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SMMARY

The purpose of this investigation was to carry on the work
of investigating stresges encountered in the design of rockst
motor expansion joints, The previous werk was done on & gsemi-
eircular expansion joint by Commander N, J. Kleigs, U.S5.N., and
Lt, Comdr. 5. W. Kerkering, U.S5.N. in a thesis submitted o the
Leronevtics Department of the California Institute of Technology.

Information was desired to meke possible @ more favorable
design, The problem consists of conbinuing the investigation
on a diffevent design, thereby determining a trend for future
designs.

The design chosen was o semicircular ring shell with
reversed curvatures of the edges. It was felt that this cone
figuration would eliminate most of the bending sbresses found
present at the weld of the semicircular design, and would make
possible a more even distribution of stresses throughout the
expansion joint.

Because the stresses encountered were so far beyond ﬁhe
elagtic 1limit of the materisl, even for small total elongations
of the expansion joint, no theoreticsl sclutions of the problen
ware possible,

An anelysis of the curves and date shows the joint to be
unsatisfactory, particularly from the viewpoint of withstanding
the internal pressure. Since the nrevious work indicated that
the internsl pressure was not cvitical for the semicirenlar
design, 1t seems that o compromise of the two designs would

more seatisfactorily meet the requirements of withstanding both



the elongation and the internsl pressuve,
An alternate design has been indicated which will meke

possible a trend of designs that should lead to a solution,



INTRODUCTION

I the secience of guided missiles iz to continue to
advance, each component part of the missile must be perfected,
Thig means that a satisfactory propulsive system capshle of
continual operation to some degree must be developed. The
development of a satisfactory expension joint for the rocket
motor is one phase of this problen.

The expansgion joint must withstand internal pressures
up bo 600 pes.i., and must be capable of large repeated
elongations. The difference in temperature betwesen the inner
and outer shells causes relative expsnsions and conbtractions
which mist be sbsorbed by an expansion joint., The external
dimensions of the expension joint are usually dictated by
aerodynamic considerations, while the internsl dimensions are
determined to & great extent by the fusl flow requirements.
Further considerations in design are welght, simplicity of
design, ease of production, snd meintensnce.

Figure A shows the combusiion chamber, cooling chamber,
and expansion joint of a typical rocket moter, Fuel under high
pressure is pumped through the cooling chamber end acts as a
coolant for the combustion chomber, High combustion temperatures
cause elongation of both the inner and outer shells, However,
because the temperature of the inner shell is several hundred
degrees higher than thet of the outer shell, the elongations are
not equal, Gcnsequentlyg an expansion joint that will allow the

outer shell to expand with the inner shell without imposing too



gevere loads on the latter ig required. The elongation of the
rocket motor with the temperature distribution ag shown in
Figure A is of the order of 0,10" in %ten inches, This indicates
that fQ? g motor of a given length two or three expansion joints
mey be required,

The tests on the specimens were plannsd %o give: &) the
stresgses at critical positions on the expsnsion joint at var-
ious internal pressures and elongations, b) the elongation and
loadings which would give permsnent set, and ¢) the number of
repeated slongations necessary to cause failure,

Four specimens of the same design bub of various thick—
negses were tested. The first two specimens were 0,028 and
0,035 inches thick respectively., The third and fourth were
both from 0.063 to 0,087" thick., The specimens were manufac-
tured by a spinning process in which a piece of flat sheet was
gpun down over a wooden mandrel while hot. This made accurate
control of the thicknesses almost impossible. It was originally
intended that two of the specimens be 0.04" and two be 0,05%
thick in order that comparisons could be made between this and
the semicireular design of Ref. 4, However, during ghe fabri=
cation of the first set of specimens, the standard sheet stock
used (0.0418 and 0.0538) was decreased in thickness so much that
the first two specimens mounted were useless except as introduc~
tions to the problems shead and as preliminary indicabions of

whers the critical stresses cccured.
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BQIIPMENT AND TEST PROCEDURE

Fig. B illustrates the method of assenbling the expansion
joint on the presszure vessel, The entire assenbly was manufecw
tured of mild steel (1020) snd assembled by welding., The first
agpecimen was 0,028% in thickness, the second 0.035, and the
third and fourth esch from 0,083 %o 0,087. The desired internal
presgures were obtained by pumping oil through a 5/8es pipe
threaded hole at one end of the cylinder, A Blackhawk hydraulic
Jeck was used to supply the pressurs., Pressure readings wers
taken from a large, dial type, N.A.C.A,, hydrauvlic gage.

Depending on whether the specimen was in tension or
compression, either twe steel bars or two steel plugs wers
screwed into the centers of the top and bottom plates of the
pregsure vessel., (Ses Photograph #3).

A Tiniug Olgen beam balance testing machine was us?d to
spnly the tension or compression and to control the elongation.
(See Photographs 1 and 2.). The force measuring components of
this machine were very good, however trouble was encountered in
trying to oblain & given slongsation st & constant internal
pressure in the specimen,

Spherical bearings were used in tension tests snd ball
bearing pyramids in compression tesis in order %o apply 2
centralized load without end moments,

Values of stress were obtained by means of SR-4, type A-8,
Baldwin Locomotive slectric wire resistance strain gages. Six

geges were mounted on the first specimen and eleven on the



gsecond gspecimen, The lecatiocns of attachment are illustrated
in Pig. C. On specimen III, eight gages were used, and on
gspecimen IV ten gages were applied. Their locations are alsgo
shown in Tigure C. On all specimens the gages were located
radially at 900 guadrants in order to obtain average readings.

The strain gages were used in conjunction with a mulitiple
channel Wheststone Bridge designed and made at the Californie
Institute of Technology. Volitage measuremsnt wes made by &
Leeds and Northrop Potentiometer. This apparatus was capable
of measuring the change in voltage in the strain geges to an
accuracy of 0.001l-millivolt, which corresponds to en accurasy
of 12,95 P.S.I, of stress or 0,037% of the proporitional limit
gtrain,

The over-zsll @iongation ¢f the specimen was measured by
meang of & disl gage mounted betwssn the working platforams of
the Tinius Olgen machine, This gage measursd slongations within
0,001% accuracy.

The first expension joint specimen tested revealed the
need for strain goge callibration well beyond the elastic limit
of the materiel. Thersefore, a curve of siress ve, millivolts
was obtained in the foliowiﬁg BANNET,

Stendard 0,5%, flat, pine-ended tensile test specimens
were mode of the seme material used in the menufacture of the
expansgion joints., ZHElectric strain gages were mounied on opposite
gideg of the specimens so as to eliminate the effects of any
bending, These tensile test specimens were ussd to obbtaln the
data and curve shown in Table 1 and Figure 1 respsciively,

Thig curve made it possible to convert all millivolld



readings dirsctly to stress veluss without the use of gage
eonstants, These stresses were used for the final plotiing
of T ws, & .

Specimen I (thickness = 0,028") was too thin %o withe
gbtand the required internal pressure and was 2lsc poorly weldsd.
This specimen was loaded only in tension and was used primerily
t0 locate the regions of highest stress. No dats hersin
presented,

Before mounting Specimen II in the testing machine it
was pressure tested by means of wabter and air pressure, and all
leaks repaired., Data taken during runs with this specimen
indicated that the 90 p.s.i. used during the pressure teshing
had caused permansnt set in the specimen. Thersfore this spac—
imen, since also obviously boo thin, was used %o determine the
_position of highest stresses in the expansion joint with internal
pressure, No data or curves for the first two specimens are
included in this repori.

Specimen III (t = 0,053 - 0.057) wasg Tirst mounted in
tensile load only. The specimen wag repeatedly elongated from
zero to 0,10 for 25 cycles with no internal pressurs. Data for
this test is recorded in Table 2s, 2b, 2¢, 2d. The curves of
stress vs, elongetion are plotted for the lsgt and the 25th cycle
in Figures 2 to 12, No data or curves of the intermediate cycles
are presented because of the similarity of resulits of 211 cyecles.

With various constent internal pressures of from 50 - 400
De8.1l. applied, this gpecimen was then elongated until the strain

gages readings indicated the presence of stresses equal to the



highest of those obieinsd during the 25 cycle test, In these tests
the specimen was placed in compression to control the elongation.
Pinslly en attempt was made $0 vary the elongation with an internal
pressure of 600 p.s.i. However, the gpscimen failed at the weld
before 600 pos.i. was obtained, (§=0), The stresses were reod
from the celibration curve and recorded in Teble 3a, 3b, d¢, 3d.
Curves are plotted in Figuvres 13 to 18,

The procedure and treztment of the tests on specimen IV
{(t = 0,053 = 0,0857) were the same as those for No, IIl except
that internal pressure was used in all tests. Pressure varied
from gero o 500 p.s.i. This specimen withstood the 600 pes.i.
internal pressure for only one half of a cycle (from zero to 0.310%)
before failure at the weld., Data and corresponding curves ars shown

in Table 4o, 4b, 4c, 44 and Pigures 19 to 24,



111
DISCUSSION OF RESULTS

In both the semicircular design discussed in Ref. 4 and
the degign with the turned up sdges studied in this report,
gtresses beyond the elasitic limit of the meterisl were encouniesrad
at very small ftobal elongations. In the design with the turned
up edges the internsl pressure was more critical than It was in
the semiecircular joint and the amount of deformation incressed
very appreciably with increasing internal pressure., COurves in
Figures 13 to 24 are plots of stress vs, elongation ab constant
pressures and show the wide varistion of streszses encountered as
the pressure was lnersased.

Figs. 2 to 5 show that, with no internsl pressure, elong-
ationg of 0,045" were obtained with no apprscisble permenent setb.
However, as the pressure was increased, permanent set wés notice~
able at increasingly smeller elongations. Above 200 p.s.l. stresses
beyond the yield wers observed even at zerc elongation.

In order %o evaluate the separate effscts of elongation and
pressure, the firest 0,055" thick specimen (No, IIT) was run
through twenty-five repeated cycles of elongation from zero (o
0,10" without any internal pressure. These twenty-five cycles
werekcomplet@d without failure but with a permanent set of 0,020
in total elongation.

Figures 6 to 12 show that after 25 repeatsd cycles, the stregs-
es encountered during swpansion are essentislly the same as those
found during the initisl expansion except for the 0.020% permanent
set, The 0,020" permanent set was present after the lst cycle

but remained constant throughout the remeinder of the repeated



lowding test, This indicated that the specimen was capable of
many more cycles under the same conditions,

Ag internal pressurs was epplied, it was assumed that no
failure would occur if the strain gage readings were kept below
the readings recorded during the repeated loznd tests.

FOn this sssumption and & comparison of the curves for spec-
imen III at various internal pressures, the following chart was
developed, This chart gives an indication of the maximum total

elongation possible for twenty-Tive cycles at differsnt constant

pressures,

P il in® S in.

0 0,10

50 0.10
100 0,080
150 0,074
200 0,070
300 0.050
400 0.020
500 i

600 0

Failure occured in this specimen before 600 p.s.i. was rsached
even at zerco deflection., Since the semicircular design was
cepable of two and one-half cycles from zero to 0.20" with 600
PeSelo, the semicircular expanszion joint is more cepable of withe
standing the high internal pressure. The reason for this is
most clearly demonstrated in the accompanying sketch which shows
that in Case A membrane stresses in a radizl direction are more
suitable for withstanding the pressure loads than they are in

Caze B,

/0



In Case B large membrane stresses in both the circamfersntisl
and the axizl directions would be required to malntain an equilib-
riam of forees; gince neither of these membrane stresses is capable
of contributing much resistance Ho forces normal to the surface of
the expansion joint near the weld. Experimentally, this seemad
to be verified since Case A was capable of withstanding 600 p.s.i.
in two thicknesses (0,04" and 0,05") while Case B failed before
£00 pe$,i° wés reached even though the specimen was made of thicker
materisl, (% = 0.055%),

Strain gages mounted at the outermost circunference of the
fourth specimen sﬁaw&d that the sbtressss present at this part of
the expansion shell were negative (compression)., These stresses
remained practically consgtant as the slongation was varied and

the internal pressure was held a% glven constant valueg., This

4
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jndicates the presence of a bending point of inflection., (See
Figures 23 and 24}, The combination of the radial contraction of
the Jjoint and the spparent bending action resulis in compressive
components in both directions in this region of the joint. In
order to bebtbter illustrates the stress distribution, both bending
and membrane stresses et various points are shown in the accompany-

ing schemstic disgream. (See Pigure d.)

10: 3OO'PSL
5 = 0.0‘-FS,

Compression

Fiqure d
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An abtempt was mede to analyse the effect of internal prassure
on the spring constant of the expansion joint. However, becauss
the material of the joint exceeded the elagtic 1imit at such smell
elongations and because the Jjoint changes shape under load the
problem is non linear snd not easy to discuss. In order to best
illustrate the behavior of the spring counstant under pressure,
curves of the spring constent K are plotted against the elongation
of the joint at several intsrnal pressures. (See Fig, 25). The
spring constant for these curves was obiained by dividing the
difference between the measured axial compressive force and the
calculated axiel tensile force due to internal ovressure by the
elongation of the expangion joint.

Over the range of pressures and elongations studied, the
gpring conztant was incrsased at the small elongations with in-
ereases in internal pressure. At elongetions close to 0,10%, the
spring constant at all pressures tended %o converge with the spring
constant of the expansion ring without internal pressure, This
action is probably due to the axial components of the membrane
forces %hgéiggvelopeé in the ring by the high internal pressures.

(See accompanying figure),

Fiqure €
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On the basis of these tests the expansion joint with the turned
up sdges was found to be uvnsatisfactory fer the following reasonsg,

1. The design was incapable of withstanding the design in-
ternal prsssure of 800 p.s.i,

2o ?e?manént sat was obbained with relabtively low internal
pressures at elongations of from 0,04 to 0,08%,

5. Stresses were the gresbtest close to the weld wherse the
physical propertiss of the material were the poorssh.

4, The spring constant of the joint increases at high
internal pressures,

The design with the turned up edges appearsd capable of withe
standing greater elongations than the semicirvcular desizn as long
2s the internal pressure was held below 300 p.s.i. Above SCO
PeBels the semicirculsr design appeared to be the better of the

bwo,
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RECOMMENDATION ¥OR FUTURY STUDIES
It ie believed that a more sultable design is possible by
combining the adventagesz of both of the types studied to date.
Fig. ¥ shows a suggested design which should combine these advan-

tages,

/[ (L LA

This configuration would make possible the use of the lightest
gange material which would still be capeble of withstanding ihe
800 peseis internal pressure. At the seme time it should keep
the total force in the sxisl direction regquired to elongate the
specimen a minimaum. This design should also eliminate most of
the extreme bending stresses that occured at the weld of the semi-
cireular design.

It is further recommended that 2 more thorough study be made
of the effect of the circumferential or hoop stresses on the “

rigidity of the expansion joint,

/5
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TABILE 1
Stressvﬁillivolt,Curve

Area = 0,061 x 0,50 = 0,0305 sq., in.

/&

Toad Gage Gage Gage Ov Av av Ave,  Stress
1 2 3 1 2 3 o
50 . 063 .268 256 063 268 256 .106 1640
100 250 . 379 » 387 .187 111 131 .339 3280
150 420 . 488 . 508 170 100 121 JAT2 4920
200 . 615 .615 .631 .195 127 123 .620 6560
250 . 791 . 740 . (53 L176  .125 122 L1762 8200
300 . 960 .861 .872 L1690 121 ,126 .900 9840
350 1.097 . 992 . 995 J137 L1131 116 1,060 11480
400 1.266 1.097 1.100 .105 ,105 169 1.155 13120
450 1,4%2 1.237 1.23%37 L1444 140 137 1.302 14760
500 1.592 1.372 1.359 L1600 135 122 1.441 16400
550 1.753 1.510 1,487 161 138,128 1.58% 18010
600 1.212° 1,648 1,615 152 .138 ,128 1.725 19680
650 2077 1.783 1.739 .165 .135 124 1,866 21310
700 2,233 1,930 1,873 J156 147 134 2,012 22950
750 2,390 2,070 2,005 .157 140 ,1%2 2.155 24600
800 2.550 2.213 2,130 L1600 143 ,125 2.288 26210
850 2,708 2,359 2,266 L1858 ,146 ,13%6 2,444 27900
200 2,863 2.506 2,392 L155 147 124 2,587 29500
950 3,014 2,653 2,520 L1151 147 .128 2,729 31900
1000 2171 2.797T 2.653 L157  Jl4a4 (133 2.874 32800
1050 %, 322 2,949 2,787 .151 .152 ,13%4 3,019 34500
1100 3,470 3,090 2,918 48 141 131 3.159 36100
1150 3,618 3,238 3,040 L1448  ,148 131 3,502 37700
890 5.015 1.397 5.015 29200
208 10,423 Gages went 5,480 10.423 29800
833 11,080 bad. .653 11,080 30600
1000 11,715 .635 11,715 32800
10%4 12,710 . 995 12710 33930
1036 139 163 # 0453 13’0 163 35950

A1l Gage readings are in Millivolts

and all Stresses are in 1lbs/sq. in.



TAEBLE Zs

Specimen IIX

t
1st Cycle

No Internel Pressure
Tension Cnly

x 107° Millivolts
Load &" Gage
lbs. 1 2 3 2 5 7 6
2748 5 193 . 250 . 378 . 307 083 » 037 » 175
1947 10 . 857 . 885 . 981 :812 » 400 o 241 . 568
3068 15 . 968 1.347 1.464 1.408 . 582 413 . 871
4327 20 1.367 1.886 1.867 1.908 « 780 «Bl2 1.192
5293 25 1.882 2,197 2.328 2.278 . 871 . B4E 1, 3868
6241 0 1.87¢ 2.825 2,751 2,822 1.035 .631 1.664
7227 35 2.11C 2,945 3,092 3,011 1.198 L7288 1,910
8265 40 2,419 3, 362 3,522 3,391 1.387 . 8068 2,177
9330 45 2,708 3,787 3,929 3.814 1.510 933 2,484
10272 50 3,013 4,142 4,284 4,165 1.648 .989 2Z.694
11382 b5 3. 268 4,527 4.708 4,881 1.813 1.063 3.010
12308 80 2,539 4,956 5,052 4,939 1,857 1.148 3,200
13417 6B 3,800 5,392 5,497 5.345 2.137 1.241 3,E4°
14352 70 4,060 5,838 5,878 b5.644 2.2B% 1,307 & 771
15320 75 4,277 6,282 6,223 5,975 2.452 1.3%4 4.078
18265 80 4,560 6.871 6.544 6,259 2,572 1,480 4,311
18925 85 4.758 7,041 6,904 8.497 2,740 1.625 4,588
17865 90 5,060 7,411 7.203 6,720 2,901 1.802 4.818
18028 95 5,318 7,657 7.359 6.845 3,108 2.088 5,088
18400 160 5.436 8,003 7.562 7.011 3.333 2.335 5,282

/9



TABLE 2b

Specimen III

s Stresses  psl
Load x 107° GEEE '
{bs. §' 1 2 3 4 5 7 8
748 5 1800 2800 4300 3250 800 200 1780
1947 10 7300 9980 11100 10200 4450 2600 6200
3068 15 10500 151E0 16400 15900 8200 4800 9800
4327 20 15380 21380 222580 21800 8400 5700 13400
5283 25 1780G 24800 26200 2B800 980CC 8000 15800
6241 30 21300 29700 31100 20600 11500 7100 18700
7227 U 3E 23800 36200 3500C 33900 13400 8100 21600
8285 40 27250 38000 38380 38200 15280 8§50C 24500
9330 45 30600 38100 36500 37750 17000 1040C 28100
10272 50 34000 35100 34000 35000 18500 11100 30400
11882 55 38975 32300 BL100 31850 204EC 11800 34000
12308 60 38290 29900 20400 29900 22200 12800 36200
13417 65 37800 28050 27750 28250 24000 14C00 38350
14382 70 36000 268850 26700 27300 25500 14700 37950
15320 75 34200 2895C 25950 26450 27700 15750 35800
16265 80 52100 2B400 25600 28950 29000 16800 33750
16228 85 30900 25300 25350 25600 31000 18300 31900
17565 90 29400 25350 25250 25400 32800 20300 30550
18025 25 28350 28400 25300 28350 38100 23400 28300
18400 100 25580 28350 25300 37700 26350 288500

27975

Z20



TABLE 2¢
Specimen III
t = 0,085" No Internzl Pressure
25th CTyele Tension Only
x 10%9 Gage M31livolts
Load g/' 1 2 3 4 5 7 3]
ths.

0 26 = ,180 . 880 180 -,480 . 430 » 802 o 424
3260 40 . e835 2,340 1.590 .896 1.070 1.150  1.540
7345 60 2.240 4.160 3,360 2.600 1,770 1.53% 2,710

11875 80 13,820 6.010 5,160 4,410 2.490 1.952 4.014
16235 160 5,076 7.904 6,922 6,145 3,140 2,302 5,100

zl



TABLE 2d

. Gage Stressas
x 107 1 2 3 4 5 7 8
Lead "
lbs. ‘S
O 26 =1800 9900 1800 = 5200 5300 5000 4800
3280 40 §300 26400 18000 10000 11B8G0O 13000 17400
7345 &0 25300 35100 37200 29400 18800 17200 30600
11878 80 58300 26400 23000 33100 28200 22100 38400
18235 100 29 300 25500 25300 26100 F5500 28000 29200




Specimen III

5 = 0,085 With Internsl Fressure
x 1075 Gage Millivelts

Load P 8" T Z 3 % 5 5 7

tbs. .5k
10,730 &80 24 =1,082 =,292 -,800 1,335 B30 067 122
7 370 4 = 060 1,047 491 = 188 1,043  ,9862 222
45,100 44 1,044 2,437 1.887 1.020 1.800 1.939 - 292
14,350 10C 24 - 738 ,180 -,248 - 813 1,030 ,712 N.G,
11,580 34 .288 1,472 1.028 .38l 1.548 1.602

9,170 44 1.4988 3,133 2.604 1.827 2.8L7 2.732

5,000 54 2,482 4.420 3,818 2,956 2.642 3.540

1,800 64 3,794 6,150 5,430 4,385 3,280 4.830
20,126 1580 24 - . 228 980 470 - 203 1.665 1.877
16,925 34 L9168 2,477 1.940 1,190 2,227 2.583
14,040 44 2,000 3,928 5.325 2,500 2,773 3.b42
10,5628 54 3,100 B.380 4,705  3.802 3.268 4,453

75285 84 4,068 6,780 6,015 5,000 3.700 5,338

4,350 T4 4,932 8.24C 7.353 6.042 3,867 6,218
26,575 200 24 ~ o010 1,708 1.100 .120 1,910 2,495
22,210 34 1.188 3,313 2,465 1.578 2.490 3,632
18,600 44 2.322 4.820 4,070 2.957 3.022 4.463
15,320 54 3,393 6,233 5.417 4.2680 3,533 5.400
17,308 64 4,363 7.645 6,718 5.480 3,781 6.518

9,965 74 5,190 9,793 8,286 6,718 3,821 7T.810




TABLE 3b

x 10 Gage Millivolts
Load P, s" 1 2 3 4 5 8
ths P8oe.

36,880 300 24 881 3,247 2,756 1.280 2,848 5,034
35,840 34 1,120 4,988 3,662 1.880 4,733 7.846
52,200 44 2,431 6.628 5,240 3.4855 5.245 8.830
27 ;000 54 4,138 8.712 7,320 5,825 5,210 9.561
25,000 84 6,170 11,705 10.242 8.200 4,430 9.540
23,320 74 8.700 15,850 14.342 11.980 3.760 9,810
52,200 400 24 3.690 8.646 8,374 6.030 3. 377 T.534
48,425 4 5,170 11.228 19,807 '7.614 4.434 9,250
44,780 44 6.650 12.690 11.325 B9.035 4,757 10.290
42,075 54 7.680 14,680 13.570 11,076 4,764 11,260
40,405 64 10,038 18,280 17.730 14,842 4,813 12,123
28,580 74 13,258 N, G, N,G, 18.200 4,414 12,872

24-



TABLE 3¢
Stregses
P -3

Load psi x 10 1 2 3 4 5 8
lbs. )

10730 50 24 =12200 =3200 =9000 =15000 5900 500
7370 50 34 = 400 11600 5400 - 1700 11600 10800
43100 50 44 11600 27800 21200 12100 18000 21900

14380 100 24 = 8200 1800 =2700 «~ 9100 11500 8000

11880 100 34 3200 16600 11400 4000 17400 18000
9170 100 44 168800 35400 29400 20800 28000 31000
5000 100 54 28100 33000 37800 33500 29800 338300
180C 100 64 - L3F7900 28100 28000 33200 37000 31700

20125 1BO 24 =-2800 10700 5200 - 2100 18600 17700

16928 180 34 10200 28100 22000 13300 25200 29200

14040 150 44 22700 37000 37700 28300 31400 38300

10625 150 54 35100 28100 31100 378G0 37100 32800
7285 180 64 36000 25400 28400 28700 38200 2B300
4350 18O T4 . 30000 24800 25300 26300 37400 26000

25575 200 24 = 18200 12400 1100 21600 28100

22210 200 34 13300 37400 27800 12200 28100 38300

18800 200 &4 26200 30700 35900 33600 34100 32700

15320 200 B4 38200 28000 28000 34200 38300 28100

12305 200 64 33400 25400 25400 27700 38000 28600
9965 200 T4 28800 27800 25800 25400 37700 25300

38880 300 24 7600 36800 31200 14000 32100 29600

23840 300 34 12500 29200 38200 21300 30900 25500

30220 300 44 27500 25500 28800 38300 38800 286400

27000 300 54 35200 26200 25300 27600 28700 27500

2500C 300 84 28100 31800 28800 25700 33000 27400

23320 200 38800 32300 38000 27800

i 26100 39400

25



TABLE 24

Stresses
Loagd ) ') 1 2 3 4 5 8

{bs. pat,. &

52200 400 24 38200 26700 253900 26400 38000 25300
484285 400 34 28 800 30700 28000 25300 32900 27000
44750 400 44 25400 33700 30200 26600 30900 28800
42075 400 54 25400 37400 38400 30300 30800 30800
40408 400 64 28200 43700 42100 37700 32800 32600
38880 400 T4 34800 44500 35300 33400

zé



TABLE 4s
Specimen IV

t = 0,055 With Intermal Pressure

g7

Load psi x 10:5 Gage Millivolts
1hs. s &
1 2 3 4 8 7 8 S 10
8270 50 0 . 278 . 4Eb - 550 412 .885 1.072 822 =,328 =,17
S EAH 10 1.374 1.540 1,603 1.513 1.281 1.860 L9688 =,382 =.04
4150 20 2.142 2,412 2.496 2,417 1.588 2.502 1.186 =.415 +,08
2500 30 2,923 3.277 3.380 3.324 1.824 3,115 1.422 =,455 4,20
1650 38 3.420 3,852 3.988 4,086 1.773 3.380 1.508 =,482 <+ 27
13000 160 v 1.575 1,070 1,818 1.810 1,000 1.273 L8800 =,Bl2z =.28
11800 10 2.146 2.082 2.400 2.429 1.448 2.210 1.231 =,875 =,13
8675 20 R.755 2,883 3.200 3,280 1.742 2.933 1.485 «,.881 +,03
6800 30 5,313 3.905 3,817 4,088 2.087 3,702 1.74) =.B04 +,15¢
5270 40 3,792 4,700 4.828 4,935 2,093 4.361 1.960 =.6853 *, 27
3650 50 4,118 B,377 5.482 5,748 2,130 4,800 2.073 =.8662 +,40
27158 60 4,320 6,077 6,073 6,642 2.322 5,250 2,220 &,67%9 o 55
1800 70 4,808 6,700 6,588 7.431 2.688 5,363 2.245 =,887 A




Specimen

"TABLE 4b

iv

z28

05 S Gage Millivolts -
Le&i pgg 38" 2 3 4 6 7 3 9
25,100 200 10 1,448  2.390 2,797 3,440 1,085 2.783 1.782 = 1,060 = 432
07,400 20 2.075 3,400 3,698 4.353 1,457 3.547 2,045 - 1,122 = o310
20,625 30 2.682 4,337 4,530 5,219 1.720 4.239 2,290 ~ 1,145 = .1€3
16,180 40 3,187 5,080 5,177 5,950 1,942 5,024 2.481 = 1l.21C -~ 058
17,67C 50 3,572 5,832 5,882 6,640 1,937 b5.61l8 2,470 - 1,280 B0
16,200 680 4,110 6,600 6,917 7.440 1.720. 6,135 2,328 = 1,480 + ,018
15,750 70 4,672  7.800 7.888 8,480 1.413% 6.3682 2,045 - 1.868 + 070
41,000 300 10 842 2,292 2,950 3.452 ,381 2,756 1.218 = 1.920 ~1,170
28,670 20 1.4668 3.462 3,870 4,872 917 3,631 1.612 - 2,010 ~1.046
35,170 30 2.1556 4,475 4,988 5,591 1.328 4,508 1.920 - 2,050 - ,882
38,950 40 2.768 5,457 5,868 6.495 1.830 5,527 2,228 = 2,180 - ,B832
31,600 50 5,175 6,141 6,661 7,233 1.948 6,142 2.28¢ - 2,270 - 812
30,850 60 3,82 7,233 7.730 8.188 2,013 6.94C 1,955 = 2.B78 = ,945
67,500 800 10 =-2,928 3,238 2.724 3,000 7.725 7,727 6,020 - 8,327 =7.012
64,500 20 =2.,225 4,963 4.249 4,940 8.787 8,736 5,970 = 9,308 =T7,330
83,878 3 -1.6832 6.917 5,822 6.912 9,220 8,800 5,902 =-10,38% -7.91C
62,760 40 - ,850 9,286 7.44% 9,420 9,400 7.280 5,579 <=11,260 =8,221
60,800 56+ .294 12.200 9.762 12,217 9,632 5,457 05g328 -12,348 -8,698
56,135 80 1. 500 15,283 9.345 4.727 4.850 =12.818 =8,72H
56,200 7G 3. 398 19,250 9,000 3.639 4,310 =132l =8,773
55,305 80 5, 360 8,728 2,266 3.810 =13,752 =8.812
53,870 90 8. 540 8,378 1.500 3,333 =14.072 =8.770
2,000 100 7.9986 .903 2,886 <14.257 =8.609




TABLE 4¢

Z9

Specimen 1V
P Stresses
Load psi = 10°° T1 3 3 Z 3 7 g ) 10
\bs. S
8270 50 0 3000 5000 6100 4800 9900 12100 7000 «3B00 -1800
6355 10 15500 17400 18000 17000 14400 21000 10800 =-4200 -~ 200
4150 20 24200 27300 28200 27300 17700 28200 13200 -4500 700
2500 30 23000 37100 38100 37800 20400 3B20C0 16000 -8000 2100
1650 35 38200 37600 36500 B5T00 19800 38200 17000 -=5200 3000
13000 100 0 17800 12100 17100 17000 11200 14100 9500 =5700 =2800
11800 10 24000 23500 27200 27500 16300 2500C 1380C =56400 =1300
3675 20 30800 33900 36200 37000 19600 33100 18400 =6500 100
6500 30 37400 37100 37800 35700 23300 38200 19700 ~6800 1800
5270 40 37800 31200 30800 30000 23800 35400 22200 7100 2000
3680 50 35500 28100 27800 27000 24100 30800 23500 =-7200 4400
2715 60 33800 28200 26300 25500 28100 28600 28000 =73500 8100
1800 70 ‘32400 25400 25600 25300 30300 28200 28300 <7600 8000




Fe

TABLE 44
Specimen 1V
otresses
Losd p x1078 T3 ) 5 Z 5 7 g 5 0
ibs. .5k s
25100 200 10 16400 27100 31600 38300 11600 31200 19800 =11900 « 4700
. 23400 20 23400 36200 38200 33400. 18400 38300 23000 =12600 = 3400
20625 30 30300 335600 32400 28700 189500 34400 26000 =12900 - 1600
15180 40 35400 29400 28900 26800 22000 29600 28100 =13400 -~ 100
17870 B0 38300 26800 26800 25500 21900 27400 " 28000 =14400 G
16200 80 35500 25500 25300 25300 19500 26200 28200 =16500 100
15750 70 31400 26800 25600 26000 15900 25800 23000 =17700 200
431000 300 10 9400 28200 33400 38300 4200 31200 13700 =216800 =13200
38670 20 16500 38300 36700 32000 10200 38300 18100 22700 =11500
35170 30 24500 2600 29700 27400 14900 32500 216800 =23200 = 9900
22950 40 31200 27900 28700 25800 20600 27700 5200 24300 = 9400
31800 50 35800 26200 25500 25300 22100 26100 25800 <=28800 = 9200
30850 GG 37800 25300 285400 25700 22800 25300 22200 =29200 ~10700
87500 BOO 10 -33000 36500 30800 35000 25400 25400 26400 =25300 =25300
84500 20  -2B200 29800 34300 29900 26300 26200 26500 =27000 =25300
83875 30 =18400 25300 27400 25300 26900 28000 28600 =23900 =25500
62760 40 = 9800 27000 25300 27300 27200 25300 27500 =30800 25700
80500 850 3200 32700 22800 32700 276800 27900 28400 =33000 =28200
581858 60 11200 38400 27100 31000 30400 =33900 =26250
56200 70 38200 44500 26800 38300 33900 <=34700 28300
55305 80 28200 26200 25600 37800 =35700 <=26400
53870 S0 26000 25900 16900 37200 =38300 «26300
52000 100 255600 10200 32700 =38600 =28100
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