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This report is concerned 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 sulnmarised and discussed, and conclusions ere 
drawn together with proposals for future work. 
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The shells of aircraft pressure cabins have certain 
discontinuities and are subjected to various forms of constraint. The 
skin stresses, inferred by the straightfomverd 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 effects 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 prob$ey of stress determination in pressure 
cabins is highly complex" 9 , so that to achieve some degree of 
success it is expedient to reduce the main problem to its elements and 
progressively refine theory, or empirical rules, to take into account 
the various factors involved. According to Williamsl, the principal 
sources of discontinuity 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 
portions of stress bearing sheet being replaced by non-stress transmitting 
elements* Local 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 pressurieed 
cabins with respect to pressure cycles most certainly is significant4~5, 
so that the magnitudes of the se stress concentrations, which form the 
focal points for fatigue failures, TIUS t 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 zero. It has been shown that, in 
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fact, it is alivays possible - theOretically at leas-t: - to design a hole 
and reinforci.~ such that the stress distribution in the ren 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 
specialised techniques for a given type of problem, The choice of the 
model material itself may be the major consideration when decidia 
procedure; 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 field 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 direction, bu t shortage of time has prevented 
the exploitation of this aspect of the ;sroject. 

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 projec t which it is hoped mill ultimately encompass 
a complex scale model , representative of an actual aircraft main cabin, 
complete in all its details. Regarded in this light, the present 
investigation may therefor e 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. 

2. Theoretical Basis of the Problem 

2.1 Dimensional analysis of the stresses in a pressurised 
cylindrical shell havirinforced opening -I__-- 

Unless there-is axial symmetry, 
is extremely difficult/. 

the solution of shell problems 
T;Jhen problems are mathematically intractable, 

a high degree of success is often attained by applying dimensional 
reasoning to the 'problem. Such a treatment is attempted here. 

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

.*.(I) 

where ~4 is some function. Applying dimensional reasoning, this function 
takes the form 

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 loge plate, the equation for stress reduces to 
the form 
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That is, for a given size of shell, the value of the stress is the 
nominal increased 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 may then write 

or l d4) 

2.2 Cutouts in stress bearing sheet -- 

Mansfield2 has discussed the design of neutral holes in 
pressurizcdshells, and he has shown that for a developable surface, the 
shape of a neutral 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 

8 
he 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 number 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. It 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.P.), 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 coo, the value 
of the circumferential stress is:- 



. ..(5) 

where a = radius of hole and r = distance from 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 weight, and that edge reinforcement 
is the only reasonable way of bringing these local stresses down to 
safe 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 
surrounding sheet. 

The application of edge reinforcing to holes has commanded 
attention for some time, As early as 1924, Tirnoshenko~ obtained an 
approximate solution of the problem using the theory of curved bars. 
By first applying the theory to an unreinforced opening, he -'VW+ able to 
justify 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 'lagparent curved beam". 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. 

Gurney', 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 dralvn 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. 

Benskin", in 19+!+, 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 ver*y compact ring. 

lieissner and Xorduchom12 treated a slightly more general 
problem. Like Gurney, they used the theory of elasticity and restricted 
themselves to circular cutouts but they ;permitted variation of the 
section area and moment of inertia along the circumference of the 
reinforcing riulfT,. 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 sectional area. In 
fact, for the case of equal Trincipal stresses, the moment of inertia 
was found to be arbitrary. 

The work so far discussed was directed towards obtaining ran 
optimum reinforcement for a circular cutout, bringing the stress 
concentration to zero, or at least a minimum value, iViansfield6 based 
his work on an entirely new concept; that is, specifying zero stress 
concentration and allowing the hole and reinforcing to take whatever form 
theory predicted. 

If one is given a free choice as to the shagc 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 affect 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:- 

4 = 0 m(6) 

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

‘J4$ = 0. . ..(7) 

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

aQ5 aV aV 
ox = --- : cry = --- : 7x;y = - u-_- 

ay2 ax2 axay 
. ..(8) 

It is seen, therefore, that the shape of a neutral hole 
depends on the stress distribution in the sheet. ~ageneral, 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 
direction 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 cf 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 sxes in the ratio ~./2:1. 

is:- 
For a circular hole, the reinforcement cross sectional area 

r.t 
Ar= --vu.. . ..(Y) 

I- v 

and for thed2:l ellipse:- 
3/a 

Ar = -------~u-------u- -(IO) 
X2 

1 - 2v -!- 3 -- 

r2 

v;here 2r = minor axis of ellipse and diameter of circular neutral 
hole. 

V = Poisson's Ratio 

"Y 
= 2bx = principal stresses 

x = distance along minor axis, 
uvi'cil origin at the 
intersection of the axes. 
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More recently, Nansfield'3 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. 0.F. 's for various conditions, These are expressed in terms of 
perturbation stress coefficients NiilCi like the elliptical neutral hole, 
the reinforcements are not very attractive from a manufacturing point 
of view. 

3. The Niodcl WC-- -.-- 

3.1 Selection of a suitable material -----u__ ---. es-..-.".,,...--w..z.,-- 

In problems of applied elasticity, the material concerned is 
assumed to be homogeneous, isotropic and to obey f-Iooke's law. w00a, 
which from a number of considerations is highly suited for model work4 
does not satisi'y these requirements so that the choice remains between 
a metal and a plastic, If a metal were used, then:- 

(a) Fabrication would not be easy. 

b) To obtain simil?arity between model and full scale would 
ruquire rather high pressures. Sinct sir under pressLWe 
has a very high intrgy content, the danger from possible 
failures of an expl.osive character, render this feature 
highly undesirable. 

(c) The use of a liqud for pressurization involves the use 
of a tank similar to those at the Royal Aircraft 
Establishment but on a model scale. i%r strain gauge 
work, this is to be avoided if pOSSiblc since otherwise, 
difficulties in the strain gauging techniques would be 
encountered. 

From a consideration of' such factors as these, one is guided 
to the selection of a material of low modulus such as a p t astic. 
Xylonite has been used successfully on previous occasions 4 and it has 
been chosen as the material for the present work. A detailed 
discussion of the plastic is presented by IZedshaw and Palmer in the 
paper cited. 

3.2 Design of the models -" 

The models, which were to be pressurized by air, xere plain 
cylinders, each having two openings of different typo. 

Each cylinder was nominally IO" diameter and 2&" long. viith 
these proportions, the bending stresses resulting from the constraining 
influence of the bulkheads, 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 other and 90 degrees array from 
the seam0 To permit access to the interior of the cylinder for mounting 
strain gauges, end caps coinrdon to all cylinders were used. These wore 
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 c?s? effective seal against leakage of air at the wi.n&s~~s and 
end caps, a smear of vnscline vias found to be adequate. 

In the testing position, the setun was underneath so that a 
line joining the centres of the hclas wss horizontal. Each cylinder 
was simply supported on short 1tngtAxs of tub.ing pr~jccting from the 
end caps, thon no constrczint was offored to defluction under prtssure, 

3.2.1/ 
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3.2. I Design of opninns -- ----.Q- 

It was decided that four openings would be examined. 

(a) A plain circular h,?le with no reinforcement. 

b) A circular hole with a nominal reinforcement. The 
reinforcing ring was made equal in weight to the 
disc of material renoved - 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 princi-,?al stresses. The reinforcement was 
compact and equally disposed about the middle 
surface of the shell. 

(d) An elliptical neutral hole designed accord- to 
the theory provided by ?&nsfield. Here <again, the 
limit of the hole as seen by the sheet was the 
ellipse defining the outer edge of the reinforc- 
ring. 

Details of the openings are given in Figs. IA, IB, IC, ID. 

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. iln release of pressure, there was a tendency for 
the panes to slip out of position, so that to overcome this inconvenience, 
string was cemented on. (See Fig. 8). 

3.3 Manufacture of the model --.-- -----A--1 

The first manufacturing operation was preparation of the 
shell, Openings were first cut in the developed sheet. Where a 
reinforcing ring was used, these openings corresponded to tine 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 sheet. The sheet was then wrapped around 
and placed in .a fixture, a run of Bexol SXI solution applied to the 
longitudinal joint and the subassembly allowed to set overnight. The 
bulkheads, previously bored, could then be finish turned on the outside 
diameter to suit thi: 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 complekdcylinder 
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. 

4. - - _ . .  ->“ - -  - - -  
The Pneumatic E&stem 

In the Section dealing with strain recording, the significance 
of mechanical creep inn the model material is discussed, Here it will be 
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 implies that since the volume of the cylinder is continually 
increasing due to creep, and since also a small amount of leakage is 
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almost inevitable, air must be continuously 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 p.s.i. with no difficulty and was therefore adopted as 
standard for test work. 

The numbers 1.81, etc., in Fig. 4 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. Bedshaw and Palmer'& have 
obtained a strain-time curve which shows that very little creep OCCUTS 
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 above pariagraph, 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 "seri.es 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 means 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 necessary since the effective resistance of 
the bridge alone was not equal to that required for optimun: damping of 
the galvanometers. Ten signals could be recorded simultaneously, so that 
to avoid interaction between the galvometers, ten pairs of ratio arms 
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 "effective" gauge factor from station to station, to 
obtain temperature compensation and for matching purposes generally, all 
leads which performed the same function were of the same gauge and 
length. 

The effect of changes in switch contact resistance, which 
could be comparable to the changes in the gauges under load, were 
minimised in the design employed. As will be seen in Fig. 5, all the 
switching which actually took place was in tine galvanometer line, and 
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since the resistance was 290 ohms, changes of as much 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 1% seconds in one cycle. 

5.1 Calibration of the set 

To calibrate the set, it was necessary that a signal corresponding 
to a kncwn 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 junction boxes and for a series of values of the 
central deflection of the beam, measured with a 0.0001" dial gauge, 
traces were obtained. 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 Gawing Technique 

The building of models in materials of low modulus and small 
section, introduces a problem which i s 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. First, the recorded strain is less than that which would have 
occurred 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 first 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, 
so 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 61-i gauge, as it was the smallest gauge available 
at an economical price. 

hiost 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 regions not on axes of symmetry, 
"equivalent rosettes" were arranged. 

Gauges were mounted inside and outside the shell using Bexol 
solution. 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 stiffeningeffect of the gauges, pairs were 
mounted on tensile test specimens and calibrated. It was found that the 
apparent Young's :;odulus was increased by a factor of 1.39 for the type 
of gauge employed on sheet 0.030 inches thick. 

7.1 



- 11 - 

7. aperimental Set-up andd1sthod of Tess 

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 manometer and manipulate the controls whilst seated. The 
recorder and recording set were adjacent to each other so that a 
second operator could operate both. All the apparatus, including the 
rig for determining Young's Biodulus, were in one laboratory which was 
free from draughts, and where temperature and humidity could be 
maintained approximately constant. 

The testing procedure was as follows:- 

(a) Bridge volts measured using a potentiometer. 

(b) Pressure applied to the model and the stop watch started, 

(c) After 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 o f the results was carried out and this 
value of the modulus used in stress calculations related to the 
corresponding main test. 

Poisson's 
% 

atio was found using two methods. The first, 
discussed by Searle' , making use of the relation between the main 
and anticlastic curvature for a beam in-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 

0.1 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 
dismeter of hole 

18 
as over 6.231. Quoting from a paper by A. J. Durelli 

and W. M. Murray this enabled a good approximation to stresses in 
an infinite sheet io 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 5, which has only comparatively recently been 
introduced as a photoelastic material, was selected for the present 
work. 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 end some time was devoted to the 
establishment of suitable methods. 

8.3 Photoelastic tests -- -.- 

out. 
In the time available, only a few explorntory tests were carried 

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 pneumatic system. 

(b) Stiffening effect of strain gauges. 

(c) 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 I and 2, E was sensibly constant at 0.35 x 166 p.s.i. 
For spenings 3 and 4, the value was 0.36 x 10" 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, tn& above values for E were recurrent. B typical 
load deflection curve for Xylonite was shown in Fig. IO. 

(b) Poisson's Ratio, (Section 7). The values obtained were 
consistently close to 0.39, and this WCS used in the stress 
calculations. The experimental curve relating the principal 
curvatures was shown in Fig. II. 

9.2 Strain records and calculations 

Values of strain were recorded in the neighbourhood of four 
cutouts. Strain records were the deflections 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 line in calculating the 
strain per unit pressure; 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 hoop and longitudinal stresses are represented by the chain- 
dot lines. In Figs. 13 to 31 the stresses are plotted as functions of 
distance from the cutout centre, and the curves relevant to a given 
opening are as follcrvs:- 

Openirqq PO,/ 



I 0. Discussion of iksults -"--- 

k-oin equztio~ IO, it, iz cii:ar th:~t from a design and mamfactwing 
point of view, thd Gxolutcly m.u~r;:l holo is not, z very attractive 
proposition, So that provided z st9ficicntly 10s vaiue i/f' S.C.F. can 3e 
attained, the r,otion of m qqxxlnlr,tcly ~~~ut.ml hole i:; worthy of' 
consideration. For <:xmp1c, 3. csntour Imcic up of circular arcs is quite 
easy to EiXlUI’aCt,Lirt3 t3 close lixlits, and to Wit-Ck di;.xmsionally. This 
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is an important consideraticn, since if ths notion is aticepted, it is 
kIlOWll that tkie S.C,Z'. prcdictcd at the design stags will not ba 
vitiated by manufact,LLring difficuities, and furthernorc, any devktions 
resulting from faulty manufactwc can be detected by com~nra-i;i*vely 
straightforward inspec'bion methods. Il'his Will not be the C&St3 for thf2 

absolutely neutral hole. 

In spite of the foregohi? remarks, the value of the concept 
of neutrality ap-plied tG a pr cssurc vessel is not underestimated. Tne 
form which the Mansfield thecry for flat plates predicts con be regarded 
as a starting point for determining the optimum shape of the qproximately 
neutral hole, For such a complex problem, 
probably lead to a 

an empirical approach would 
satisfactory solution. 

10.2 Strain gauge tests 

10.2.1 General --- --- 

J&fore proceeding to a discccsion of the main results, it is 
important to realise t!i~ significance of the very large, lccal stiffening 
effect which the 
Xylo,lite she& 

strxn gauges e:nplcy<d have iq>osed on 0.030" thick 
In effect, the gauges, yihich :13re nountcd on either 

side of the sheet, iht:Llj.uce 
distort 

a diLCUIlilllUitJ i~il1iCl-i !f,ui;t inevitably 
thE strain pattern in its lYt:ig.h'r.,OUllSdd. ihe t0 the close 

pitching of the gauges and to ihe stress gradients prevalent, strain 
;i;auge readings were almost cert-' alr! to be mutually affected, so that it 
is rather unrealistic to quote stress concent--ation factors - . based tin the 
results of the limited number of tests cnrricd out. The urgent need 
for a good miniature gauge of sr!:ri.?. stiffnes;, is at once evident. 

Regarding the size of models, it is considt-;rc;d <ha-t vrhe::aus 

the dimensions eqlcyed were convenient from the point of view of 
manufacture, and mounting of internal strain gauges, the possibility of 
a larger size should be considered for future work; and so i:+,osing less 
exacti-? demands on strain gauges. In this connecticn, there is, up 
to the present, a restriction i!npOSHl by tine size pi' Xylonite sheet 
available which is coqatible ~jth models havluig ~rliy me ion~;itudinal 
se3ih 

The result3 rclcvant to the unrcil1lorce.d opening No. 1, take 
thz form which .~nc would expect, the stress concentration due to the 
presence of the hole being aggr?vsted by the local bending which results 
from the pressure load on the window ?ane, The stresses o-ei and 

QO 
CT 

at 
in Pig. 13, and chi and 

$0 _- 
in Fig:. 14, would reduce to zero 

the hole boundary, ‘b<.ing radia vqlth respect to the hole. The curves 
are thus t)Tical of those obtained in shell theory with bending, being 
of a damped oscillatory character. 

The membrane stress curves of Figs. 15 and 16, have a general 
form comparable to those obtainod theoretically. 

10.2.3 C&$.ng No, 2 -. 

As seen from Pigs. 17 and 19, the introduction of' a reinforcing 
disc has considerably reduced the stress concentration. tien though the 
eccentricity of the reinforcing is very small, there is still much 
bending effect in evidence. Pig. 21 shows that i.3 proceeding alorq; the 
circumference of a cilcie of I*&" radius*, the naximm stresses do not 

0 ccur/ 
----_-----_---------_L__I___c___I_ -.m- 

* 
This is the closest one could get to the hole with the gauges. 
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Figs0 22 and U; show that a useful reduct-ion in strecs 
concentration factor, as compwed ~ritt: openi:g lYo. 1, is obtsined by 
using a circular hole designed to be neutral urder equal. pincipd 

St%G3SCL!S, Again, bendirg influences are much in evidence and the 
critical section is not intermediate between the hoop and longitudinal 
axes. 

The deviation from thy: field of uniform s?rexs is ratlior more 
than can be accounted for by ex-perimental and model constructional 
error, so that cn the evidence available, this opening canijot be regarded. 
as neutral. Nevertheless, a good reduction in n-tress concentration is 

observed, Figs. 27 to 28. 

The similarit~y between the results for th5s oC+ning 2nd Wo, 3 
is interesting in as muci~ as the p3rformmce of' a strai~htfomard hole 
is comparable to that of the much more com~lcx one. 

Fig. 31 shows the principal s~treascs along zt qwdrant of an 
ellipse wb3e axes ,x-e 0.j" larger Lrtiari those of’ the eutc)Uts fgain, this 
is the closest 'chat one could approach the bounci,?ry aith the g&UgeS 

available. 

In mos t cases, et rqgions remote from the hole, there i:j C;ood 
agreement bt;tvueen the theoretie; and expwimankal *!ralLzec; of the membrane 
stressec, 

In view of the limit& nature of' the t~z!; series, only 
qualitative conclusions a2e d~-?>rn, 

The resul-ts shop:? thilst the direct applicatio_rL of flat plate 
thecry &one to problems related to cutouk in i;ressLlrized ~1~11~ is 
in&equate for a comi2lete deS.Lnition oY the stress system; significant 
bending effects muzt be taken into account. 

Tne application of reinforcing to the edges of the cutouts 
h as considerably reduced stres; concentration, 3ut on the limited 
evidence availabie, the neutral hole theury for flat plates does not 
appear to be applicable to pressure vessels. In fact, the performance 
of a strai~ghtforward reinforced circular hole has been found to be 
comparable with that of the much more complex elliptical hole. 

A satisfactory technique has been devcl2ped for the ksting 
of Xylonitc cylinders, but the value of such tests is considerably 
reduced by the lack of a suitable miniature strain gauge of low 
stiffness. The need for such a guge is urgent. 

It is felt that efforts shotild be directed toT;ards the 
determination of an optimum approxinlctely neutral hole suitable for 
pressure vezs;cls, I;1 view of th0 complexity of tho ~tilerz, probably the 
most beneficial approach iirould bo the a?dlication of an empirical 
technique, firs-t, treating of a vcUG~ PC;' ~a1 vffiose walls 333 not constrr;ined 
by hoops or otringcrs and then proceeding to a vessel so constrained. 

This investigation has rc?rcsr:n1;~d the e:surljr stages of a project 
which it is hoped mill ultimately tncompass a coL~plex model representative 
of an actual aircraft main cabin. 
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