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AN EXPERIMENTAL‘INVESTIGATION OF INSTANTANEOUS-COLLAPSE AND
CREEP-BUCKLING CHARACTERISTICS OF CYLINDRICAL SHELLS

B. L. Greenstreet
J. M. Corum

Abstract

Instantaneous-collapse and creep, or time-dependent, buck-
ling tests were conducted on nominally 8.0-in.-0D by 0.25-in.-
wall and 4.0-in.-0OD by 0.12-in.-wall specimens made from com-
mercial pipe and tubing. The material for the larger specimens
was type 304 stainless steel, while the smaller ones were made
of both type 304 and type 347 stainless steel. The length cho-
sen in each case was infinite from the buckling standpoint. The
instantaneocus-collapse test temperatures ranged from room tem-
perature to 1200°F, and all the time-dependent collapse tests
were made at 1200°F.

The results show that tube out-of-roundness is a major fac-
tor in determining the collapse pressure. They also show that,
under creep-collapse conditions, the critical pressure decreases
rapidly with time, initially. This decrease is then followed by
a leveling off, with very little change after the first few hun-
dred hours. Although the load-carrying abilities of the 8.0-in.-
OD specimens exceeded those for 4.0-in.-0D specimens of the same
material for instantaneous and short-time collapse conditions,
the critical pressures were about the same in the two cases for
collapse after several hundred hours. The ratio of experimental
values to the allowable working pressure given by the ASME Boiler
and Pressure Vessel Code, Section VIII, Rules for Construction of
Unfired Pressure Vessels, ranges from about 6.0 for instantaneous
buckling to about 3.4 at 3400 hr in the case of the 8.0-in.-0D
tubes. For the 4.0-in.-0OD type 304 stainless steel tubes, the
ratio is about 4.5 for instantaneous buckling and about 3.4 tor
buckling after a few thousand hours.

Introduction

In cases in which shell structures are subjected to sustained external
loads at temperatures where creep of the material is important, creep buck-
ling may occur. Theoretically, a thin shell held under creep conditions
and subjected to an external pressure loading will collapse after a finite
interval of time, even when the pressure is much below the instantaneous

buckling pressure. Thus the creep-buckling characteristics of a vessel
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subjected to external pressure loadings are important in assessing its
structural adequacy for a given application.

Section VIII of the ASME Boiler and Pressure Vessel Code gives rules
for the design of vessels subjected to external pressure at temperatures
in the creep ranges for the materials. However, the rules are based on
instantaneous-collapse predictions, and, although factors of safety of 4
for cylindrical shells and about 5.8 for hemispherical shells are included,
the magnitudes of these factors for creep buckling, or time-dependent col-
lapse, are unknown. It is known that the values decrease with time under
load.

Experiménts on the creep buckling of shell structures have been con-
ducted, but many of the tests were for specialized cases or were made using
machined specimens where the dimensions were carefully controlled. Basic
information regarding the buckling phenomena were derived from these tests,‘
and theories for predicting the load-carrying abilities of shells have been
advanced. Despite these facts, the designer cannot make accurate predic-
tions, on the basis of the information now available regarding the creep,
or time-dependent, buckling behavior of a particular shell structure. Nei-
ther can he infer the amount of conservatism associated with Code-allowable
pressures in the presence of creep-buckling conditions.

In view of these facts, a study was made to determine the collapse

characteristics of specimens made from commercial, seamless tubing. In-
stantaneous and time-dependent collapse tests on nominally &.0-in.-0D by
0.25-in.-wall and 4.0-in.-0D by 0.12-in.-wall specimens were conducted.
The material for the larger specimens was type 304 stainless steel. The
smaller ones were made using both type 304 and type 347 stainless steel so
that the behavior of the two materials could be compared. The specimen
lengths were approximately 9 £t for the 8.0-in.-0D specimens and 5 ft for
the 4.0-in.-0D ones; these lengths are infinite from the buckling stand-
point. Although this study was not comprehensive because of the limited
number of specimens and ranges of variables, much information regarding
the buckling phenomenon was gained. )

The test procedures and results are described in the following sec-

tions. A method for making theoretical analyses was also derived, and



test results were compared with calculated values. Both the theoretical
model and additional comparisons of the predicted values with experimental
results are given in a separate report.? Application of the results to the
design of thé through-tubes for the experimental loops in .the Experimental
Gas-Cooled Reactor being constructed at Oak Ridge, Tennessee, is given in

the Appendix.

Experimental Procedures

The 8.0-in.-0D tubes were tested in an electrically heated autoclave
that has a maximum rating of 600 psi at 1400°F. Heaters were iﬁitially
installed inside the cylindrical bressure vessel. This vessel has an in-
side diameter of 12 in., an outside diameter of 16 1/4 in., and is made of
type 316 stainless steel. The test chamber is 124 in. long, and, with the
heaters mounted inside the vessel, the diameter is 10 in. Followihg the
first test, the heaters mounted inside the vessel were replaced by Calrod
heaters attached on the outside.

A6 l/2—in.-OD insert was used inside the test specimens to prevent
Jjamming inside -the autoclave as a result of excessive deformation. Two
separate alarm systems were used to indicate collapse. The first utilized
an electrical circuit that rang an alarm bell when the specimens made con-
tact with the steel insert. The second was activated by the pressure in-
crease resulting from a volume change in the annulus betwéen the specimens
.and the insert. Helium was used to apply the external pressure. By care-
Tully insulating the autoclave and regulating the heat input in various
regions, the temperature spread along each specimén was held to within a
50°F range, except in the first case, as described later. The temperature
fluctuations at any point with time were also held within a 50°F range.

All the seamless tubing for the 8.0-in.—OD, 0. 25-in.-wall specimens
was from the same heat of type 304 stainless steel. This tubing was manu-

factured in accordance with ASTM-A213-58T specifications. Five specimens

7. M Corum, "An Investigation of the Instantaneous and Creep Buck-
ling of Initially Out-of-Round Tubes Subjected to External Pressure,' USAEC
Report ORNL-3299, Oak Ridge National Iaboratory, Jan. 16, 1963.



were tested. Four were tested at a temperature of 1200°F. Two of these
were collapsed instantaneously, while two underwent time-dependent, or
creep, collapse.

In conducting the 1200°F tests, the system was initially pressurized
to about 50 psi with helium; the autoclave was then brought up to tempera-
ture. After the temperature was stabilized, the pressure was gradually
increased until either the specimen collapsed or the desired test pressure
was reached.

To obtain more insight regarding the collapse mechanism, the fifth
8.0-in.-0D tube was instrumented with strain gages and collapsed at room
temperature. Circumferential gages were located at two axial locations
and at 22.5-deg increments around the tube circumference at each axial lo-
cation. The outside gages, which were exposed to external pressure, were
1/4-in. gage-length Tatnall Metalfilm, temperature-compensated, C9-141
epoxy-back gages. Baldwin SR—%, type A-7, paper-backed wire gages with a
l/4-in. gage length were used on the inside of the tube. Hydraulic oil was
used to apply the external pressure, and the strains were recorded at se-
lected pressure increments.

The tests on the 4.0-in.-0D specimens were conducted by the University
of Tennessee. Again, an electrically heated autoclave was used. This auto-
clave was a cold-wall type of furnace made from 10-in. extra-strong .carbon-
steel pipe with clam-shell heaters mounted inside. Silicell C-3 insulation
was used in the annulus between the heaters and the furnace wall. The in-
side diameter of the heaters was 5.0 in., and the length of heated chamber
was 12 ft.

The pressurizing gas for these tests was also helium. A 3 l/2-in.—OD
insert was used inside the specimens, and the two alarm systems described
above for the 8.0-in.-0D tube tests were used to signal collapse. During
each test, the temperature spread was held to within *50°F of the specified
value, except for three of the specimens. The temperature variations on
these latter specimens are discussed in the next section. The temperature
fluctuations at any point with time were limited to *20°F.

The 4.0-in.-0D, 0.12-in.-wall specimens were made from two different

materials, as mentioned earlier. Four were made from type 304 stainless



steel, while two were made from type 347. The stock material for all

the specimens was manufactured in accordance with ASTM—A312—58T.specifica-
tions for pipe. In this case, seamless pipe was used. The nominal speci-
men temperature at the time of collapée was 1200°F in all cases, except
for the type 347 stainless steel specimens.

In the first test, two specimens, one of each type of material, were
mounted in the furnace and collapsed instantaneously. Only one tube was
mounted in the furnace for each of the subsequent tests, which included
creep-buckling tests on two type 304 stainless steel units and instanta-
neous-collapse tests on the remainder. At the beginning of a test, the
inside of the specimen (or specimens) was evacuated and filled with helium
to a pressure of approximately 15 psi. The furnace was then evacuated and
filled with helium to a pressure of about 100 psi. Following this, the
furnace was heated slowly to the desired temperature while simultaneously
bleeding the tube pressure to 10 psi. The pressure in the furnace was then
gradually increased by small additions of helium so that the associated
temperature fluctuations were small.

Dimensional data were obtained on all the 8.0-in.-0D and 4.0-in.-0D
specimens prior to testing them. The outside diameters and wall thick-
nesses of each tube were measured at 1-ft intervals along the tube axis
and at angular intervals around the circumference at each axial location.
The diameters were measured at 30-deg intervals on all the 8.0-in.-OD
specimens and on the last 4.0-in.-0D, type 304 stainless steel specimen.
The interval was 60 deg on the remaiﬁing 4,0-in. -0D tubes. Specimens sub-
jected to creep buckling were also measured at different time intervals
during each test.

In every specimen the initial cross section at each axial location
was found to be quasi-ellipﬁical in shape, and an out-of-roundness factor
was calculated for each location. The percentage wall thickness variation

at each location was also calculated.



Experimental Results

Tests of 8.0-in.-0D, 0.25-in.-Wall Specimens

The 8.0-in.-0D specimens were designated RD-1 through -5. In col-
lapsing the first specimen, limitations on heater control imposed by the
furnace design precluded elimination of temperature gradients along the
length of the specimen. The average temperatures along the unit immedi-
ately prior to.collapse are shown in Fig. 1; the positions at which the
diemeter and wall thickness were measured before collapse are also shown.

The collapsed specimen is shown in Tig. 2. The thermocouples used
to record the specimen temperatures may be seen on the tube. It collapsed
into an elliptical shape with two bulges extending outward beyond the
original circular form and two extending inward to form two lobes. The
most pronounced change in shape occurred in the region that was at a tem-

perature of 1200°F. This portion of the collapsed tube is shown in Fig. 3.
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Fig. 2. Collapsed 8.0-in.-0D, 0.25-in.-Wall Type 304 Stainless
Steel Specimen RD-1.
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Fig. 3. Portion of Collapsed Specimen RD-1 that Was Subjected to
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The critical pressure was 805 psi, and the location of the maximum
deformation indicated that the pressure was close to the value to be ex-
pected for a tube held uniformly at 1200°F. Because of variations in
materials properties with temperature, the axial temperature gradient
probably had an effect similar to the end effects for a short tube.

The heaters inside the furnace were subsequently replaced with zone-
controlled Calrod heaters mounted on the outside of the furnace. With
these heaters and additional insulation around the top head of the auto-
clave, much more uniform temperatures were obtained during the remaining
tests.

Each of the remaining tubes that were tested at 1200°F (RD-2, -3,
and -4) collapsed into the characteristic two-lobe mode described above.
As an additional example of the appearance after failure, a postcollapse
photo of RD-2 is shown in Fig. 4. The autoclave used in testing the
8.0-in.-0D tubes may be seen in the background of this picture with in-
sulation on the outer surface. The dimensional data and collapse condi-
tions for the four tubes are given in Table 1, where it may be seen that
the critical pressures for the two specimens collapsed under the same
conditions compare favorably.

The out-of-roundness factor, m, is given by

oD = ODL.
max min
= s
4h

where h is the average wall thickness. The average out-of-roundness factor
for each tube is obtained by averaging the values for the axial locations,
while the maximum out-of-roundness factor is the maximum of several values
for the tube.

The positive wall thickness variation at each axial location is given

by

o L max wall thickness — avg wall thickness
1 =
% positive variation ( e T Thickiess > >4l 46,6

For a negative variation, the minimum wall thickness is used. The average
wall thickness variations given in the table are the averages of all values

for a tube.
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Fig. 4. Collapsed 8.0-in.-0D, 0.25-in.-Wall Type 304 Stainless
Steel Specimen RD-2.
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Table 1. Dimensional Data and Collapse Conditions for
8.0-in.-0D, 0.250-in.-Wall, Type 304 Stainless Steel
Tubes Collapsed at a Temperature of 1200°F

Specimen Specimen Specimen Specimen

RD-1 RD-2 RD-3 RD-4
Average measured mean radius-to-  15.02 15.83 15.71 15.40
thickness ratio, a/h
Average measured wall thickness, 0.258 0. 245 0.247  0.252
in. A
Average out-of-roundness factor 0.025 0.036 0.032 0.023
Maximum out-of-roundness factor 0.041 0.184 0.182 0.035
Average positive wall-thickness 4.72 5.36 5.57 5.95
variation, %
Average negative wall-thickness —4.56 -5.51  =5.63 -5.86
variation, %
External collapse pressure, psi 805 780 595 460
Time to collapse, hr ~0- ~0 60 3410

The initial variations in outside diameter and wall thickness at éach
axial location are depicted in Figs. 5, 6, and 7 for specimens RD-1, RD-2,
and RD-3, respectively. A circle was chosen to represent the nominal 8.0-
in. outside diameter, and the actual diameter, in each case, was drawn by
greatly magnifying the deviations from the nominal diameter. A second
circle was chosen to represent the nominal inside diameter, and the wall-
thickness variations from the nominal 0.250 in. were plotted from this
circle. .The approximate orientation of the cross section of the collapsed
tube at each axial position is sketched in the center of each of the plots
in Figs. 5, 6; and 7. A comparison of the out-of-roundness, the wall-
thickness variation, and the orientation of the collapse pattern may be
-made by examining these figures. For each of the 8.0-in.-OD specimens

‘tested, the cross-sectional configuration after collapse can be correlated
directly with the initial out-of-roundness.

The cross-sectional configurations for the time-dependent collapse
specimens were not as distorted after collapse as were those of the in-

stantaneously collapsed tubes. The differences in distortion occurred
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because of differences in the compressive stresses. The mean compressive
stresses in the walls of the tubes that buckled instantaneously exceeded
the proportional limit of the material. Thus collapse of the specimens
was initiated through inelastic action, and the initial resistance to
bending deformation was smaller than it would have been if the mean stress
had been below the proportional 1imit. For the creep-collapse specimen,
the mean stress was below the proportional limit, and collapse was ini-
tiated through elastic action with subsequent higher initial resistance
to deformation.

Specimen RD-4, which was subjected to an external pressure of 460 psi
and collapsed after 3410 hr, was removed from the test facility after 1056
and 2168 hr of total test time, and outside-diameter measurements were
made at each of the locations where initial measurements were made. By
comparing these measurements with the initial measurements, the creep be-
havior of the tube during the first 2168 hf of the test was examined.
This comparison is shown in Fig. 8, together with the initial wall-thick-
ness variations; The orientation of the collapse pattern at each axial
location is sketched at thé center of each plot. Figure 8 shows the ini-
tial quasi-elliptical shape at each cross section, and an examination, in
consecutive order, of the plots in the figure shows that the major axis
spirals counterclockwise around the tube from top to bottom. Furthermore,
this initial ellipticity was simply magnified by creep of the material
under the external pressure. The deformation that occurred during the |
1112 hr atter the 1056-hr measurements were made was cunsiderablybless,
however, than that which occurred during the first 1056 hr. Although
the differences in dimensions for the 1056-hr and the 21:58-hr measurements
are small, they are greater than or equal to the preéision associlated with
the measurements, and the trend toward greater ellipticity is real. The
correspondence between orientation of the final collapse pattern of the
tube and the quasi-elliptical deformatlion mmy be seen lu lhe Ligure.

The fifth 8.0-in.-0D, 0.25-in.-wall, type 304 stainless steel tube,
RD-5, which wag instrumented with electrical resistance straln gages and
collapsed at room temperature, was tested in the facility used for the

high-temperalture tests. No insert wos uocd incide the specimen in this
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case. The collapse pressure of 1185 psi was lower than expecﬁed, possibly
because the tube was flattened slightly by the brackets that were clamped
to thevtube for handling purposes.

The initial dimensional data for the tube are given in Table 2. The
initial measured variations in outside diameter and wall thickness are de-
picted in Fig. 9. Sketches in the center of each plot again depict the
orientation of the collapsed cross sections at each axial position. The
collapsed tube is shown in Fig. 10. Additional oil was pumped into the
test chamber after instability occurred. This accounts for the tube being
highly deformed. Figure 10 shows that buckling occurred in a localized
region, indicating that some weakening factor was present_in that region.
No such weakening effect was indicated by the initial dimensional measure-
ments, although the tube did collapse into a two-lobe mode with the same
orientation as the initial quasi-elliptical out-of-roundness. A complete
description of the test and the strain-gage results are given in ref. 1,

pages 53 through 66.

Table 2. Dimensional Data for Room-Temperature
Strain-Gaged Collapse Specimen

Average measured mean radius-to-thickness 15.09
ratio, a/h

Average measured wall thickness, in. ‘ 0.257

Average out-of-roundness factor 0.022

Maximum out-of-roundness factor 0.035

Average positive wall-thickness variation, % 7.93
Average negative wall-thickness variation, % —-6.86

Tests of 4.0-in.-0D, 0.12-in.-Wall Specimens

The dimensional data and collapse conditions for the four 4.0-in.-0D
type 304 stainless steel specimens are given in Table 3, and the data for

the 4-in.-0D type 347 stainless steel specimens are given in Table 4. A
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Table 3. Dimensional Data and Collapse Conditions for 4.0-in.-OD,
0.120-in.-Wall, Type 304 Stainless Steel Tubes Collapsed

at a Temperature of 1200°F

UT-1 UT-3 UT-5 UT-6
Average measured mean radius-to- 16.30 16.33 15: 30 15.48
thickness ratio, a/h
Average measured wall thickness, 0,120 0.119 0.127 0.126
in,
Average out-of-roundness factor O 00 U. UL Q05 0. 002
Maximum out-of-roundness factor 0. 009 0.028 0. 009 0. 013
Average positive wall-thickncss 0.48 923 . 2. 4.06
variation, %
Average negative wall-thickness —0.48 =5.31 ~4. 49 —~6: 23
variation, %
External collapse pressure, psi 588 542 425 425
Time to collapse, hr ~0 ~0) 260 >14.160

Table 4. Dimensional Data and Collapse Conditions for 4.0-in.-0D,
0.120-in.-Wall, Type 347 Stainless Steel Tubes

UT-2
Average measured mean radius-to-thickness ratio, 16.24 15.41
a/h
Average measured wall thickness, in. 0 420 0.126
Average out-of-roundness factor 0.014 0.005
Maximum out-of-roundness factor 0.022 0. 006
Average positive wall-thickness variation, % 0. 67 8.84
Average negalive wall-thickness variation, % =0.75 ~7.69
External collapse pressure, psi 991 200
Time to collapse, hr ~0 ~0
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comparison of the out-of-roundness factors listed in Tables 3 and 4 with
those in Table 1 shows that these factors were much larger for the 8.0-
in.-0D spe01mens than for the 4.0-in.-0D ones.

The initial variations in outside diameter and wall thickness at each
axial location for all specimens, except UT-6, are given in Figs. 11 through
15. The approximate orientation of the cross section of the collapsed tube
at each axial location is sketched in the center of each of the plots in
Figs. 11 through 15. '

The first two test specimens were mounted in the furnace at- the same
time and collapsed instantaneously. One was made from type 304 stainless
steel and designated UT-1, while the other, UT-2, was made trom type 347
stainless steel. The type 304 stainless steel tube, which was positioned
above the other tube, collapsed under an external pressure of 590 psi while
at a uniform temperature of 1200°F. Following the collapse of this tube;
the pressure wag increased, and the type 347 stainless steel tube failed
at a pressure of 990 psi. However, the addition of cold helium during the
pressurizing proeess caused a reduction in temperature in the lower portion
of the furnace, with the result that the upper end of the tube was at
1200°F while the temperature at the lower end was 920°F

The collapsed tubes are shown in Fig. 16, where UT-2 is labeled A and
UT-1 is labeled B. These tubes bulged on only one side, and it may be seen
from the figure that the angular location of the bulge was different for .
the upper and lower portions of UT-1. An examination of the'plots giving
the initial variations in outside diameter and wall thickness (Figs. 11 and
12) reveals some correlation between collapsed geometry and original varia-
tions. )

The next three tubes in this test series (UT-3, -4, and -5) also col-
lapsed with a single bulge. The thinner regions of the tube walls moved -
outward to form Lhe bulge. The second type 347 stainless steel tube (UT-4)
wag collapsed while the temperature was 1200°F at one end, 1170°F at the
center; and 1130°F at the other end. Specimen UT-5, which was subjected to
a pressure of 425 psi, collapsed in the region of minimum wall thickness,

which was near one end. This occurred at the end of 260 hr. The test was
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Fig. 16. Collapsed 4.0-in.-OD Specimens UT-1(B) and UT-2(A). Speci-
men A is a type 347 stainless steel tube and specimen B is a type 304
stainless sleel tube.
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continued to 680 hr, and, at the end of this time, the collapsed section
extended axially along the specimen for a distance of approximately 1 ft.

The last tube in the series, UT-6 (see Table 3), was also subjected
to an external pressure of 425 psi so that the test conditions duplicated
those for UT-5. Several times during the test the specimen was removed
from the vessel for a dimensional check, and the measurements were com-
pared with those taken prior to testing. Although the ellipticity for
this tube was much less apparent than for the other tubes, the same type
of behavior was observed, with the initial ellipticity being magnified by
creep of the material under an external pressure loading.

The initial variations in outside diameter and wall thickness, to-
gether with diameter variations measured at the end of 5710 hr, arc shown
in Fig. 17. The increase in ellipticity under test conditions may be
clearly seen from this figure. During the test interruption at 5710 hr,

a broken electrical lead for the failure-indicating system inside the tube
was repaired. To make this repair, the lower end of the specimen was cut
off and later rewelded. As a result, changes in the cross-sectional di-
mensions of the tube occurred, so measurements were again taken. The di-
ameter variations obtained from the measurements taken before and after
welding are plotted in Fig. 18, where it may be seen that only the lower
cross section was significantly affected.

Figure 19 shows the variations in outside diameter and wall thickness
obtained from measurements made after rewelding the tube at the end of
5710 hr, together with diameter variations after 11,310 hr. The plots in
the figure again show that the deviation from circularity was increased
during the time under load. The most pronounced change occurred at the
lower cross section where the deviation from circularity after rewelding
was decreased.

The change in the out-of-roundness factor was smaller during the first
5710 hr than during the next interval of 5600 hr between the test times of
5710 and 11,310 hr. This behavior differs from that observed for the 8, 0-
in.-0OD specimen RD-4, described earlier, where the creep deformation was
greater during the first 1056-hr time interval than the following interval
ef 1112 hr,
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At the end of 14,160 hr, small increases in the out-of-roundness at
each cross section were observed. The dimensional changes were small, but,
at the orientations where the diameters were a maximum or minimum, the di-
ameter changes appeared to be almost linear functions of time over the
5710- to 14,160-hr time interval. The variations in outside diameter at
the end of 14,160 hr are not shown in this report, however, since there

are only small differences between these variations and those at 11,310 hr.

Discussion of Results

The results from all the tests are shown in Fig. 20, which is a dia-
gram of critical pressure versus time. Since this is a semilog plot the
instantaneous-collapse data were placed at the 1-hr interval for conven-

ience. Each point is labeled wllh the spcecimen numher fallowed by the
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mean radius-to-thickness ratio, a/h, for that particular tube. Although
the four tubes in each case do not represent an adequate sample of time-
dependent collapse behaviér, smooth curves were drawn through the data for
each size of type 304 stainless steel tube.

- From these curves, the reductions in collapse pressure with time may
be seen. The decrease in collapse pressure is fairly rapid at first, fol-
lowed by an apparent leveling off. The data from the 4.0-in.-0D specimens
indicate that very little decrease occurs with time after the first few
hundred hours. Finally, the curve for the 8.0-in.-OD specimens approaches
that for the 4.0-in.-0D ones for the maximum test times.

The collapse pressures for the type 347 stainless steel tubes were
muéh higher than for the type 304 stainless steel units. The differences
seen are due both to differences in material properties and lower test tem-
peratures for the type 347 stainleés steel specimens. However, because of L
the temperature variations along the length of the type 347 tubes, it is
very difficult to estimate the effective temperatures at which they col-
lapsed. Figure 20 also indicates that the 4.0-in.-0D type 304 stainless
steel tubes collapsed at lower pressures than the 8.0-in.-OD tubes. This
is due to the lower a/h ratio of the 4.0-in. tubes and to the differences
in material properties between the two series.

Compressive stress-strain diagrams were obtained from sheef specimens
that were cut from an undeformed portion of several tubes which were col-
lapsed instantaneously. Three separate compressive stress-strain diagrams
were obtained at a-test temperature of 1200°F for each of the three series
of tube specimens. A representative curve for eacﬁ of the series ié shown
in Fig. 21. The figure shows that the material of the type 347 stainless
steel tubes was considerably stronger than that of the type 304 stainless
steel tubes. In addition, the material for the 8.0-in.-0D type 304 stain-
less steel tubes was slightly stronger than that ot the 4.U-in,-0D type 304
stainless steel.

The curves in Fig. 21, together with isochronous creep curves for type
304 stainless steel, were used in connection with the tangent-modulus method
to predict the instantaneous-collapse pressure for the‘type'347 stainless

steel tubes and the instantaneous and time-dependent collapse behavior
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of the type 304 stainless steel tubes. The tangent-modulus method is dis-
cussed in ref. 1 and is illustrated in Figs. 16 and 17 of that report. The
theoretical predictions for the type 304 stainless steel tubes are shown
by the dashed curves in Fig. 20. The predicted collapse pressure for the
type 347 stainless steel tube is also indicated. The two curves were cal-
culated for the 8.0-in.-0D and 4.0-in.-0D tubes using mean radius-to-thick-
ness ratios of 15.50 and 16.17, respectively. The tangent-modulus predic-
tions are based on geometrically pérfect tubes. Theoretical predictions,

which take the initial out-of-roundness into consideration, are given for
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the 8.0-in.-OD tubes.® The predicted collapse pressure, 960 psi, for the
type 347 stainless steel tubes agrees well with the two experimental points.
The curve for the 8.0-in.-0OD tubes falls below the experimental curve, and
the differences between the two curves increase with time. In the case of
4,0-in.-0D tubes, the theoretical curve lies above the experimental one for
relatively shoft times, but it falls below for times greater than a few hun-
dred hours. The calculated curves tend to merge with time, and they dis—
rlay a fairly rapid decrease in pressure for short times, followed by a
leveling off. All these general characteristics are similar to those as-
cribed to the experimental curves. One important feature of the calculated
curves is the conservatism associated with them for relatively long time
periods.

The straight line along the bottom of Fig. 20 corresponds to the al-
lowable external pressure for tubes of both sizes according to ASME Boiler
and Pressure Vessel Code Section VIII, Rules for Construction of Unfired
Pressure Vessels. The ratio of experimental values to the Code value ranges
from about 6.0 for instantaneous buckling to 58% of that factor (or ~3.4)
at 3400 hr, in the case of the 8.0-in.-OD tubes. For the 4.0-in.-OD speci-
mens the ratio of about 4.5 for instantaneous buckling is near the minimum
to be expected from the use of the Code, but the decrease with time is less
than in the case of the 8.0-in.-0D tube, with thé ratio being 75% of the
maximum value (;6.4), even after a few thousand hours.

It may be seen that the ASME Code gives conservative results for cases
"described in this report, even when time-dependent collapse may occur. When
the amount of conservatism indicated cannot be tolerated, theoretical pre-

dictions may be used as a basis for design. For times of about 10,000 hr,
the experimental curves yield a critical pressure ~1.7 times greater than
the predicted value, instead of a factor of ~3.4, as in the case of the
ASME Code allowable value. However, recourse to either model or prototype
testing is necessary when optimization between wall thickness and external
load-carrying abilities is required, such as in the case of nuclear reac-
tors where poisoning effects or irradiation heating or both must be mini-

~

mized.
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The theoretical analysesl

showed that out-of-roundness is a major
factor in determining the collapse pressure, a fact borne out by the re-
sults of the experimental investigations using 8.0-in.-OD specimens. The
calculated out-of-roundness factors for the larger tubes were greater than
for the smaller ones, so the role of the out-of-roundness factor was more
easily discernible in the first case. However, in the case of the 4.0-in.
tubes the wall thickness variation was important, as evidenced by the tend-
ency for the thinner section of the wall to move outward to form the lobe
in each instance.

Maximum out-of-roundness factors and wall-thickness variations that
could result from the dimensional tolerances allowed by the ASTM specifi-
cations pertaining to the sﬁéék*for‘ﬁhé‘specimens were calculated. These
calculations were based upon the nominal tube dimensions, and the quanti-

ties are given in Table 5.

Table 5. Dimensional Variations Allowed by
ASTM Specifications

g-in.-0D duin, -0D
Specimen Specimen
Material specification . ADTM-AZ13-58T ASTM-A31.2-58T
Nominal wall thickness, in. 0. 250 / 0.120
Moximum out-of-roundness factor 0.040 0.129
Positive wall-thickness variation, % 22
Negative wall-thickness variation, % 0 12.5

A comparison of the data in this table with that given in Tables 1
through 4 shows that the maximum out-of-roundness factors for specimens
RD-2 and RD-3 are greater than the values calculated from the specifica-
tion, while those for the 4,.0-in.-OD specimens (UT-1 through -6) are well
within the calculated limit. In addition the minimum wall-thickness varia-
tions for the 8.0-in.-0D tubes are all less than the minimum values, as
determined from the specifications. From these observations and the buck-
ling characteristics of the tubes, the collapse pressures for the 8.0-in.-

OD tubes tested are lower than those which would be expected from tubes of
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the same nominal dimensions where the stock meets ASTM-A213-58T specifi-
cations.

The reason for a longer life in the case of UT-6 compared with that
for UT-5 is not understood. The dimensional data in Table 2 indicate that
the reverse should be true. The locations of the maximum dimensional
variations and the areas they cover may be just as important as the magni-
tudes. However, the tendency toward time independence of the collapse
pressure, where very long times are involved, makes any interpretation

difficult.
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Appendix

Application to the EGCR Through-Tubes

The through-tubes for the experimental loops in the Experimental Gas-
Cooled Reactor (EGCR)? pass through the reactor coolant outlet plenum and
the core region. Thus they will be exposed to the highest temperature con-
dition in the reactor. The operating conditions for the loops are such |
that two types of tube failure can occur; these are creep rupture from in-
ternal pressure and buckliing from exlerual pressuie, The Llme Lu Lwapbire
may be predicted from tube-burst data. The instantaneous and creep-buck-
ling characteristics are much more difficult to predict, however, and the
experimental investigation described in this report was conducted to pro-
vide both instantaneous and time-dependent collapsc data applicable to the
experimental through-tubes.

In specifying the test program, a test temperature of 1200°F was se-
lected, since the reactor is to have operating capability}at this gas-out-
let temperature. It was assumed that the useful life for a through-tube
would be three years (26,280 hr) and that a tube would have to .withstand
an external pressure loading equal to the pressure in the primary éoolant
circuit of the reactor (~300 psi) for about 10% of the total lifetime
(~2600 hr).

Although the four tubes tested in each set do not represent an ade-
quate sample of time-dependent collapse behavior, significant conclusions
may be drawn from the results. These resulls are again summarized in Fig.
22. An examination of the figure indicates that, for the partiéular 8.0-
in.-0D tubes tested, an external pressure of 465 psi would produce collapse
after the specified 2600 hr. This pressure is 155% of the actual 300-psi
external pressure which will be imposed. The data for 4.0-in.-0D specimens

yield similar results.

2"Final Hazards Sumary Report," Vol. 1, Oak Ridge Operations Office,
OR0-586, pp. 4-114, Oct. 10, 1962.
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Fig. 22. Experimental Results from Buckling Program. r
The through-tubes for the reactor are to be type 347 stainless steel
rather than the type 304 stainless steel tested, and they were sized in e

accordance with the requirements of the ASME Code for vessels subjected to
external pressure. The allowable pressures specified by the Code are less
than 25% of the minimum observed instantanéous collapse pressures.. Figure
20 indicates, however, that the pressure specified by the Code is about
30% of the external pressure that produces collapse after 2600 hr. Thus,”
assuming that type 347 stainless steel tubes behave similarly to type.304
stainless steel tubes, the Code-designed units will satisfactorily resist

creep collapse during the specified time period.
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