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TABLE OF SYMBOLS

Total axial force, lbs/in., at any station defined by T e
Positive downward,

Tensile force, lbs/ﬁn., tending to produce axial deformation.
(Total H force on one end of specimen = 2  H(R + 1/2r)

Internal pressure, p.s.i.

Small radius of torus, inches. (r = 1" for cases tested.)

Large radius of torus, inches. (R = 6,3125" for cases tested.)
Distance of point from axis of torus.

Radii of curvature of @ shell in the form of & surface of re=-
volution in meridional plane and in the normal plane perpen-
dicular to meridiean, respectively.

Membreane forces per unit length of principal normel sections

acting meridionally and perpendicular to the meridien, re=-
spectively.

1/2 Sp
Total elongation of expansion joint

Angle defined by the intersection of ro with axis of revolution.
(Three dimensional theory. )

Value of @ after deformation. (Three dimensional theory.)

Angle between perpendicular to axis asnd perpendicular to shell
(Two dimensional theory.)

Moment et section mn (two dimensional theory)
Thickness of expansion ring

Energy (Two dimensional theory)
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SUMMARY

The purpose of this investigation was to investigate the stresses
encountered for a semicircular expansion joint for & rocket motor.
Information was desired to relate these stresses to the various parsa-
meters of the problem.

The stresses involved in this design were found to approximate
those indicated by the exact membrane theory. The specimen having
the lesser thickness was found to agree more closely with the exact
membrane theory, and gave the lowest value of stresses.

An empiricel method of membrane analysis, bssed on deformation
profiles, was developed., This method is applicable for stresses
slightly above the elastic limit and may be extrapolated for higher
values.

The design tested was found to be inherently unsatisfactory on
the basis of tests and theoretical considerations.

An alternative design was indicated which would have lower values
of stress for a given value of deformastion, and which could be designed

strictly on the basis of theoretical calculations,



INTRODUCTION

The increasing interest in rocket motors has focused attention
on the lack of data available in comnection with the design of safe
and efficient expeamsion joints for the rocket assembly. These expan-
sion joints must withstand high fuel pressures and must allow large
degrees of expansion and contraction due to temperature variation.
The external redisl dimensions of the expansion joint are limited
by aerodynamic considerations and the internal dimensions are limited
by fuel flow requirements. After fulfilling these physical require=
ments the design must then be governed by ease of production, assembly,
end maintainence,

In an effort to aid in finding the most suitable types; tests
were made on two different expansion joint specimens,

Fig. 1 shows in a simplified form the combustion chember, fuel
chember, end expansion joint of a typical rocket motor., The high
tempersture due to combustion causes an elongation of the inner chamber,
which in turn ceuses the outer cylinder to elongate, High fuel pres-
sures are present bebtween the ouber and inmner walls., It is necessary
for the expansion joint to withstand the stresses caused by both the
elongation eand internal fuel pressure. With the assumed temperature
distribution es noted in Fig., 1, the elongation in ten inches due to
temperature is approximately 0.155 inches.

Informetion desired from the tests included the relation, at

various internal pressures, between elongation of the specimen and the



stresses in the expansion ring, the loading which would give permanent
set, and the amount of repeated loadings necessary to cause fatigue
failure,

The two specimens tested differed only in the thickness of the
expansion joint shell. Time permitted carrying out of only & small
part of the desired program.

In addition, three theories were developed: the first, a two-
dimensional theory based on bending and energy equations; the second,
2 three dimensional membrene theory, called the empirical membrene
theory. based on the assumption that the expansion ring deforms into
en ellipse when elongeted; and the third, a general three-dimensional
membrane analysis, callea the elastic membrane theory. A comparison
was mede between the rationalized results and the actual test data,

On the basis of these theories the inherent unsatisfactory nature
of the expansion rings tested became apparent and a more suitable

type was proposed,
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EQUIPMENT ARD TEST PROCEDUEE

An illustration of the test specimen is shown in Fig. 2. The
entire assembly was constructed of 1020 steel. The expension ring
and the two end plates were welded in place. On the first specimen
the expension rihg hed & thickness of 0.05 inches, while on the second
specimen the thickness was 0,04 inches, Internal pressurs was obtained
by the use of a Blackhawk hydrauliec jack which forced oil into a 5/8"
hole at the top of the specimen., Either two steel bars or two stesl
plugs were screwed into the cenber of the top and bottom plates de-
pending whether it was necessary to place the specimen in tension or
compression, This bension or compression was accomplished in a South-
wark 3005000 1b, testing machine. Control and accuracy allowable by
this machine is excellent.

Provision was mede for applying a centralized load without bend-
ing moments wherever possible., Spherical bearings were used in ten=-
sion tests, and ball bearing pyramids were used in compression when
applied loads were below 40,000 1bs, Beyond this point iead washers
were used to centralize the load,

SE=4 strain gages, type A-8; manufactured by the Baldwin Locomotive
Works, were used., Five gages were located on the first specimen as
illustrated. In order to obtain a betbter average stress eight gages

were used on the second specimen. Their locations are likewise shown.
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These strain gages were used in conjunction with a multiple
channel wheatstone bridge designed and made at the California Ine
stitute of Technology. Voltage measurement was made by o Leeds and
Northrop Potentiometer. This apparatus was capable of measuring the
change in voltage in the strain geges to an accuracy of 0,001 milli-
volt. It permitted the determination of the change in voltage when
the gages were in either btension or compression.

Two gages, located 90° apart, were employed to measure the overall
élongation of the specimens., The first was a vernier micrometer which
was capable of measuring within 0,001" accuracy; and the second, a
dial gage, was capable of measuring within 0.0005" accuracy. The
mean of their readings was taken as standard,

Calibrations were first made on the SR-4 strain gages, A gage
was glued to each side of a standard 24ST test speqimen. Tha specimen
was placed in a testing mechine and the strain gage voltages for
various tensile forces were recorded as noted in Table I,

Elongations were calculated by the usual theoretical methods and
checked by Huggenberger strain gages, From this data the stress-
millivolt relation for steel was determined as shown in Table I,

This relation is plotted in Fig. 3.

Specimen No. 1 was mounted in the Southward testing machine,
as illustrated in Photographs No. I and No. II, and elongated with
internal pressures varying from zero to 600 # per sq. in. The voltage
across each strain gage was recorded for each combination of pressure
and elongation, and the results tabulated in Table II, The stresses

as determined from Table II and Fig, 3 are recorded in Table III.
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In most instances the s?ecim&n had to be placed under compression
by the Southwark testing machine in order to prevent the internal
pressures from elongating the specimen past the elastic limit,

With an internal pressurs of 600 #=the specimen was then allowed
to elongate until an overall charge in length of 0.2 inches was
reached, This was well past the elastic limit of the material. The
results are recorded in Tebles II and III,

Finally, with a constant pressure of 600 # the elongation was
varied between zero and 0. 2" until rupture occurred.

The procedure for testing the second specimen wes similar to that
of the above,

In Figs. 4 through 21 are plotted values from Table III, Two
types of graphs were made: one of stress versus elongation with ine-
ternal pressure as a parametber, and the other of stress versus pressure

with elongation as & parameter,



THEORETICAL ANALYSES

Three theoretical approaches were made to the problem and an
attempt made to relate the results to the test data,

The first method was a two-dimensional enalysis using the energy
equation S, This method assumes that the energy goes into bending
and hoop stresses.

The second method involved an empirical three dimensionsl mem-
brane approach assuming that the pattern of the expansion ring takes
the form of en ellipse when elongated. This method is designed to
give greatest accuracy for comparatively large elongations and does
not necessarily hold too well for small elongations.

The third method wes an exact three dimensional membrane approach
on the basis of theoretical membrane deflection and stresses. It
holds only when all parts of the membrane are within the elastic
limit,

The three methods are presented in detail on the following pages.



FIRST METHOD

TWO DIMENSIONAL THEORY

As a first approach in rationalizing the problem, & two dimensional
energy enalysis was made. This method essentially followed the pro-
cedure outlined in Ref. 2, Pagef?@ . 1t is assumed that the energy
is absorbed by bending of the ring and by an increase in the ring
diameter caused by "hoop" stresses. It neglects the fact that the
specimen is considerably more rigid in the three dimensional case

than in the two dimensional case.
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SECOND METHOD

EMPIRICAL THREE DIMENSTONAL MEMBRANE ANALYSIS

This theory assumes that bgnding
stresses are small in relation to mem=
brane stresses and that bending produces
only local effects., IMembrane stresses
are computed for the initial condition
and for the observed deformation pattern

at comparatively large values of elonga-

tion (i.e., in the vicinity of the
elastic limit), thereby providing a basis of empirical desiga if test
data is compatible with membrane theory.

The observed deformation curve was found to resemblé an ellipse
with the minor axis shortened 0,035" and the major axis lengthened
0.035" for stresses slightly above the elastic region. UNear the weld,
the ellipse was observed bo be slightly distorted at large values of
elongation.

This method assumes elliptical distortion in the manner noted
above and derives equations which give stresses corresponding to this
distortion in terms of the various paramebers, HEssentially, this pro-
cedure 1s a variation of the method given in Art., 73 of Ref. 1.

FOR THE POINT A (See Fig., a)

2 roligsing + F = 0
But «F = M p(R+ r - 62 - B2) + H(R + 1/2r) 27

Substituting: (¢ = 909
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2r, MY - p(r? + 2rR - 25r - 8R) - 2H (R + 1/2r) = O

but r, R*r =8

= Q(rz + 2rR - 2B8r - E8) + 2H (R + 1/2r)

N
7 (2) (R +r-3)

(1) Tm =1 p(r?* 2rk - 28r - 78) + 2H (R + 1/24)
t (2) B+ r-8)

for the cese tested, Ny = 0.95%p (1 - 0.9885) *+ 0,9331
g =1y (p-19)
1

From the deformetion pattern we know that the band at center contracts
o distence of 28 if p = camst., This corresponds to a Ny stress of

value
S

0T = en= _5
(R + r)

t=

for the cases tested U2 = 4,100,0008 (within elastic limit)
This induces a tensile stress in the meridional direction ﬁﬁ

equal to:

(2) U1- Jep=8E

R r

ez}

d, for the cases tested = 1,230,000 8
The sbove correction does not include the effect of the original
stress due %o Ng. This stress is & compressive stress of value
(3) Tz= - )R (r-28)

(0 3 for the cases tested = - 0.3 %.(1 - 8)
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The totel meridional stress at "A" is the sum of equations (1),
(2), ana (3).
For the cases tested
Tr =L [0.634p +0,95aH] + 615,00 87 - 0,15 & 8,
For a second point B, located at gl = 609, the followirng equations

were derived,

i)

ten @ =0,881 rrr.
r o

wjor o

By graphic construction

ro = 15,06 ry

The equation

?E;_ + N@ sin @

| 15,05r;

L]
ol

can now be solved by assuming & value of Ny = p from equilibrium con-
siderations. This gives the followling stress at B due to dirsct

membrane stress,

((tras -G
() Tm = p Lr-.25—y e - 0.04689p | 4 +Q.500H
t r - (.S_) 3
=
It should be noted that the above equation holds only for a given

value of the r/R ratio having the proportion 1 : 7,3215. (Calcula-

tions became too complex to retain this parameter.)
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In computing the above meridional stress the value of NO was
assumed to be of magnitude p. The correction to the above meridional

stress to allow for this is

(5) q, = -Jk

Mechanical construction further indicates that the point B suffers
1/4 the radial compression in comparison to the compression at point A,
The stress corresponding to the compression of the radial band at B

has the wvalue

(6) T,- 1/4 VEB

R

The tobal meridional stress at point B is the sum of equations
(4), (5), ena (8).

The plots of G'T VS, ST for points A and B are given in Fig, 28
to 31, showing computed and experimental values.

It should be noted that the stress curve for point B will tend
to become negative at large values of deformations due to the local
bending in the region of the weld. For this reason the stress curves
for point B are not continued for a value of 8¢ exceeding 0.070".

These stresses apply at relatively large deformations since the
stresses fit the sctual deformation pattera at large defomations.

They do not apply for small deformations,
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THIRD METHOD
ELASTIC THREE DIMENSIONAL VMEMBRANE ANALYSIS

This theory applies where deflections are large in relation to
thickness and all stressses are within the elastic limit. This method
is based on Art, 73 and 78 of Ref. 1.

(1) EJ@: + g =p

I‘l ?'-5

(2) =2 ’ITro NSZ’ sin @ +F =0 where F is total downward force
at any station defined by r,

These two equations define all foreces acting on a unit element,

Solving (2) for Np/ gives

Ne
(8) N, = - F N,
g 2 mr_ sin ¢ % Np
© vd
Eliminating Nﬁ from (1) gives W
(4) Hy = ropp * T2 ( F )
] 2 M r, sin o4
Np +30dg Frg- %
N Total force measured in meridional
Ne <« P e direction by strain gage is
Ng
(5) Fp=1y- N
e
Fig. b. ’ 7
() Po=«drop=- J7T2 F - F
T R =
r; \2 T rysing ZTl"rOsinQ/
Fp = - L)1 Tz) )]
2 mr, sin o) rq
= o 1
(1) Ty = -

[2 TTFI'O sin @ (1 ) Of__z_) ' \)rzp]

Ty
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{total downward load 2

[j F = ]at station r } =« 420 - W(r - %) p
2 2 N ”
r, = ®*ryosin @ =R°+ 2Rr, sin ¢ + r°, sin °¢
\\) F =428 - T(2Rr, sin ¢ + r2, sin®f)p
, Equation (7) then becomes

Fig. ¢

(8) Tp=-1 [( -42H - T (2Rr, sin @ * r%, sin%p) (x +ai"_1_)+ orzp]

2 Mry sin ¢f T,

By definition r, = rp sin g=R+ ry sin o]

(9) 0. =-1 (_ 42 H -p 2Brp * r sin p’)
T % 2 wsin @ (Rtr, sin §) 2R + 2r, sing
Q + J_z_‘_g_ + Jrzp]
1

Equation (9) permits determination of the best ratios for the parameters
r and R in regard to meridional siress at any point.

We will make a study of the condition where

r=1"
R = 6,3125"
!‘1 = I
(9)r g~ ="L (_, 6.8125 H - p(12.6825 * sin 5zf)) [1 N J_m_ 1)] .
T sin @(6.3125 + sin @) 12,625 + 2 sin ¢ smng

bp(iin o i 1)}

Consider stress at point A: (¢ = 900°)

Qr-=- %. [ (-0.938E - 0,983 p) [1 + J(7.31285)] + BP(7.3125)]

assume J =0.3

(10) Qp=% [ 2.081 + o, 786%p |
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Por the twe cages tested, stresses at "AY have values:

J7 (for t = 0,04) = 72H + 19, 68p

Q7 (for t = 0,05) = 59,6E *+ 15.726p

At point B: (¢ = 32.7°)

Substituting in (9)° Sin @ = 0,54

Tp=-1% (-é.ﬁi?ff‘. - }_é__lféﬁi)( 1+ 0(12.7)) + )(12.7)p
3,75 13,706

= .:.L_ i [
(11) G'E L [_89725h + O.79opJ

for the two cases tested, stresses at point "B" have values:

@, (for £ = 0,04") = 218 E * 19,9p

(T& (for t = 0,05") = 174,5 H + 15,9p

The deflection curve may now be computed by the method of &rt., 76
of Ref, 1.

A study of the equetion

V = Meridional elongation = sin ¢ - (S {S¢)¢C/¢ +C)
mn

readily shows that V gets very large at smell values of ﬁ sinece £(¢)

is a funetion of (2 + 2 _)

sin(g) sin?y

The radial elongation acts in & similar manner.

An actual calculation of V showed that the membrene stress is far

above the elestic limit for 8, = 0.028" at ¢ = 5°,

EXTENSTON OF ELASTIC MEMBRANE THEORY
From the above considerations in regard to the stresses in the

membrane in the vicinity of the weld (bending moment assumed to be
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zero) it is readily seen that the elastic membrane theory does not
apply for &, ) 0.028" since the membrene stresses have exceeded the
elastic limit in the region of the weld.

The elastic membrane theory relates the deformations with stresses.
These stresses in turn are a funetion of radius of curvature at the
given point., Conversely, if we know the radius of ocurvature (and all
parts of the membrane are in the elastic region) the stress is deter-
mined,

If we can relate the non-elastic radius of curvature to the elastic
radius of curvature and substitute this factor in equation (9) we can
obtain an idea of the trend in the non-elastic region. This equatibn

is repeated below,
= & =42 H . (2Br, * r, sin g)_ +1 72
(Q)Q_:G T [(d ein g (K ¥y simp) P 2R+ 2r, sin @ (l J""')

i
4')T2P]

Now R is e constant, ry is very nesarly unity end varies only

slightly with large deformations. It will be seen, therefore, that

the quantity

( -42 H -p  (2Rry * ry sin §) )
2 Msin (R + v, sin ¢) - .
7 1 7). 2R * 2r; sin ¢

where R = 6.3125" and r; = 1 ¥ 0.1 (say)

is constant for a given walue of ﬁ'for all practical purposes. The

major variables in equation (9) are the terms

(1 + ) ;_2_,_) and ()rz p)

1
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It is epparent from consideration of these two terms that & smeller

velue of T2 will give a lower value for G}é Hon~elastic deformetion
2
1

does just this., The slope of the tangent (in the region of the weld/
increases, thereby reducing the radius of curvature and lowering the
stress, (See Fig, d)) At point A the effect is negligible. At point

B the effect is considerable since the retio fé. mey change by a factor
Tl

of eight or nine (based on mechanical construction with ST = 0,10%).
This meens that the stress at B will be lowered by a factor of approx-
imetely 3 for such local deformetions, (This result is obtained from
equation (¢).)

The basis of the inflection point at B (See Fig, d.) comes from

a study of the radial rigidity of the membrane,

The rigidity, as previously indicated, is & function of
1 * 1

. ., Since sin ¢ is very smell near the weld and the
sin ¢ sin2¢

stresses are beyond the elestic limit, the radial resistance to de-
formation is very slight between point B and the weld. Between point
B and point A the radial rigidity increases rapidly end the stresses
are below the elastic iimit. This makes possible the appearsnce of
an inflection point, or at the very least a discountinuity in the

radiuvs of curvature,

EFFECT OF LOCAL BENDIRNG
It should now be noted thaet local bending stresses at "B" will
further decrease the stress at "B", From the change in curvature

the bending stress at "B" may be greater than the membrene stress
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when deformation becomes large at "B" as shown in Fig. c¢. This local

Fig. d.
Deformetion Pattern at very
large deformations

bending produces a compressive
stress. The measured stress at

"B" mey become very small or nege-
tive, A clue to the state where 0};
at "B" may become negative is where
the H vs. ST curve becomes none
linear. This is at 8, » 0,028"
where slight discontinuities

were encountered for all pressures,

It is ecertain that the preceding

equations for stresses at "B" do

not apply for 5;% ) 0.028" as they would indicate too large a stress

at "B' (as measured by a strain gage.)

At point "A" this bending effect is negligible since this region

has the least bending, (The'effect, however, would be a compressive

stress.)

From considerations of the membrane stresses produced near the

weld, it is clearly seen that the ratio .ig — GO for's small weld

le

"1

and: that:the membrane: stresses become very large until relieved by

deformation. At the weld the bending stresses are alsoc tensile

stresses at a point infinitely close to the weld., For elongations

of the order JT = 0,20" this analysis shows that the type of expan-

sion joint tested is inherently unsatisfactory since stresses cannod

possibly be kept below the elastic limit,



In order to further understand the unsatisfactory nature of the
original design, the schemetic stress distribution at various points
(due to both bending and membrane stresses) are shown for a large

end & small 8., (See Fig. d)
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DISCUSSION OF RESULTS

By comparison of the calculations for the two dimensional bending
© theory and observed date, this method was found to be totally ineppli-
ecable. The stress distribution, according to this theory, would yileld
k¥ compressive stresses in the region of point A (the maximum diameter
of the expansion joint)e Aeotually, these stresses are tensile stresses
and have lerge magnitudes., Moreover, the stresses at point B should
increase with elongation. Actuslly, they reach a peak, diminish to
prectically zero, then increase slightly.

The elastic three dimensional membrene theory gives very good
agreement,; within the limits of experimental accuracy, to the elastic‘
limit. Beyond this point the agreement was unsatisfactory since these
equations do not consider the reduced modulus of elasticity. It
will be noted that the specimen having the smeller thickness gave
better agreement and, incidently, gave lower values of stresses for
a given elongation. This validates the applicability of the membrane
theory. This theory is further justified by Ref. 1, 3, and 4. The
applicability is particularly shown by Art., 67, and 68 of Ref. 1. It
should be noted that this theory does not apply when any portion of
the membrane exceeds the elastic limit and that this theory has been
extended in this thesis to show the qualitative effect of non-elastic
deformation., This difficulty comes from the fact that stresses in

the original design exceed the elastic limit for infinitesimal defor-

mations.
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The empirical three dimensional membrane theory evaluates the
membrene stresses for the measured deformetions. Since the defor-
mation pattern chosen was one for total slongation equal to 0,035",
the agreement is better for large values then for small ones. This
method is only as accurate as the measured deformation pattern., Con-
sidering this limitation, this method gave remarkably good agreement
for values of total elongation equal to 0,200". As noted previously,
neither test or EOmpuﬁed values were corrected for reduced modulus,
This empirical method should be employed only as a last resort where
stresses cannot be computed on a strict theoretical basis,

On the basis of these tests and theoretical calculations the type
of expansion joint tested was found to be inherently unsatisfactory
for the following reasons: ’

1. This expansion joimt experiences permanent deformation for
very smell elongations. These deformations become appreciable for a
totel elongation of 0.028", which is far below the requirement of 0,200".

2. The membrane and bending stresses are greatest in the viecinity
of the weld. Since the weld material has the weakest physicael proper-
ties, this is undesirable.

3, The present design is theoretically not sound, and is, there=-
fore, difficult of solution, With a slight modification in design,
the expsnsion joint could be subjected to an exact enalysis with ease,
and the stresses greatly reduced,

4, The specimen having the greater thickness failed at the weld

for one cycle of elongation (from zero to 0,200" elongation and back
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to zero at 600 # pressure), The specimen having the lesser thickness
failed after experiencing approximately two and one=half such cycles,
the failure occurring at three places at the weld,

A suggested expansion joint profile is shown in Fig. e. The
proportion Tys Tys Tys R, may be determined analytically by means of
Art, 76 of Ref. 1. The procedure would be to choose the average
B, end p enticipated and solve for "M = zero at station ¥, This
means that the membrane will not deflect outward or inward at this
point. Such a calculation would be very btedious but possible. An
alternate solution would be to make several specimens and mount
them in & manner similar to the method used in this test. Apply in-
ternal pressure by a suitable hydraulic pump, control elongation (ST)
by & screw device, and note the change in a dial gage mounted at
sbation Z, The specimen giving the least change in the dial reading
at Z over the required range of p and ST would be the best specimen.
Bending stresses would be reduced to a minimum and the membrane theory
would give great accuracy. UNote that the design cells for a positive
slope at all points., This avoids infinite values of E& or indeter-

1
minate stresses. (Theoretical analysis becomes very complex if slope
at any point is zero.) Preliminary studies show that a slope of 0.5
is desirable for the minimum velue of the slope.

It may, perhaps, be argued that the expansion joint designed
in Fig. e is similar to a sylphon and is governed primarily by bending
stresses., That is true to a point, but it is only because membrane

stresses have been kept in the elastic region. Moreover the bending
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stresses may then be retained in the elastic region, (Note that the
bending theory gives stresses above the elastic limit for the point
nesr the weld in originel design for &, = O. 20"),

It is not stated that the proposed design will give all stresses
below the elastic limit. To obtain such a condition it mey be necessary
to resort to several bands. However, the design offered should have
greater resistence to fatigue and may be satisfactory if the number

of cycles required is not too great,

In regard to the parameter t (thickness) the theoretical analysis
shows that the membrane stresses are inversely proportional to the
thickness., This would indicate at first hand that a large velue of ¢
is desirable. Theory and the tests show, however, that large values
of t set up large bending stresses for a given displacement in bending,.
This shows that there is an optimum value of t, probably only slightly
above that required to keep the stresses in the elastic region.

The remaining parameters, r and R; are more or less determined

by rocket design,

ANALYSIS OF TEST RESULTS

Both test and theory agree that stress is determined by the magni-
tude of H, representing the force per unit length required to produce
elongation of the expansion ring. With a low value of H, the stresses
will be reduced to a2 reasonable magnitude.

The additional stress due to internal pressure was found To be

practically constant over deformations in the elastic reglon.
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Bxperimental results in conbrast to theoretical values are showm
in Figs, 28 to 3l. It will be noted that for the first specimen
(t = 0.05") a large spread of stresses is obtained for various pressures.
For the second spécimen (t = 0,04") this variation with pressure was
not clearly defined because fewer test points were obbained. In this
regard, it is Yery difficult o obtain accurate readings for small
elongations when the specimen has many dents and dimples; as did the
specimens tested, At larger elongabtions these local irregularities
tend to be removed by the increased stresses.
It should be noted that the above difficulty would not be en-
countered with a properly designed and carefully manufactured specimen.
It is believed that the stress readings were obtained with a
degree of accuracy consisbtent with the precisionm of the spscimen but
inheren® inaccuracies are sbill sufficient to account for any
differences between observed results and the exsct membrane theory.
It should be noted from Figs. 28 to 31 that the stress veariation
agress with theory in respect to elongation, pressure, and location
of station; and that the specimen of lesser thickness gives the slightly
better agreement and has lower values of stresses than the thicker
spscimen,
The empirical method, based on radial displacements, was found
to be applicable and gave surprisingly good results considering the
crudeness of the deformation pattern. The deformation patiern should,
of course, be obtained by measuring the radial displacements of numerocus

stations,
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