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XXXII
SUMMARY OF SECTION 4

The history of container design during the course of this program essentially
follows the developments described in Section 3. An early container of 3-ring construc-
tion, designed on the maximum-shear -strength failure criterion failed due to low-cycle
fatigue. The liner was replaced by two shrink-fit rings to obtain a higher prestress in
the bore. This container was used in the remainder of the program. Stress analyses
are presented for both of those containers. In addition, this section describes the de-
sign and the construction of a container that was intended for stand-by use in the event
of another fatigue failure. This container was designed on the basis of fatigue design
described in Section 3.
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XXXIII

ANALYSIS OF THREE CONTAINERS DESIGN

The configuration of the three hydrostatic-extrusion containers described herein
was basically as shown in Figure 66. The boundary conditions for the designs were:

(1) Maximum operating internal pressure on bore = 250,000 psi
(2) Maximum operating temperature = 500 F

(3) Pressure vessel ID = 2,375 inches

(4) Pressure vessel OD = 22,000 inches

(5) Axial load on vessel is negligible.

For reference purposes, the containers will be designated Containers I, II, and
III in order of historical development. The design of Container I commenced in June,
1961, and was modified in January, 1965, to be redesignated Container II. As a result
of the liner fatigue failure experienced with Container I, Container III was designed on
the basis of a fatigue-failure criterion with the aim of obtaining a fatigue life in the order
of 104 to 105 cycles, Container III was completed toward the end of the program but was
not used in the hydrostatic-extrusion studies described in Sections 1 and 2,

Container I

Container I, which was designed and constructed in the previous program(47), was
used in the early stages of this program. A detailed analysis of its design has been pub-
lished. (47) In view of the more sophisticated analysis made in Section 3, it would be
irrevelant to detail the design steps taken. However, the failure criterion used and the
design interferences obtained will provide a useful background to the development of con-
tainer designs.

Selection of Failure Criterion

Initially, failure of the design for Container I was interpreted as that condition
where the diameter of the bore increased due to plastic yielding of the bore surface,
Such a condition would have caused leakage by the previously close fitting stem that
would result in an inability to compress the fluid adequately. With this in mind, three
commonly applied failure criterion were examined to determine which was the most
applicable.

The Rankine or maximum-normal-stress theory teaches that failure will occur
when any one of the principal stresses reaches the level of the yield strength in uniaxial
tension. Thus, it neglects the effects of the other two principal stresses. The Tresca
or maximum-shearing-stress theory predicts yielding will occur when the difference
between the maximum and minimum principal stresses reaches a level of the yield
strength in simple tension. Experimental evidence suggestedthatthistheorywas on the
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conservative side for predicting stresses thatwould produce yielding in shear. There-
fore, it was decided to base the container design on the Hencky-Von Mises or maximum-
distortion-energy criterion.

The Hencky-Von Mises theory holds that a material subjected to a three-dimen-
sional stress system will yield when

(o - 02)2 + (0, - 03)2 +(og - 01)2 =2 03 =6 KZ |
where
01, 0z, O3 = principal stresses

Oy = yield stress as determined in uniaxial tensile or
- compressive tests

K = yield stress in pure shear.

In this case, for a container assembly, the stresses are considered to be biaxial be-
cause there is no axial load on the vessel. The hoop stresses are usually tensile and
the radial stresses are always compressive. These two stresses will be the principal
stresses because there are not externally applied shear stresses in the system. High
resulting shear stresses can be expected when the system consists of two principal
stresses of opposing sign.

Under biaxial conditions the Mises yield criterion becomes:

2==3K2

2 2 1
oy - (0103) + o3 = cy

This equation predicts that yielding will occur when the stress in pure shear becomes
equal to 0,577 Y. This value is equivalent to the maximum-shear-stress criterion pro-
vided that the yield stresses in pure tension or compression are multiplied by 23,
With that modification of the Tresca criterion, solutions determined by either relation-
ship agree within approximately two to six percent.

Therefore, it was decided that the container would not be expected to deform
plastically, and the design would be acceptable, if the stressed metal in the vessel met
either of the following equivalent limiting conditions:

2 2.0.5
(0y-0, 03 + 03)

Von Mises <0,577 Y
V3

Ol Lo 03
Modified Tresca M <R TT X
where

0, = hoop stress at the inside of the liner

03 = radial stress at the inside of the liner,
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Stress Analysis of Container Assembly

To keep the tensile hoop stress on the liner bore to an acceptable minimum, the
maximum shrink fit considered feasible was used between the sleeve and the liner, The
shrink fit was limited by the temperature to which the sleeve could be heated without
softening. This temperature was 1000 F for the alloy steel used for the sleeve. Since
the liner was kept at room temperature during assembly, the maximum permissible
shrink fit was 0,007 inch per inch, Although this is an extraordinarily large shrink
fit for the size of the components involved, it was achieved with no apparent adverse
effects. The shrink fit of the container on the sleeve was 0.0025 inch per inch, Fig-
ure 67 shows the arrangement of the rings and indicates interferences between them,

For the component dimensions, the effects of the shrink fits were as indicated in
Table XLIX. These values were computed in a straight-forward manner by applying
Lameé's equations for thick-walled pressure vessels, The elastic modulus was taken to
be 30 x 106 psi at 80 F and 25 x 106 psi at 500 F. A step-by-step procedure was used to
determine each component stress in the assembly. The resulting prestresses at various
conditions of interest were then determined by super-position of the component stresses,

TABLE XLIX. PRESTRESSES DEVELOPED IN THE CONTAINER ASSEMBLY AT 80 F AND 500 F

Nominal Diametral Resulting Prestress Resulting Prestress
Diameter, Taper, Interference, at 80 F, psi at 500 F, psi
Component inches degrees inch Radial Hoop Radial Hoop
Liner, Inside 2.375 0 -- 0 ~200, 000 0 -166, 650
Outside 7.4317 2 -- -88, 800 -110,200 ~74,700 -91, 850
0. 052
Sleeve, Inside 7.437 2 -- -88, 800 +102, 000 -74,700 +85, 000
Outside 13. 375 3 -- -23,200 +35, 750 -19,700 +29, 300
0.033
Container, Inside 13. 375 3 - -23,200 +51,175 -19,700 +42,650
Outside 22.0 0 -- 0 +217, 625 0 +23, 000

The hoop and radial components of the stresses developed in the container assem-~
bly solely by internal pressure, or independent of prestress, were also calculated. The
values are given in Table L, The stresses resulting from the combined effects of the
shrink fits and internal pressure are equal, of course, to the algebraic sums of the ap-
propriate values in Tables XLIX and L., The resultant stresses, at various locations,
are indicated on Figures 68 and 69.

TABLE L. STRESSES RESULTING SOLELY FROM AN INTERNAL PRESSURE
OF 250, 000 PSI

Stress, psi

Component Radial Hoop
Liner, Inside -250, 000 +255,900
Outside =23,900 +28, 750
Sleeve, Inside -23,900 +28, 750
Outside -8,000 +10,900
Container, Inside -8, 000 +10,900
Outside 0 +5,1176
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The fact that the elastic modulus of the liner, sleeve, and container materials
would be less at 500 F than at 80 F, lower estimates of interfacial pressures and pre-
stresses were obtained.

The combined effect of the liner-sleeve and sleeve-container shrink fits caused a
hoop prestress of -200,000 psi, at 80 F, on the liner bore. Figure 68 shows that, for
this amount of precompression, an internal pressure of 250,000 psi produces a tensile
hoop stress on the bore of only 55,900 psi. As shown in Figure 69, a similar internal
pressure at 500 F would produce a tensile hoop stress of 89,250 psi at the bore.

In spite of these relatively low hoop stresses, obtained by using the heavy shrink
fits, the effective stresses at the bore are extremely severe., For example, the effec-
tive shear stress at 500 F, where 0 = +89, 250 psi and 03 = -250, 000 psi, is approxi-
mately 175, 500 psi. This means that the uniaxial yield strength of the liner material at
500 F would have to be about 304, 000 psi to avoid yielding. Obviously, this is a difficult
requirement for most liner materials to meet,

The types of steel ordinarily used for hot-working tools do not have sufficient
strength for the application. Some of the high-speed-type tool steels which will develop
adequate strength levels are lacking in ductility, Although tungsten carbide has an ex-
tremely high compressive strength, the cost of such a large component would be
prohibitive,

The compositions of the steels selected for the three parts of the container assem-
bly are given in Table LI, The steel selected for the liner appeared to have the most
suitable combination of strength and ductility of materials available in suitable sections,
It was less expensive than some of the other materials considered such as tungsten car-
bide, Both the liner and sleeve were made from steel produced by consumable-electrode
vacuum-melting practices., It was expected that this melting process would minimize
alloy segregation and inclusion contents, The heat treatments given the components,
and the resulting hardnesses, are also given in Table LI,

The components were subjected to ultrasonic inspection at different stages of
manufacture., One forging intended for the container ring was scrapped in the rough-
machined condition on the basis of the inspection,

The mating surfaces of the components were finished to a surface roughness of
65 t-in., rms. The inside surface of the liner was ground to a surface finish of 4 u-in.,
rms. The smoother surface minimizes the possibility of fluid leaking past the seals
at high pressures,

Operational Capabilities Predicted by Theory

Despite the high stresses on the liner and sleeve, stress analyses indicated that
the container assembly would meet or closely approach the operational requirements.
Table LII presents the results of the stress analyses of greatest interest., The safety
factors listed were based on reasonable estimates of the tensile yield strengths and the
effective stresses computed by the Hencky-Von Mises relationship. They indicated the
container assembly was capable of operating at an internal pressure up to 250, 000 psi
at room temperature and up to 230,000 psi at 500 F,
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TABLE LI, COMPOSITIONS, HEAT TREATMENTS, AND HARDNESSES
OF THE COMPONENTS USED FOR CONT AINER I

Container
AISI 4340

Composition, percent

Carbon
Chromium
Molybdenum
Vanadium
Nickel
Manganese
Silicon
Phosphorus
Sulfur
Cobalt
Copper
Tungsten

Heat Treatment

Preheat 1500 F for
1-1/2 hours
Austenitize 2000 F for 1850 F for 1570 F for
1/4 hour 1-1/2 hours 6 hours
Quench 1050 F for Air cool Oil bath
5 min. in
salt bath,
air cool
1000 F for 1000 F for 900 F for
6 hours 4 hours 12 hours
1000 F for 1025 F for
6 hours 4 hours
1025 F for
4 hours

Hardness

Rockwell "C"




TABLE LII. SAFETY FACTORS ESTIMATED FOR THE COMPONENTS OF
CONT AINER I FOR VARIOUS OPERATING CONDITIONS

Tensile Shear Effective

Tensile Yield Yield Internal Stress on
Type of Temperature, Strength(@),  Strength(b), Pressure,  Component(C), Safety

Component Steel F psi psi psi psi Factor(d)

Liner AISI M50 80 330, 000 190,000 250,000 162,250 1,17
(ID) 500 290, 000 167,000 250,000 173,500 0.95
80 330, 000 190, 000 230,000 144,000 1,32
500 290,000 167,000 230,000 156, 500 1.07
Sleeve AISI H11 80 240,000 138, 500 250,000 121,000 1.14
(ID) 500 215,000 124,000 250,000 106,250 1,19
80 240,000 138,500 230,000 117,000 1,18
500 215,000 124,000 230,000 104,250 1.19
Container AISI 4340 80 160,000 92,300 250,000 47,250 1.95
(ID) 500 125,000 72,100 250, 000 41,250 1,75
500 125,000 72,100 230,000 40,750 1,7

(a) Estimated from measured hardnesses.

(b) Estimated as being 0.577 of tensile yield strength.

(c) Stress computed by Hencky-Von Mises relationship; shear stress by Tresca relationship would be approximately 2 to
6 percent lower.

(d) Based on ratio of shear yield strength to effective stress,

During the experimental research program the container assembly was operated
approximately 12 times at 500 F and pressures up to 250, 000 psi on the ram or stem.
Based on experience at room temperature, the internal fluid pressures in those experi-
ments are believed to have reached about 225, 000 psi at the inside surface of the liner,
The container was operated in approximately 350 experiments at room temperature.
Fluid pressures inside the container ranged up to 265,000 psi. However, early in this
program, the liner failed after holding at a fluid pressure of 246, 000 psi (at 80 F) for
2-3/4 minutes., The failure consisted of a longitudinal crack that ran from the bottom
of the liner to about 3-1/2 inches from the top and terminated in a transverse crack,
At the time of failure, the stem was inserted about 4 inches into the liner bore. The
longitudinal crack did not extend much beyond this point, evidently because of the high
compressive prestresses on the bore above the stem seals.

The liner had been made from consumable, vacuum-melted AISI-M50 tool steel.
Examination of the fractured surfaces of the liner by several techniques indicates that
the failure resulted from low-cycle fatigue. The failure appears to have initiated at a
point near the middle of the longitudinal crack. A photomacrograph at 25X of the
fractured surface at the suspected point of initiation is shown in Figure 70. It is noted
that radial markings appear to emanate from a small round void indicated by an arrow.
This void is approximately 0,005 inch in diameter and is located about 0. 008 inch
beneath the liner bore surface. The mating fractured surface contains a protrusion
which appears to match the void in size, shape, and location,

The precise nature of the protrusion is not known, It is suspected that it is an
inclusion, although it is unusually large for consumable, vacuum-melted materials in
which inclusions generally are no larger than about 0, 0005 inch. This was found to be
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the case on metallographic examination of other specimens taken close to the origin

of failure. In spite of the relatively large size of the suspected defect, however, it is
still far below the sensitivity range (3/64 inch) of the ultrasonic equipment used to in-
spect the liner during fabrication. Detection would have been made even more difficult,
of course, if the protrusion had filled the void completely at the time of testing,

Electron microscopic fractography was employed to determine the mode of crack
propagation in the vicinity of the origin, A standard two-stage plastic carbon replication
technique was used to obtain replicas of an area approximately 0. 1 inch2 containing
the above described void. Examination at a magnification of 12, 200X revealed the
fractured surface to be generally flat and featureless with localized regions containing
very fine fatigue striations. The fatigue striations are indicated by the arrows in the
electron microscopic fractograph shown in Figure 71. The small spacing of the stria-
tions suggests that crack growth may not have been due to the extrusion pressure cycles
alone, but also to a vibration or pulsation superimposed on the high pressure. An
obvious source of this vibration is the hydraulic pump of the press which can transmit
pulsations to the liner by way of the stem and hydrostatic fluid, The extent to which
such vibrations may have contributed to the rate of crack growth is not known.,

Another feature of significance is evident in the fractograph shown in Figure 72.
This is the typical cleavage-type fracture (fan-like striations indicated by arrow) of
undissolved carbides. This observation indicates that these particles would have
accelerated growth of the fatigue crack by fracturing in a brittle manner on a single
cycle of load over a distance much larger than the crack growth per cycle indicated by
the very fine striations noted earlier.

Metallographic examination of an area adjacent to the void revealed interdendritic
networks of undissolved carbide particles,

Container II

Revised Container-Assembly Design

Tooling components that are made from low-ductility materials and operate in
service at low safety factors are prone to failure by low-cycle fatigue. (23,48) The liner
component is a case in point., To minimize possible problems with low-cycle fatigue,
it was felt at the time that the service stresses should be held below the elastic limit,
rather than below the 0.2 percent offset yield strength of the material., One of the
problems, however, was the lack of adequate and reliable data on elastic limit and yield
strength of AISI-M50 steel (liner material) in the hardness range of Rg 61 to 63. In the
absence of such data, a minimum safety factor of 1,25 (based on best estimates of yield
strength) was selected for the revised design to reduce the possibility of stressing the
component above the elastic limit,

Changes in the container assembly design aimed at increasing the safety factor
were necessarily limited to those which would keep fabrication costs to a minimum.,
Thus, possible design changes were narrowed to two options, both of which included
use of the present sleeve and container components. In one design, use of a tungsten
carbide liner was considered because of its high compressive yield strength. However,
this design was eliminated because the difference in thermal-expansion coefficients
between steel and carbide (6.5 x 10-6 versus 2.5 x 10-6 inch/inch/F) would cause the
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FIGURE 71. ELECTRON MICRO-
SCOPIC FRACTOGRAPH SHOWING
FINE FATIGUE STRIATIONS IN
LINER OF CONTAINER I

12,200X E1646A

FIGURE 72, ELECTRON MICRO-
SCOPIC FRACTOGRAPH SHOWING
CLEAVAGE FRACTURE OF UN-
DISSOLVED CARBIDES IN LINER
OF CONTAINER I

6,200X E1646E
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required interference fit between the liner and sleeve to be lost during operation at
500 F.

The second design consisted of replacing the liner component with two rings which
occupy the same volume as did the liner component. This design was used because
calculations indicated that the safety factor could be increased to a minimum of about
1.25 without resorting to any larger interference fits than were used in the present
container assembly.

The final revised container assembly design is illustrated in Figure 73. To avoid
possible confusion, the designations for the component rings have been changed as
follows:

Container I Container II
(Figure 67) (Figure 73)
Liner Liner
(None) Sleeve 1
Sleeve Sleeve 2
Container Container

In other words, Sleeve 1 was a new addition to the old design, but Sleeve 2 is the same
component as the ""sleeve' in the old design,

Stress Analysis

Referring to Figure 73, it can be seen that the liner was assembled with the same
manufactured* interference fit of 0. 007 in. /in. as that in the previous container., How-
ever, because the liner in Container II had a thinner wall such an interference would
generate a higher hoop prestress on assembly than was obtained in Container I pro-
viding the ""assembly'" interferences were also of the same order. To achieve the same
""assembly' interference between the liner and Sleeve 1 shown in Figure 73 as that ob-
tained in Container I, it was found necessary to manufacture an interference of 0.0048
in. /in. between Sleeve 1 and Sleeve 2. Measurements of the liner bore before and after
assembly were used to determine the actual stress distribution achieved in the assem-
bly. Equations 13 and 14 in Section 3 were used in these calculations.

The stress patterns calculated for both room temperature and 500 F are pre-
sented in Figures 74 and 75. Each figure shows both the hoop and radial stresses
developed at the ring interfaces under internal fluid pressures of 0 and 250,000 psi.

The combined interference fits of 0.0071 and 0. 0048 inch per inch on the Sleeve 1-
liner and Sleeve 2-Sleeve 1 interfaces, respectively, place the liner bore in precompres-
sion with a stress of 260,650 psi at room temperature., With this amount of precompres-
sion, it can be seen in Figure 4-8 that an internal pressure of 250,000 psi at room
temperature produces a tensile hoop stress on the liner bore of only 5, 600 psi. At
500 F, the precompression is reduced from 260, 650 to 217,250 psi (Figure 75) because
of the decrease in elastic moduli of the rings at this temperature. In this case, the
tensile stress on the liner bore at maximum internal pressure is increased from 5, 600
to 49,000 psi.

*The "manufactured” interference is that which is obtained before assembly and represents the difference in size between each
mating diameter., The "assembled"” interference is greater than the "manufactured” interference before assembly by an amount
proportional to the extent that each ring changes dimensions elastically as the rings are assembled.
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Component Ring Materials

Consumable-electrode vacuum-melted AISI-M50 tool steel was selected for the ‘
liner and Sleeve 1l rings. This tool steel, which had been used in the original liner,
was selected over other candidate steels (such as AISI-MI1 or M10) because it possessed
the most suitable combination of strength and ductility. Each component was hardened
to R 61 to 63,

Sleeve 2 and the container ring were made of AISI-H11 (RC 57) and 4340 (R 43)
steels, respectively.

Operational Capabilities

Safety factors were calculated for internal fluid pressures of 250,000 and 230,000
psi at both room temperature and 500 F. They were also calculated for a fluid pres-
sure of 220,000 psi at 500 . The results of the calculations are given in Table LIII. It
can be seen that the safety factors for the liner and Sleeve 1 are 1.29 and 1. 30,
respectively, for operation at fluid pressures of 250,000 psi at room temperature. At
500 F, the safety factors fall below the minimum of 1. 25. Thus, the fluid pressure
must be reduced for 500 F operation to minimize the possibility of low-cycle fatigue.

At 230,000 psi, the safety factor for Sleeve 1 is 1. 37 but only 1. 18 for the liner. In
view of this, it is recommended that fluid pressures at 500 F do not exceed about
220,000 psi. At this pressure level, the safety factors are 1. 27 for the liner and 1. 33
for Sleeve 1.

TABLE LIII. SAFETY FACTORS ESTIMATED FOR LINER, SLEEVE 1 AND SLEEVE 2
OF CONT AINER II FOR VARIOUS OPERATING CONDITIONS

Tensile Shear Effective

Tensile Yield Yield Internal Stress on
Type of  Temperature, Strength,  Strength(2), Pressure, ~ Component(b), Safety

Component Steel F psi psi psi psi Factor(€)

Liner AISI-M50 80 330, 000 190, 000 250,000 146,250 1.29
(ID) 500 290, 000 167,000 250,000 160, 500 1.04
80 330,000 190,000 230,000 137,000 1.48
500 290,000 167,000 230, 000 141,500 1.18
500 290,000 167,000 220,000 132,250 1.27
Sleeve 1 AISI-M50 80 330,000 190,000 250,000 145, 500 1.30
(ID) 500 290, 000 167,000 250,000 134,500 1.24
80 330, 000 196,000 230,000 135,000 1.49
500 290,000 167,000 230,000 128,000 1,31
500 290, 000 167,000 220,000 130,000 1,29
Sleeve 2 AISI-H11 80 240,000 138,500 250,000 95,000 1,46
(ID) 500 215,000 124,000 250,000 83,500 1,48
500 215, 000 124, 000 230, 000 81,500 1.52

(a) Estimated as being 0.577 of tensile yield strength.
(b) Stress computed by Hencky-Von Mises relationship.
(c) Based on ratio of shear yield strength to effective stress.
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It should be noted that the stress analysis of the revised container assembly does
not include any supporting contribution from the container component, This assumption
was used because it is not known whether the original interference-fit of 0. 0025 inch
per inch between the container and Sleeve 2 could be maintained while removing and
replacing the failed liner, Therefore, the stress analysis assumed that only a metal-
to-metal fit existed at this interface and that the container ring was not a load-bearing
component, However, if any interference-fit did exist and the container ring did bear
a portion of the load, the safety factors of the revised container assembly would be
slightly higher than those shown in Table LIII,

Container III

As a result of the liner fatigue failure in Container I, it was considered desirable
to have a standby container which would ensure continuity in hydrostatic-extrusion re-
search if further failures occurred. At the same time, construction of such a container
presented a unique opportunity to use the up-to-date stress analysis and design for a
four-ring unit based on a fatigue-life criterion.

The Design of Container III

It was decided to construct Container III with materials whose fatigue properties
were known. On the basis of the data given in Tables XLI, XLII and XLIII, AISI Hl1 tool
steel was considered to be a good candidate material, Calculations showed that a

fatigue life of 105 - 106 cycles could be achieved with AISI H11 within the 250, 000 psi
pressure limit,

A four-ring container, similar in dimensions to those of Container II, Figure 67,
was chosen for analysis. The liner was considered to be of high-strength steel
surrounded by lower strength, ductile outer rings. The analysis of residual stresses
(prestresses) and the required shrink-fit interferences were programmed for calcula-
tion of the Battelle computer. The computer codes developed at Battelle for this con-
tainer design were:

PROGRAM COMPHSI1 - Calculation of maximum pressure-to-strength ratio
for container having an ultrahigh-strength liner,

PROGRAM COMPHS2 - Calculation of operating stresses, prestresses at
operating temperature, and interferences required
for shrink fit assembly.

The hoop and radial components of the design prestresses and operating stresses at
room temperature are plotted at their various locations in the assembly in Figure 76.
The combined effect of the multiple shrink fits was to cause a compressive hoop stress
of 256,000 psi on liner bore. Under an internal fluid pressure of 250, 000 psi the
figure shows that the design tensile hoop stress produced on the bore is zero.

The high interface and hoop stresses, bore pressures of both zero and 250,000 psi
were considered to be out of the realm of the capabilities of an alloy such as AISI 4340,
which was used previously as an outer ring material. Consequently, AISI HI11 tool
steel in a softer condition than the liner, was chosen for the outer rings. The com-
position, heat treaiment and hardnesses of the H1l1 steel produced by consumable-
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electrode vacuum-melting practices, used for constructing the container are given in
Table LIV, A thorough ultrasonic inspection of each ring revealed no measurable
defects,

TABLE LIV. COMPOSITION, HEAT TREATMENT, AND HARDNESSES OF THE COMPONENTS
USED FOR THE FOUR-RING ASSEMBLY OF CONT AINER III

AISI-H11, Nominal Composition, percent — (All rings)

0. 41 Carbon 5.1 Chromium 1, 23 Molybdenum
0.5 Vanadium 0.27 Manganese 1,0 Silicon

Heat Treatment

Austenitize 1850 F for 1-1/2 hr

Quench Air cool Al stag

Temper, liner 950 for 2 hr
1000 for 2 hr
1000 for 2 hr Hardness = R 54/56

Temper, outer three rings 1090 for 4 hr
1100 for 4 hr
1110 for 4 hr Hardness - R 44 /46

Because the whole container unit was made from the same material, the co-
efficient of thermal expansion in each ring under temperature was the same. (It was
not expected that differences in hardness levels of the rings would markedly affect the
coefficient of thermal expansion,) Therefore, the stress distribution pattern for the
rings at 500 F would be the same as those shown in Figure 76b. However, the pressure
capability at 500 F is limited to 225,000 psi by the effect of temperature on strength.
Therefore, the interface stresses predicted in Figure 76b would be less proportionately
to the bore stresses, in service at 500 F. The same pressure limit, 225, 000 psi at
500 F was also imposed on Containers I and II,

It is pertinent at this stage to compare the residual stress patterns in Container II,
Figure 74a, with those predicted for Container III. It is seen that the design hoop pre-
stress of 268,000 psi in the H-11 liner of Container III is about 3 percent higher than
that for the harder AISI-M50 liner in Container II, In view of the lack of knowledge of
the fatigue properties of AISI-M50 it is not possible to determine what the predicted
fatigue life of Container II would be. However, rotating-beam fatigue data obtained on
a similar type of material AISI M2 at a hardness of R 62, suggests that the fatigue
limit at 106 cycles for AISI-M50 might be about 140, 000 psi whereas for AISI Hll the
corresponding figure is 150, 000 psi. (49)

Container Assembly

The four rings, which were slightly tapered for press fitting, were assembled by
a hydraulic press from the outer ring inwards. A lubricant was applied to the inter-
faces of the rings to ease assembly. The calculated press loads required for assembly
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are given below with the associated manufactured interferences. The press loads were
estimated by assuming an interface coefficient of friction of 0. 1.

Manufactured
Interference,
Ring Load, tons inch/inch
Sleeve 2 into container housing 1500 0.00208 1
Sleeve 1 into assembly 1040 0.00443
Liner into assembly 1130 0.00443

It is important to note that all the interferences given above are as manufactured and
not as generated during assembly. The assembly interference achieved in pressing

the liner into position was 0. 0092 inch/inch. It was not possible to determine the actual
press loads required because in each case, the rings were pressed home in a continuous
stroke up to the press capacity of 2200 tons.

By measuring the liner bore diameter before and after its assembly, the actual
surface hoop prestress was calculated to be -255,000 psi. This is lower than the design
prestress of -268,000 psi, While the maximum pressure capability of the container
remains at 250, 000 psi, the effect of the reduction in prestress obtained is expected
to marginally reduce the fatigue life (106 cycles) compared to the design value.
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APPENDIX |

ELASTICITY SOLUTION FOR A RING SEGMENT

A ring segment is shown in Figure 77, Its geometry is defined by the radii r]
and rp and the angle @. The loading of the segment is a pressure p; at r| and pp at rj.
For equilibrium, p; is related to p, by Equation (21) in the text; i.e.,

P
Pz""k_z'

A-53119

FIGURE 77. GEOMETRY OF RING SEGMENT

The solution for the stresses within the segment is found by superposition of two
solutions: The Lamé solution for a cylinder, Equations (13a-c) and (14a, b) in the text,
plus a bending solution, Equations (48) and (53) in Reference (41). The bending solu-
tion removes the moment from the sides of the segment that exists in the Lamé solu-
tion, The latter equations for the bending solution are written as

4M1p1

4M1p1
f1 (1'), (Ue)b = Bl fz (1'), (Tre)b =0

(Or)b = T




u war Lp GP)
—) = E f3 (x) + cos 6
p E2P) r

(94a-c)
8M.p

(‘f)b = Ezﬁll - (2-1)6-

G p

sin 6

where f(r), f5(r), and f3(r) are defined by Equations (20a-c) in the text and where
2
B1 = (kp? - 1)2 - 4kp“ (log k)2 (95)

The moment M = Mlplrl2 is found by integrating the negative of the Lamé hoop stress
(0g)c for a cylinder given by Equation (13b) in the text over the side of the segment;i,e. .

¥2
M':-S (O'e)cl‘dr,

1
hence,
s [, =~ pk,2)  (p, - p ) Ky 2
-1 S 2 1 22 2 Fi1'Te 1
M, = - —_— r dr
Y omEt B2 w3 R = 1 :
171 r 2 2
2
P P k
1 2 2 2 2
Ml—-z<l-p_k2> +<-p——> p—— logk2 (96)
1 1 k, -1
2
G, is found by taking a reference point for the radial deflection u. If the point
T + r,
By ¥ g 6 = 0 is fixed,
then
2
M r T r
_ 170 2 1 2 0
Gl- E P 4(l+v)k2 (r ) log k, + 4(1 V) [kz log<r )
271 0 1
3
0 2
- log —:l -4k, -1) (97)
T 2

The equations for the total stresses and displacements in ring segments were pro-
grammed on the computer and some calculations carried out, Example results are
given in Table LV for k, =2.0 and o = 60 degrees. It is noted that a small residual
stress Og remains on the side of the segments, To be more accurate, i.e., to
achieve sides entirely free of stress, the residual 0y could be removed by using a
""dipole' solution in addition to the bending solution, However, the self-equilibrating
residual stress that would be removed has a local edge effect according to the principle
of St. Venant, Therefore, the oy stresses in Table LVI are believed to be indicative of
the actual magnitude of hoop stresses in segments at the center,
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TABLE LV. STRESSES AND DEFLECTIONS IN A RING SEGMENT,
k, =2,0, o =60° v=0.3

Eu Ev
rp) rp;
Ur/pl 0g/P at 6 =-0° at 8 = 30°

—

-1,0000 0. 0394 0,6324 ~-0.1301
-0.9068 0.0123 0.4877 -0. 0853
-0.8310 -0.0033 0.3747 -0, 0480
-0,7676 -0,0112 0.2846 -0.0164
-0, 7137 -0,0137 0.2117 0.0107
-0,6670 -0.0126 0. 1519 0.0341
-0, 6260 -0,0089 0,1022 0. 0547
-0,5896 -0,0033 0. 0606 0.0728
-0, 5568 0. 0035 0. 0254 0, 0890
-0, 5271 0.0113 -0, 0046 0,1034
-0.5000 0.0197 -0, 0303 0.1163

[N I I I S e e i e T e I =
OV O~NOoO ULk WN=O

Appreciable bending, displacement v, is also noted. The bending increases with
segment size and angle @ as shown in Table LVI. This bending would tend to cause the
segments to dig into the liner as shown in Figure 78. Therefore, it is recommended
that segments be designed with radii larger than the radii of mating cylinders in order
to compensate for the change in radii due to bending. This is illustrated in Figure 78.

Note that the deflection u in Table LV can have an arbitrary translational com-
ponent; i, e., the segment is free to move radially a constant amount. In calculating
interferences, the difference in deflection u(r;) - u(r;) at 6 = 0° is used and the con-
stant amount drops out.

ELASTICITY SOLUTION FOR A PIN SEGMENT

A pin segment is shown in Figure 79. Its geometry is defined by the radii r; and
r, and the angle . r, is taken to the inside of the pin holes as indicated. The loading
of the pin segment is more complicated than that of the ring segment as shown in
Figure 80. A constant pressure p; is assumed to act at the inside. A variable pres-
sure is assumed to act at the outside, i.e,,

Op = -pl, at T e
a”

R (1 + cos mf), at ry

In addition, a shear acts at rj):

LTl R sin mb, at rp




TABLE LVI. DEFLECTIONS IN RING SEGMENTS, v= 0,3

(2) a=60°
%at@—m 1jElea,t8=oc
ko r =1, r =Ty =Py r=rp
1.1 0, 3463 0,2291 -0, 0008 0. 0447
1.2 0.3899 0.1730 -0, 0221 0.0612
1..3 0.4287 0. 1494 ~0, 0408 0.0652
1.4 0. 4642 0. 1153 ~0, 0576 0,0743
1.5 0.4970 0.0611 -0,.0726 0. 0931
2,0 0. 6324 -0.0303 ~0,1301 0,1163
3.0 0, 8251 -0, 0905 -0,2013 0.1243
(b) k, =2.0
%at@:y ;h;llat9=a/2
(0 r=r1 r=r2 r=r; r=r2
45° 0. 6324 -0,0303 ~0, 1052 0. 0835
60° 0.6324 -0,0303 -0, 1301 0.1163
90° 0. 6324 -0, 0303 =0, 1529 0. 1957
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b. Segment Radii Initially Larger Than Radii of Mating Cylinders.

FIGURE 78. BENDING DEFORMATION OF RING SEGMENTS

FIGURE 79. GEOMETRY OF PIN SEGMENT

A-53121

FIGURE 80. LOADING OF PIN SEGMENT
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where
m = 47/a (99)
If Ng is the number of segments then m = 2Ng.

The shear force T,.g must balance the pin force P shown in Figures 80 and 81,
From Figure 80, it is seen for equilibrium of P, that it is required

af2 .
tS‘ T.g cos (6 - 4—) erG =P/2
o/4

where t is the segment thickness, Substitution of (98c) into this integral and integration

gives

- (m?-1) P (100)
thr2 (1 + cos m/m)

where P must be in equilibrium with p; as shown in Figure 8l i, e,

P=prt . (101)

p/2 | | || P2

A-53122

FIGURE 81, LOADING OF PINS
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For radial equilibrium of the loadings shown in Figure 80, p, can be found by integré.F
tion, ise.,

af2 : 8 (0
2 S ['Tresm 6 - 0. cos 6] r,d6 ,rz = 2p1r1 sing .
0 3

Substitution for T,.g and 0, from .(98b, c) and integration gives :

ot [y ST no2)
2

The stresses in a pin segment are found by superposition of three solutions: the
Lamé solution for constant pressures p; and p, at the T, and r, respectively, a
sinusoidal solution for the variable o, loading -p, cos mé at rp, and a bending solution
to remove the hoop stress of the first two solutions from the sides of the segments. The
Lamé solution is given by Equations (13a-c) and (14a,b) in the text, The sinusoidal solu-
tion, taken from the cos m6 part of Equation (81) in Timoshenko and Goodier(41), is

o, = [m(l -m)a, pm’2+(z - m) (1 +m)b_p™

-m(m+1)c pm-Z + (2 +mj] (} ~m)d_, p"m] cos mb
og = [m (m - l)ampm"2+ (m+2) (m+1)b  p™
+tm (m+ 1) c_ p~M=2 + (m - 2) (m - 1) d_ p'm] cos ‘me (103a-c)
T,g=m [(m » Dla p™M=2 4+ (m + 1) b P™ - (m+ 1) o p'm'_z

et b)d p'm] sin m6

where

psr/r, . (104)

From the boundary conditions 0, = 0, T,.g = 0 at r; and 0 = =-p, cos mb, T,.g = -Tsin m6
at r, for the sinusoidal solution, the constants a,,, b,, ¢y, and d, are found to be

' _pz ! * mZ + (1 - mZ) kZZ - k22m+2
SelE 2

By (m - 1)

o 2 e 2o
2 P, 7 k™ (1 - k™)
2 iz B2 .




_ 2
P, 7\ ™k,

m 2 2 B,

—pZ 7 m(kZZ - k22m+2)
B (m +1) B,

2 2z
_ 2 -k _~2m
m 2 2 BZ

o
1

(kzz - 1)

(105)

0
1

2 -
By (1 - m2) k% -k, Zmt2 4 e
2 2

N7 "2 B, (m+1)

_ 2 2 _ -2m
Lo P, T mi, (kp% - k, )
B 2 2 By (m - 1)

-pP
2 T m 2 2
+< 5 2> /32 kz (kz 1)
where

B, =m [-mz % + 2 (m2 - 1) k% + k,272m 4 k,2mi2 mz] (106)

The bending solution is found in a similar manner to the method used previously
for the ring segment, The resulting total stresses and displacements for the pin seg-
ment are given in Equations (22a-c) and (23a, b) in the text, The functions gml(r),
gm2(r), and g, 3(r) in Equations (22a-c) are recognized as the coefficients of cos mf
and sin m6 in Equations (103a-c). gm4(r) and gy 5(r) in Equations (23a,b) are defined
as:

g€m4 = -m(1l +7¥) ampm'z ¥ [-2(1 -V)-m(1+ 1/)] by P
+m(l + V) e, p"m"z + [2(1 -V)+ m (1+ v)] d P
(107a,b)
gms-___m(l+v)ampm—2+m[m+4i+_U]bmpm )
+m (1 + V) ¢ ,o"m'2 + m [m =t + 'u] dmp_m
and G, is defined as
r ro m-=2 ro m
GZE-E m\(1+v)am<;-;> —[2 (I—V) —m(l'l"ll)] gm<§>
(107c)
r \m-Z r -m
_m(1+v)cm<;—2-/ -[2(1-v)+m(1+7v)] dm<§>
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The bending moment is szlrlz where

2

- 2 2
3 k, 1+k21 g - k2 k" logk,
2 2 P 2 19g kat —EP fTagp v

k2 k2 =

+ pi S TyEL K, e [kzm ~ ] - (m+1) b k,”™ [k2m+2 . 1]
1

m+2 -m m -m+2
+(m+1)crnk2 [kz - ] -(m-l)drnk2 [kz -l]

B, was defined previously by Equation (95).

The equations for stresses and deflections in pin segments were programmed on
the computer and some calculations were carried out., Table LVII gives some results for
k, =4.0and a = 60°. At 6 =0a/4=15° and r/r) = 4, edge of pin hole, it is noted that
Uelpl = 2,01. This indicates the stress concentration effect of the hole, At 6 = a/2 =30°
appreciable 0g stress remains, The edge of the segment should be free of stress,
Therefore, the results must be considered approximate. However, the residual oy
stress on the edge is self equilibrating and its removal would be expected to cause only
a local effect near the edge according to the St, Venant principle,

Bending of the pin segment again is evident as shown by the v displacement, The
variation of displacements and of the maximum 0g stress at the hole with segment
geometry are shown in Table LVIII. Larger u displacements and smaller hoop stresses
are found for larger kp and &, The bending displacement v increases with a but de-
creases with k,,

The bending of pin segments would cause the inside corners to dig into the liner
just as in the ring segments (Figure 78a). Therefore, an inside diameter of the seg-
ments larger than the outside diameter of the liner would again be recommended to
counteract the bending effect.

SOLUTION FOR SHEAR STRESSES IN PINS

The pins of the pin-segment container are subject to shear and bending as shown
in Figure 81. The shear stress is larger than the bending stress and will be used as
the critical stress in the pins. The maximum shear stress in a circular pin is given by

4
Tovas K (P/2)
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TABLE LVII. STRESSES AND DEFLECTIONS IN A PIN SEGMENT, k, =4.0, a = 60°, ¥=10,3

RESULTS AT THETA = 0.00 DEGKEFS

T TF/RI SIGMA R7P1— SIGMA THETA/PY  TAU RTHETA/P1 - — ~FU/RP1 — EV/RP1 -
=000 =1+0000 === 52009 e Q=00 Y| J I Ns0000 ———
1,750 -0 ,R356 -0,1524 0,0000 00,7673 00000
I.500 UL T T#% =0.0967 ooo000 5167 0000
1,750 -0, 6256 -0,0415 0,0000 0,3502 Ne0000
—2.,000 =0e9822—— 0012200000 0.?2336 00000 -
2,250 =0 #4Y45 0,0657 0.0000 Nn,1482 00000
-1 I R 1§ - 1 - 1 e 1 ) 1 ) 1 110 L sl 175 [ e L el e
2,750 -04,4409 0.,1841 0,0000 n,031n 00000
3,000 =0 o #4598 0.2477 U, 0000 =0, 0T&3 00000
3,250 =0,5169 0,2840 0,0000 -0,0567 0.0000
3,500 =0.595% 00,2088~ ———0,0000 =0,0980  — —  0e.0000
3,750 =0 ,6186 -0,1929 -0,0000 -0,1336 0.0000
4,000 T =0,3755 T=1.3937 T=0,0000  =0.145¢ 040000~
RESULTS AT THETA = 15,00 DEGREES
R7RT STGMA R7PT SIGMA THETA7PT TAU RTHETAZP] FUZRP1 EVZRPL—
15000 =150000C =0,2009 L0000 L I0dR = 0+2753
1250 =-0+8355 ~0.1525 0.0000 Na7120 =0e1703
1500 =0 71169 =0.0972 0.0000 V4707 — =0«1003
1.750 =0.6236 =0.0433 0.0000 N.3109 -0+0503
2.000 =0+5449 N.0058 0.0000 0. I99R ——=eQ o8~
24250 -0,4731 0.0478 0.0000 0.,1202 Ne0164
2,500 =(143997 0.0797 00,0000 0.0hCH 00397
2750 ~0e3145 0.0998 0.0000 0.021R N«0588
3.000 =0,205% 0.1129 0.0000 00046 00747
3.250 =0.0670 01471 0.0000 -N.0178 00882
3500 =863 N.288B8 " W@.0000 = —=Da0202 " o Qe099F T - ——
3.750 0.1788 0.7530 =0,0000 ~0.0188 01097
42000 =0.0000 2.0126 =0.,0000 =0.0339 Ne11I8B5




TABLE LVII. (Continued)

RESULTS AT THETA = 22.50 DEGREES

— IR SIOPA RP T SIGME TR/ P —— T A RTRET A/ P E/RPI — BN RP—

—1:000——————= 10000 =bea0o———— =0-0000 ——————— 10195 ODseOT8-— - =
1,250 =0 ,R356 -0,1524 -0,0000 0,6437 =0e2465

—1%500 =OglilY =0,0970 =0,0002 0,4138 =0l a0~
1,750 -0,6246 =0,0424 -0,0010 0.,2620 -0.0691

20 =0, 5486 0,0090 =0,003% U 56T =0.0139
2,250 ~-0,4839 0,0567 -0,0099 00,0809 0. 0285
2,500 0,427k 0,1009 o U4 0,0749 SNl - ——
2,750 -0 3777 0,1419 -0,0527 -0,0172 0.0866
3,000 =0,3328" 0.1800 <0,0971 =0, 0494 Oadtmy——
3,250 -0,2920 0,2156 -0,1467 -0,0742 N.1219
3,500 -0,2545 0,2488 -0,1504 -0,0933 0.1436
3,750 -0,2199 0,2800N 0,0371 -0,1082 0.1915

4,000 =0z 10T 0.309% 0.T5TT =0,.1197 0s3124

RESULTS AT THETA = 30.00 DEGREES

T R7ZRT — SIGMA R/ZPT ~SIGMA TRETAZPYT — TAU RTHETAZPT —  EUZRP] ENZRPY~——

=000 =ia0000 =0e2009 -
1.250 =0e&356 01524 -0.0000
T.500 07174 00967 =0.0000 33I5¢F =Ne] 168
1750 -0« b256 ~)e0415 =0.0000 =0e0801
—2RD00 =l e =0.0000 00T e =ne0RTT
2250 ~0e4S48 00657 =-0,0000 Na0274 0e04B7
TERBN0. T =hsmeshy o o S helgen : =0.0000 =0« 02D05 00938 -
2.750 -Nab4089 0elB41 -0.0000 =N NATR 0e)307
— 3,000 =0+ 45GR 02472 =0.0000 =T 1040 01614
3.250 “0a%169 02840 =0.0000 ~0e.1404 Nel874
R | L e ey e 10y R 4 - A Ne2097
3.750 -0 en1FHE6 ~-0a1929 0.0000 =0 .,2061 Ne2290
TR0 T =. D i ST LA O R T S T




TABLE LVIII,

DISPLACEMENTS AND MAXIMUM HOOP STRESSES

IN PIN SEGMENTS, v=20,3

Eu

Ev

y C919=/5&1/4’ ™, af 8= 0 ™5 at 6 = af2

k, r=r, r=ry r=r, r =1, r=r,
(@) = 60°

2.0 4,3266 1,0074 -0,0151 -0. 6387 0.5367

340 2, 7247 1. 0681 -0,1303 -0,5313 0. 3202

4,0 2.0126 151739 -0. 1456 -0.5149 0. 2459

5.0 1,6019 1, 2865 =0, 1397 -0, 4068 0, 2554
(b) k, =3.0

o

45° 3.3815 1.0516 -0, 1281 -0,4082 0.2336

60° 2. 1247 1,0681 -0,1303 -0,5313 0,3202

90° 2,0820 15 1137 ~0,1305 ~-0,7382 0.5195
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where A is the area of the pin and P/2 is the shear force shown in Figure 81, For
2

A = E:— (d is pin diameter) and P given by Equation (101), the maximum shear

stress becomes

p.T .k

]

5 (109)
md

B0
max 3

This equation is the basis of Equation (69) in the text,.
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APPENDIX I

‘ DERIVATIONS OF FORMULAS FOR ASSEMBLY INTERFERENCES

The interferences An calculated in the text are the interferences required on the
component parts as manufactured. However, the manufactured interference is not
equal to the interference as assembled. The multiring container is taken as an ex-
ample. It is assumed the rings are shrink-fit assembled one-by-one from the inside.
The outer rings expand as they are shrunk on and the assembly interference for the
next ring to be fitted is increased beyond the manufactured interference. The assem-
bly interference between cylinders n and n + 1 is denoted by 6. It has dimensions of
inches.

For assembly of cylinder n + 1 onto the other cylinders, &, is expressed as

On

5 |

A 2 ul'a(rn)

(110)

H
sl:s

Tn

u, (r,) = radial displacement at r,, of cylinder n due to residual

pressure q;_1 at r_.

= residual pressure at r,_] due to assembly of cylinder n of wall
ratio k, onto a compound cylinder of wall ratio k;k, ... k _;

with an interference &

0
8-
]
=
|

n-1¢

qp-1 is calculated as follows:

On-1 _ U (ry-1) - 9y q(ry_g)

I'n-1 Tn-1

Substitution for u and U from Equation (14a) gives

Op-1 _ ]
Tn-1 E_(kZ-1)

(1-v) q! | + (1+v) q! | k2

_ 1 —-(1- 1 2
> (1 v)qn_lk

2 2 n=1
En—l(kn-l kn_z c o kl '1)

= N

2 _ '
Ko, ... k] - (1+v) Q!

n
-+
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where E, = En-l = E is assumed.

(ka=1) (k.  ¥E. ;- K- )

H t =2l
ence, q,_1 (rn-l > (kz kz kz kz ; 1)

na~l n-2 1

Salrn) 299

T, F | 2
n E<kn- 1)

Substitution of (111) and (112) into (110) gives

An %3 (k51 %3 5505 067 el

+
rn rn'l (kz kZ kz e kz = 1
n n~1l "n=2 1

n A ,
Now the — can be calculated in sequence; i.e.,
T
n

RPN
2 T2 T (k k§—1>

e
£ -

et

Equation (113) applies if the rings are assembled from the inside out. If the rings are
assembled one by one from the outside in, then the assembly interference for assembly
of cylinder n-1 into the other cylinders is

2 2 .2 2
8 41 KSH1  (KE KZ. .. oG el

s e 2
(kn+1kn+2‘ dae o 1)

Equation (114) was found by an analogous procedure to that used in deriving (113).

The method used to determine assembly interferences 6, for the multiring con-
tainer can also be used to determine assembly interferences for the other container
designs. It is important to determine assembly interferences because they are larger
than the manufactured interferences and excessive interference requirements may
make a design impracticable.




APPENDIX 1l

COMPUTER PROGRAMS

The analyses described in the text were programmed in the FORTRAN IV alog-
arithmic language for calculation on Battelle's CDC 3400 and 6400 computers. * The
following is a list of programs which includes a brief description of each:

PROGRAM COMPST1 = Analysis of compound (multi-ring) cylinder based upon
static shear strength. Calculation of pressure~to-strength ratio p/2S in
Figure 43 in the text,

PROGRAM COMPFGI1 - Analysis of compound cylinder based upon shear fatigue
strength, Calculation of pressure-to-strength ratio p/o shown in Figure 44.

PROGRAM SEGMENTI1 ~ Analysis of ring segment under radial pressures. Some
results given in Appendix I.

PROGRAM SEGM2N ~ Analysis of pin segment under radial pressures and shear,
Some results given in Appendix I.

PROGRAM COMPHSI1 -~ Analysis of compound cylinder with high~strength liner.
Calculations of pressure-to~strength ratios p/ol and p/o shown in Figures 45,
46, 47, and 48.

PROGRAM COMPHS2 ~ Analysis of compound cylinder with high-strength liner.
Calculation of shrink-fit interferences, operating stresses, and prestresses.

PROGRAM PLTRI1 -~ Analysis of Poulter (ring-segment) cylinder with high-
strength liner. Calculation of pressure~to~strength ratios p/o; and p/o shown
in Figures 49, 50, 51, and 52.

PROGRAM PLTR2 =~ Analysis of Poulter cylinder or pressure support cylinder
(inner part of ring-fluid-segment container). Calculation of interferences,
operating stresses, and prestress.

PROGRAM PSCYLI1 — Analysis of pressure support cylinder (inner part of ring-
fluid-segment container), Calculation of pressure-to-strength ratios p/o] and
p/03 shown in Figures 53, 54, 55, 56, and 57.

PROGRAM PGSPNCYL -~ Analysis of segmented shear-pin (pin-segment) cylinder
with high-strength liner. Calculation of pressure-to-strength ratio p/oy and
pi/p shown in Figures 58 and 59.

PROGRAM MULTIR - General analysis of compound (multiring) cylinder based on
fatigue-strength criterion. The program may be used interchangeably for the
ring-fluid-ring design concept.

*Since writing the early programs, the CDC 3400 computer has been superceded by the more versatile CDC 6400 computer.
The codes have been modified accordingly.
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