatively recently been
introduced as a photoelastic material, was selected for the present
worke This material is a thermosetting plastic in which a resin is
used in conjunction with a hardener.

The resin is supplied in the form of a yellow solid and the
hardener as a white powder. To mix, both are molten and then stirred
together. Care is necessary in mould preparation and casting technique
if good results are to be obtained and some time was devoted to the
establishment of suitable methods.

8.3 Photoelastic tests

In the time availzble, only a few exploratory tests were carried
oute

9. Results
9.1 General

The results relevant to the following topics were presented in
the appropriate Sections in the main body of the report.

(a) Characteristics of the pneunatic system.
(b) Stiffening effect of strain gauges.
(¢) Calibration of the strain measuring set.

The elastic constants, obtained as discussed in the text
were:-

(a) Young's Modulus, (Section 7) for the cylinder containing
openings 1 and 2, E was sensibly constant at 0.35 x 10° p.s.i.
For openings 3 and L, the value was 0,36 x 108 p.s.i. During
all tests, the temperature was constant to within about
3 degrees Centigrade, and although there was some variation
in the relative humidity, nevertheless, in the dozen or
so tests, the above valucs for E were recurrent. 4 typical
load deflection curve for Xylonite was shown in Fig. 10.

(t) Poisson's Ratio, (Section 7). The values obtained were
consistently close to 0.39, and this weos used in the stress
calculations. The experimental curve relating the principal
curvatures was shown in Fig. 11.

9.2 Strain records and calculations

Values of strain were recorded in the neighbourhood of four
cutouts. Strain records were the deflcctions of a trace on photographic
paper, and as outlined in the appropriate Section, the strain was
recorded for a series of pressure increments, Then, improved accuracy
was obtained by plotting deflection as a function of cylinder pressure,
and using the slope of the resulting straight 1line in calculating the
strain per unit pressurc drop across the cylinder wall. The stresses
are therefore in terms of 1 p.s.i. of cylinder pressure.

The membrane stresses were calculated and in the diagrams, the
theoretical houp and longitudinal stresses are represented by the chain-
dot lines. In Pigs. 13 to 31 the stresses are plotted as functions of
distance from the cutout centru, and the curves relevant to a given
opening are as follows:-

Opening Néz/
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Figure No.(s)

1 13 - 16
2 17 - 2l
3 22 - 26
N 27 - 31

10 Discussion of Results

10,1 General observations

The ncutral hole is an extresmcly useful concepl, bul in view
of the nsturc of thp hole and the cooplex shape of the reinforcing
further dnacu&%won ol its applicabilisy to oressiwre vessels is desirablo.
A fow genersl observations will therefore be mede before thie resulis
arc considered.

As wes coint -l cut in wecolion 2. the shope of the aoutral
- ’ 2y
hole and the crogs secticnal ares of the reivforclry, dopends on the
stress systew obtaining ia the sheete This wcans that iur a structure

subjected to live loads whiohchvnot ho1d o fixed reletion 1o cach othoer,
or if the nuture of the loading envisnsed o1 the disigu sbﬂgc is not

xactly reiulised, then 1he neutenl hmla connot be nchicved in proetice.
An aircraft pressure eabin oxpericaices verious acrodyntmic Joads,
superimposed upon the pressure losd, which results in rendom bonding and
torsion of {he cnbin ws o wholess It therclore follows ithet, for this
case, a truc neutrel hole is not a practical possibility.

Other factors also wnilltate against o neutrwd hole in a
nressure vegscl,

In dovelooing the acutrel hole theory, it was ossawncd that the
reinforcing hod 'ﬂlv tbﬂ‘[l” stilfuess, in oractice, thore must also be
some flexural rdgidity It bhas bewn sdequntely proved that the beading
stifMess in the g¢%no ¢ the sncct dis of no conseduence, howvever, in
the cose of a curved jressurc conc"ﬁqﬂnp wall, the s **fﬂb s of the
reinforeing in a dircetion rormel to ilc ohﬂll oiiers counstraint to

radizl change of curvelurce, with comscouent introduction of local
bending influcnccs.

The pressure locd on the window panc must be supported by
bending ~f the shell, so that some stxeav concentration is incvitoble
on this account.

In an aircraft cabin, any rcinforcing applicd 1o a hole nuct
be crincipally inside the chell otherwisce undesirsble zerodynemic drag
is expurienced. This cccentricity will introduce further locol bending.

All the previous reascnirg peints to the fact that the theory
at prcsenﬁ available 1o inadequatce to definc a neutral hole in the
wall of a pressure vesscel, so that the complex shape of the hole and
reinforcing arc not Justified in practicc.

From equation 10, it is clear thot from a design and manufacturing
point of view, the gbaolatoly neulral hole is not & very attractive
proposition, so thet provided o sufficicntly Jow value of 5.C.F. can be
attained, thu rotion of an aprroximatcly ncutral hole is worthy of
consideration, For oxample, a contour made up of circular arcs is quite

asy to monuiacture to close lhmits, and to cneck dinensionally. This

i
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is en important consideration, cince if the notion is accepted, it is
known that the 8.C.F. predicted at the design stoge will not be
vitiated by manufacturing difficultics, and furthernore, any deviations
resulting from faulty manufacture can be detccted by comvaratively
straightforward inspeciion methods. '“his will not be the case for the
absclutely nsutral hole,

In spite of the foregeing remarks, the value of the concept
of neutrality applied tov a pressurc vessel is not underestimated, The
form which the Mansfield thecry for flat plutes predicts can be regarded
25 a starting point for determining the optimum shape of the approximately
neutral hole. For such 2 complex problem, an empirical spproach would
probably lead to a satisfactory solution.

1042 Strain gauge tests

10.2.1  General

Before proceeding to a discussion of the main results, it is
important to realise the significance of the very large, local stiffening
effect which the strean gauges empleyed have imposed on 0.030% thick
Xylonite sheetse In effect, the gauges, which were mounted on eitner
side of the sheet, 1ntmouuce e disconiinuity which must inevitably
distort the strain pattern ia iis ncighbouwrhood. Due to the close
pitching of the gauges and to the ctress gradients prevalent, sitrain
Savge rcadings were almost certain to be mutually affected, so that it
is rather unrevalistic to quote sitress concentration factors based un the
results of the limited number of tesils carricd oui. The urgent need
for a good miniaturc gauge of spall stiffness, is at once evidents

Regarding the size of models, it is considercd that wheress
the dimensions empleyed werc convenient fron the point of view of
manufacture, and mounting of internal sirain gouges, the possibility of
a larger size should be considered for future work and so imosing less
exacting demands on strain gouges. In this connection, there is, up
to the present, a restriction impo°ed by the size of Xylonite sheet
available which is compatible vwith nodels having nly cne longitudinal
senil

10,242  Uwnening Vo, 1

The results rclevant to the unrcinrorced opening No. 1, take
the form which one would expect, the siress concentration due to the
presence of the hole being aggravated by the local bending which resulis
from the pressurc leoad cn the window pane. The stresses o, . and
o in Fig. 13, and o, . and o in Fip. 14, would redu&d to zero
at the hole boundary, b?%nn radial with respect to the hole. The curves
are thus tyrical of those obtained in shell theory with bending, being
of a damped cscillatory characters

The membrane stress curves of Figzs., 15 and 16, have a general
form comparable to thosze obtaincd theoretically.

10.2.3 Opening Vo. 2

ALs seen from Figs, 17 and 19, the introduction of a reinforcing
disc has considerabiy reduced the stress concentration. Iver thoush the
eccentricity of the reinforcing is very small, there is still much
bending effect in evidence, Fi" 21 shows that in proceeding along ihe
circumference of a clrcle of 1.4" radius#*, the meximum stresses do not

occur/

w. mE e e me we e W e e B mm M W N M e me MR Wk e Ge mm ML B e em B em M wn Bm am me me we e

ThlS is the closest one could get to the hole with the gauges.
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occur at intermediate positions between the hoop and longitudinal axes.

The inflexzions in the curves aust folluw from the fact that only a
quadrant is represented, and that there ls symmetry at the hole.

10, 2.4 COpening No, 3

Pigs, 22 and 24 show that 2 useful reduction in strecs
concentration factor, as compared with opening No. 1, is cbtaired by
using a circular hole designed to be neutrul uwder egual principal
stresses, Again, bending influences are much in evidence and the
critical section is not intermecdiate between the hoop and longitudinal
axesS,

10.2.5 Opening No. L

The deviation from the field of uniform stress is ratllier more
than can be accounted for by experimental and model constructional
error, so that cn the evidence available, this opening cannot be regarded
as ncutrals Nevertheless, a good rcduction in stress concentration is
observed, Figs. 27 to 28.

The similarity bhetween the results for ihis opening end No. 3
is interesting in as muech as the performance of a straizhtforward hole
is comparable to that of the wmuch wore comnlex one.

Fig. 31 shows the principal stresscc along o quadrant of an
ellipse whose axes are 0.3" larger than those of the cutouts Again, this
is the closest that one could approach the boundory with the gauges
available,

g
@

In most cases, at regions remote from the hole, there iz pgood
agreement between the theorsiical and experimental values of the membrane
stresses.,

¥,

11 Conclusions and Proposals for Futurc Worlk

In view of the limited nature of the besh series, only
gualitative conclusions ere drawn.

The results show that the dircct applicat
theory alone to problems related to cutoubs in pres 1
inadequate for a complete delinition of the stress system
bending effects must be taken into account.

The application of reinforcing to the edges of the cutouts
hes considerably reduced stress concentration, but on the limited
evidence available, the neutral hole theory for flat plates does not
appear 10 be applicable to pressure vessels. In fact, the performance
of a straightforward reinforced circulsr hole has been found to be -

comparable with that of the much more complex elliptical hole.

A satisfactory technique has been developed for the testing
of Xylonite eylinders, but the value of such tests 1s considerably
reduced by the lack of a suitable miniature strain gauge of low
stiffness. ‘The need for such a gauge is urgent.

It is felt that efforts should be directed towards the
determination of an optimwn approximately neutral hole suitable for
pressure vessels., In view of the complexity of the jwblern probably the
most beneficial approach would be the application of an empirical
technique, first, treating of a vessel whose walls are not constrained
by hoops or stringers and then proceeding to a vessel so constrained.

This investigation has rcoresented the early stoges of a projcct
which it is hoped will ultimately ecncompass a complex modcl representvative
of an actual aircraft main caobina

1t 1o edpuasiscd tuat the tust series was very limited, the .
investiootion as deseribed was ol i preliminary churacter and the roport 1s
therefore an intorim onc.
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COMPLETED CYLINDER SHOWING TEMPLATE FOR LOCATION
OF STRAIN GAUGES.
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