k.
-
2

™

AD

TECHNICAL REPORT

WT-6917

THE DESIGN OF PRESSURE VESSELS FOR VERY HIGH PRESSURE OPERATION

BY

THOMAS E. DAVIDSON -

AND

Q. )
DAVID P. KENDALL ot wvel

AD 690183

MAY 1369

BENET R&E LABORATORIES

WATERVLIET ARSENAL

WATERVLIET—NEW YORK
AMCNS No. 5011.11.85500

.nL__fLo_&t No. 1-7-0-61102-B32A

This "&* e

(\Ee‘] ,1‘
L S ==L \l’liu’u!qd
—
Bt Y |
137

7R L OV )

Liduduid hdbeoebns

L dadiiey

ISP ITALYY)

st i anasd da 44

N ATIINN)




(REILEVIEDCIN 20 SN IR TR b BT S0t SRR 00 g i, 1 SR RV

1

A

E
i ,yg M:d !!,,i it 5%

wy:

M
t

AR B

==

I

ST

St

£
£
=
=
=
g
=
=
=
£
E
=
&
=
=
E
%
B
=
=
=
=
-
=
£
=
=
=
=
=
=
g
E
‘g
=
&
=
=
=
£
x

Gt

i

i
h
/

i "’Tr MG A

1

¢

W£ W JF

SECTION

11,

111,

Iv'

TABLE O CONTENTS

Abstract
Intraduction

Theory of Pressure Cylinder Design
A. Monobioc Cylinders liithout Residual Stresses
B, Residual Stresses
1. Multi-layer Cylinders
a, Two-element - Same Material
h, Two-eiement - Different Materials
¢, Multi-layer Cylinders having more than
two elements
2. Autofrettage
4. Analysis of assumpticns
b. Available soiutions
¢. Residual stresses in Autofrettaged Cylinders
d. Maximum elastic operating pressure of
Autofrettaged Cylinders
e. Selection of degree of overstrain
f. Methods of Autofrettage
(1) Hydraulic Autofrettage Process
{(2) Mechanical Autofrettage Process
g. Effect of Deviations from Ideal Material
behavior on Autofrettage Theory and Practice
{1} Strain Hardening
{2) Bauschinger Effect
(3} Strain Aging
3. Autofrettage and Multi-Layer Cylinders Combined
C, Segmented Cylinders
D. Variable External Support
1. Direct External Pressure
2. Tapered External Cylinder
3. Segmented Cylinder
a. Thin Liner - solid outer cylinder
b, Thick-walled liner - sclid outer cylinder
¢. Thina liner - variable external pressure
d. Thick-walled liner - variable external
pressure
E. Summary of Fressure Vessel Design

Materials for Pressure Vessels
A. Yield Strength

B, Ductility and Toughness

€. Available Materials

D, Environmental Factors
Seals, Pistons and Closures

Support of End Ciosures

PAGE

f.

‘
0o b vt LA G AL v s

ol

|
£
SI

|

T AL b bt it o o 5210508 A A L AL LR A LT e 5 GRS ] A A1 w52 s s er a8

ke

il




hd

eiNkitatiin

LA v
et

LRR RS i i

AP i

i uf 3

2 TABLE COF CONTENTS (Continued)
Dos PAGE

H References 105

z bD Form 1473

¢ TABLES

- I. Pressure Limits and Design Equations for Various Cylinder

5 Configurations 110

: II. Typical Composition of Various Alloys 112

- FIGURES

. 1. Initial Y:rld Pressure vs, Diameter Ratio Based on Various

Yield Criteria 113

z 2. Complete (verstrain Pressure vs, Diameter Ratio Based on

- Various Theories 114

b 3. Comparicon of Monobloc, Multi-layer and Autofrettaged, Open-end

: Cylinders Based on Maxwell-Mises Yield Criterion 1i5
C Lk 4, Bore Strain vs. n For Open-end Cylinders by Various Theories 116

: S. Bore Strain vs. n For Closed-end Cylinders by Various Theories 117

: 6. Mechanical Autofrettage Process 118

£ 7. Compressive Yield Strength vs, Tensile Plastic Strain

5 Showing Bauscthianger Effect 119

z 8:* Summation of Stresses in Combination Autofrettaged and

= Jacketed Cylinder 120

H 9, Solid Outer Cylinder-segmented and Pin-segment Vessel Designs 121

z 10. Tapered External Cylinder Vessel System 122

K 11. Segmented Cylinder Vessel Using Variable External Pressure 123
o 12, Comparison of Various Pressure Vessvl Designs Based cn the

: Treésca Yield Critezion 124
- 13. Cone and Lens Ring Seals 125

z <14, Bridgman Unsupported Area and Wedge Ring Seals 126
. £ 15, Electrically Insulated Seal 127
16, Multiple Lead Insulated Scal 128
- ii

ki

P ML IR | D0 Ao A K

P
L

o e vt ¥

[RSTR———.

O Yoo o 3

1 Itpes e 1 s

H A E

\““\‘

)
b
¥

R RROR AT R i L

e ————

ikttt s AR NG I BN OB LAt 5 L

T P P TS

[T

At i g ey

R ETI H IR NI A TR B TR P R SV O T T P R LD T A TR I DT PR e




i

igihe

o Ry

s ) §3 e

HOME SEAIRNG, bonn) pana

(LA

Cal U

B R T A RS AR R A G P Tt et O, R g A s P gt o

i \b & omo

< ® 4 a @Q

©

e e

- e ™ e e e i o o " e it

LIST OF SYMECLS

Stress

Tangential or hoop stress
Radial stress

Axial or longitudinal stress
Strain

Tangential strain

Radial strain

Axial strain

Radius of bore

Radius of ocuter diameter
Some intermediate radius
Diameter ratio, r,/ry

Total diameter ratio

Radius of elastic-plastic boundary
Plastic diameter ratio, 0 /r
Yield stress in tension
Ultimate tensile strength
Yield stress in shear
Young's elastic modulus
Poisson's ratic

Radial displacement
Internal pressure

External pressure
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P15 Interface pressure between elements 1 and 2

Yy Pressure at initial yield or re-yield
Py Ultimate or rupture pressure

P, Camplete overstrain or collapse pressure

Pp 100 percent autofrettage pressure ( %R ery = - o‘y)

o oy ST R IR

: P* Specific value of pressure
,:__ t Wall thickness
, 5 Radial interference
o Semi-angla of sectors of segmented cylinder
' ¥ Strain hardening expcnent
SUBSGRIPTS
f e Elastic region

P Plastic region
R Residual
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THE DESIGN OF PRESSURE VESSELS FOR VERY HIGH PRESSURE OPERATION

ABSTRACT Cross-Reference Data

This report is a review of the theory and prac- Pressure vessels
tice of pressure vessel design for vessels operating Design
in the range of internal pressures from 1 to 55 High pressure
kilobars (approximatcly 15,000 to 809,000 psi) and Thick walled Cyiinders
utilizing fluid pressure media. The fundamentals of Autofrettage
thick walled cvlinder theory are reviewed, including Pressure seals
elastic and elastic-plastic theory, multi-layer
cylinders and autofrettzcge. 7he various methods of
using segmented cylinders in pressure vessel design
are reviewed in detail,

The factors to be considered in the sel:ction of
suitable materials for pressure vessel fab
are discussed. These factors include strength,
toughness and environmental factors., A brief review
of the materials currently available is also included.

The report also includes a discussion of pressure
seals and closures suitable for use in this pressure
range and of methods of supporting the end closures

of the vessel.
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I. INTRODUCTICN

The study of material behavior undeér pressure is of interest
to investigators in a wide variety of disciplines. However, regardless
of the specific area of interest, the first requirements of any investi-
pator in this field are a2 suitable vessel to contain the required
pressure and the specific experiment, and a means of generating the
pressure,

Static pressures in excess ¢f 150 kb have been produced for

the purpose of studying their effect on materials and various physical

and chemical phenomena. However, when the pressure exceeds approximately

30 te LD kb, the stress levels involved and the oroblems of sealing
and solidification of the pressure transmitting media necessitate the
use of solid transmittine media sv:tems such as the belt, tetrahedron
and various special piston and cylinder or anvil devices. Since the
subject of mechanical vroperties st high pressure normally implies
hydrostatic pressure, this discussion of pressure vessels and equipment
will be Jimited to those devices using gaseous or fluid pressure media.
The specific type ~f hirh pressure system required oy the
investirator depends, of course, on the experiment beinr csnducted. It
would not be possible nor worthwhile to censider the details of all of

the types of systems used or vreposed for use. Howsver, all types of

u
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systems consist basically of one or more pressure cylinders along with
associated closures, seals, pistons and mechanical or hydraulic force
generating systems. Therefore, they are all based on similar principles
of design. The main purpose of this report then will be to preszent

the philosophy of pressure cylinder design with brief mention of such
subjects as pressure generation, closures and pistons,; and materials
selection. The aim is to present the information in a form usable to
all investigators regardless of their specific pressure system require-

ments,
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II. THECRY OF PRESSURE CYLINDER DESIGN

\

The desien of pressure vessels fcr operation at very high
pressures is a complex problem invclving many considerations including

definition of the operating and permissible siress levels, criteria of

|
sk

failure, material behavior, etc. For the purpose of developing the

design philosophy and the relative operational limitations of various

approaches, the elastic strength or yielding pressure of the vessel

ot
i

will be used as the criterior of failure, It should be noted, however,

that some designs can be used at pressures in excess of that at which

EREAALISE o o ettt o o, SSMRAMEN B B M i

vieldins of one or more components is predicted, Generally however,

Yl danl

the use of vessels bevond the yielding pressure will depend upon the

amount of plastic strain permissible and the ductility of the materials

z
=

involved.

As a means of presenting the theory ol vessel design, the

simplest case of a residual stress-free monobloc cylinder will be

considered first. WNext will be considered how the elastic operating

Hevsr v cdn

C
St ol L |

range can be extended by the use of residual stresses which counteract

VRS0 RET 1 b

the operating stresses. Finally, means for extending the elastic range

by various techniques including sesmenting and/or external support will - E

g

be examined.
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A, Monobloc Cylinders Without Residual Stresses

The simplest form of a pressure cylinder is the so-called
thin-walled cylinder. Although, rigorously speaking, the orly thin-
walled cylinder is a cylindrical membrane, a cylinder whose wall
thickness is small with respect to its radius may usually be considered

as a thin-walled cylinder for design purposes. Under ie conditions

the tangential stress is assumed to be constant through the wall thick-
f% : H ness and the radial stress is considered negligible. The tmngential

or hoop stress is given by:

1 g b

- P
\, ; % tr1 T ¢ )

el b
Ny

310 2% SRR 4 0

1f the cylinder has closed ends, the longitudinal stress is

LR s

é given by:
3 : o, = Fif1 S ¢
> H 2t

Por cylinders of any significant wall thickness, the above

¢ Ry

AR fF o s

equations are approximate and should be used with caution. In case of

N
LR

any question as to applicability of these equations, the thick-walled

cylinder equations, toc be presented later, should be utilized. Since

Kot R At FRIHEE Jnasotan ¢

e the maximum operating pressure for a thin-walled cylinder is less than

oty yo

e - 0.5 kb which is well below the range of interest of this report, all

W

further discussion of pressure cylinders will be limited to thick-

{
Bt

walled cylinders.
S For operating pressures in the range of interest of this report,

i.e., greater than 1 kb, the pressure vessel utilized will virtually

AT
g ¢

f

Lipatecw

always be some form of a thick-walled cylinder. The elastic stresses
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in such a cylinder containing no residual stresses are given by the
wall-known Lame equations. Thees equations are obtained by solution
of the differeniicl equation obtained by sumiing forces in the radial
¢irection on a differential element of the cylinder. This derivation
is given by most standard texts on advanced strength of materials1
and yields the following equations for the stresses resulting from

internal pressure:

Py rp?
= l+ *® @« e o o @
Cp 2z { ;2*9 (3)
2
= P _r2
o} Kz-l(l rz) 00000.([‘)

These equations apply regardless of the condition of longi-
tudinal stress or end condition since they are derived directly from
equilibrium of forces in the radial direction and the longitudinal
stress has no component in the radial direction.

The longitudinal stress for the clcsed end conditien (i.e.,
the pressure force on the end closures is supported by the cylinder

wall) is given by:

Py

0y = oooo-.(s)
zZ - ¥

The open end condition is that in which the pressure force on
the end closures is supported by some external structure such as a
press and in which the ends of the cylinder are free to move in the
longitudinal direction. For an elastic cylinder, this results in the

plane stress condition where:

)
o

oy P ()
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The pressure at which initial yielding will occur at the bore
surface of a monobloc cylinder is obtained by the incorporation of the
above equations into the appropriate yield criterion. The most
generally used yield criteria are the maximum shear stress or Tresca
and the strain energy of distortion or Maxwell-Mises.

Thz Tresca criterion, as related to a thick-walled cylinder,

is defined by the following equation:
r = *
Ty . . . . (7)

However, shear yield strength data for materials is not usually avail-
able and it is commonly assumed that Z‘ﬂy = oy In terms of the tensile
yield stress then, the Tresca criteria become:
% - O = O . o .« (8)
Since for both the open and closed end condition the longi-
tudinal stress is the intermediate principal stress, the yield pressure
is obtained by substituting eqs. (3) and (4) with r = ry into eq. (8) o

which gives:
P
L = e oo (9)
%

The Maxwell-Mises yield criterion is defined by the following

equation:

(g - 2)2 + {0, =) + (g ~ p)* = 26,2 .« . (10)

Substituting inte eq. (10), egs. {3) and (4) with r =r;, and either

AT

eq. (5) or () gives the yield pressure for the closed and open end

POV

Il

condition respectively:
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and
k-1

—W 000000(12)

These equations are plotted in Fig, 1. Experimental results

Rl

have shown that the Maxwell-Mises criterion as given by egs, {11) and
(12) most accurately predict the actual yielding behavicr of high
strength alloy steel cylinders?

Crossland et 313 have shown that gcod agreement with experi-
mental results can be obtained for the closed end case by using eq.

(7) and a value of Ty determined from a torslon test. This gives:
2
%=’5—K~}3 e (13)
Equation (13) is consistent with eq. (11) if the relationship
between Oy and ‘Py as predicﬁed by the bewell—&ises yield criterion,
namely, o = 3 Tys is utilized.
It can readily be seen that the strength of a monobloc
cylinder is not significantly affected by the end condition, particularly
in the larpge diameter ratios and in the absence of any externally
applied longitudinal forces,

For diameter ratios greater than three, the values of bore stress

=
2

decrease only slightly with increasing diameter ratio. Therefore, in the
best case, the maximum yield pressure is only slightly greater than one-

half the yield strength, regardless of diameter ratic. This can be seen
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i in the lower curve of Fig. 2. The effects of exceeding the yield
= - pressure, and the fracture or rupture characteristics of monobloc

c¢ylinders will be subseguently discussed,

The operating pressure limitations of a monobloe cylinder

S can be overcome partly by some technigue which will produce & compresa
= - sive tangential stress in the material at the bore. This will tend %o :
= - L courteract the hish tensile stress due to internal préssure and thus :
S - increase the pressure reguirad to produce yielding. : .
= - : The two pgeneral approaches that can te utilized to produce this i
= 7 ) compressive stress are residual stresses and/cr variable external ;
5 : restraint, which wiil now be discussed. o
E S S ot
mm s e e — - e — - - — . . R e e — e .- ___~_‘__~__q-i




1

B. Residual Stresses - I ;
Many techrigques have been utilized to produce favorable
residual stresses but only three have been used with any amcunt of

success, They are multi-layer constructicn, autofrettage and wrapping.

- The latter technique consists of wrapping a thick-walled -

cylinder with a high strength fiiament such as wire, tape; or fiber-

bt st b

glass under tension to produce the desired compressive residual stress

KT PRAUN SO

in the cylinder. This technique has the advantage of using very high

FRRTXS

strength materials that are often not available in other than wire or

filament form. It has not been extensively used in recent years, due

Y 0 e AR RSO A L DA B R

v ke w bed b

~

primarily to economic factors and problems in accurate control of the

v

DI

Vah

résidual stress magnitude., However, recent studies based on new

b aaibs s

i
i

developments in fiberglass filament winding indicate that fiberglass

filament winding of autofrettaged cylinders may offer significant

i
A IRy

a-lvantages whan vessel weight is a factor. However, this technigue

AL T B

has not been developed to a point of practical usefulness, and since

weight is not usually a serious problem, it will not be further . =

ik

discussed. :

The remainder of this discussion on technigues utilizing

[T

residual stresses will, therefore, be restricted to multi-layer and

autofrettare.
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i. Hulti~layer Cylinders

Multi-layer eylinders are assembled so as tc have an inter-
ference fit betweenr the respective layers. This will result in compres-
sive residual stresses in the inner element and tensile residual
stresses in the outer element. The interference fit between layvers
may be accomplished by heating and "shrinking on" of outer elements

havinr a tore diameter slightly smaller than that of the respective

- inrer element or by having matched tapers on the inside and outside

surface of the outer and inner elements respectively and forecing the
elerents into each othér by means of a press.
The resultant irterface pressures, residual stresses, operat-

ine stresses and the yielding pressure and location of the orset of

7:i§ieidihg will be a function of several variables. The most pertinent

_of these variables are the number of elements and their relative yield

stienrﬁhs and elastic moduli, and the diameter ratios of the elements.
As an épproach to presentine the design theory for multi-layer vessels,

he simplest case of a two element.construction having equal strenpgths
and elastic moduli in the inrer (liner) and outer {jacket) elemsnis
will be considered first; Followine this, the two-element cylinder,
whereir the yield strencths and elastic meduli differ betwser jacket
and liner, will be discussed. Finally, the questicn of a cylinder

consistins of more than two layers will be considered.
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a. Two-element cylinders - same material. The simplest ani

nost renerally usei form of the muiti-layer vessel involves two elements
consistinr of a jacket and liner. For the case where the yield strength

and elastic roduli of the liner and jacket are the same, the resulting
3

interface pressure (P123 between the two elerents, as given by Timoshenke,
is:

E§ (r22 - rlz) (r+? - rp?)

F = > - - - - . . 1!
27 BR (2 m D) (12)

wrere subseript 1 refers to the bore of the inner cylinder, subscript 2
refers to the interface and subscript 3 refers to the outside of the
outer crlinder. § is the initial radial interfererce prior to assembly.

The resultinec resijual stresses can be determined frcm the
above interface pressure ard the Lamé ecuations, The residuel stresses
ir the inner cylirder are river by:

2

i VI N C RS i e e .. (15)

S 2o r 2
Prs Ka2 2
<1 s I O S .. .. (16)

where Ky is the diameter ratic of the inner cylinder. The stresses in

the outer crlinder are giver by egs. (3) and (4) lettinz K =K,

Ps
‘1

= Py and using ry and rp for the cuter cylinder.
Toc determine the elastic stress state in the composite
crlindier when subjected to an interral pressure, the stresses produced

br the pressure are added to the residual stresses as piver in eas. (15)
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and (16). The pressure stresses are computed frcm egs. (3) and (4)

: : wiare X equals the total diameter ratio for the compcsite cylinder

;7 % (r3/ryde

A The yield pressure for a composite cylinder is obtained by
: v substitution of the sum of the pressure and residual stresses into the

E appropriate yield criteric as were given in egs. (8) or (10). Based
L
2 on the work of Mamning , the optimum design of a two elemeit vessel is

. where the diameter ratio of the liner and jacket are equal and the

L interface pressure is such as to result in simultaneous yielding at
the bore of the liner and jacket at the maximum elastic operating

; pressure. This gives for the coidition of yielding at the bore of the

& 1“(!“"’4 2.,

outer layer:

1%

R

2K
& =P, v.31 P o1 N S ¥

E:
ps
S

Solving this equation for the interface pressure yi—elds:

. ) K -1 K -2
: Plz-t‘fy—z-r-Pim « .« . (18)

The condition of yielding at the bore of the inner element

FA A

is given by:

e
1

b

2
- ~X" 2K

-

Substituting Py, from eq. (18) into eq. (19) yields:

k-3 e e (20)
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Ir terms of the Maxwell-lises yield criterion eq. (10), the

Dy ety

>
pressure required to produce yieldins has been developed by the authors

ani is riven by:

5 HILE T s, o

e o ee (21)

Py _ 2R +y QP+ .75 -
o, 2% + .75
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where: Q =

R

=
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ard ¥ is the total diarmeter ratic. This equation is shown plotted i

v
o
»
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Fir. 3 where the elastic strength of a two-element cylinder may be S e
compared with that cof a monobloc cylinder having no residual stresses.

This analysis has assumed that there are no longitudinal

Lot A e L T it

stresses, i.e., c, = 0. Residual longitudinal stresses may result
from the shrinkinr operation and, in some cases, may be of simnificant
marnitude. These stresses are a function of the length of the cylinders,
the coefficient of friction at the interface, and the way in which thne
assemtly operaticn is performed. ZLongitudinal pressure stresses will
exist in a closed end cylinder and their distribution will depend on

the methed in which the end closures are attached to the vessel. In

view of the manyr variables and unknown factors involved with a deter-

mination of these lonesitudinal stresses, no detailed analysis of their

effect will be preserted.
In reneral, the effect of lonritudiral stress on the yielding

pressure of a thick-walled cylinder is very small, as was shown earlier.
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Neglecting the longitudinal stresses in the above analysis will probably
not result in any significant error in yielding pressure. However, in
some cases, particularly long vessels composed of relatively thin walled

component cylinders, it may be necessary to consider longitudinal stresses

in a ceritical design.,
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b. Two-element cylinders - different materials. The elastic

solutions for the interface pressure (Plz) and initial radial inter- -

e A

ference (§), as given by eq. (14), assumed identical elastic constants

for the inner and outer cylinders. In addition, the yielding behavior,

AT

as treated in eqs. (20) and (21), assumed identical yield strengths for

the two cylinders., The case in which the elastic constants and yield

\

)

dluissblrbitbi bR

strengths are zot identical will now be considered.

L

Pugh has considered the effeets of different yield strengths

and elastic constants, Using the Tresea yield condition he determined

SHAEE st W R T

~

the following equation for yielding of an optimum, two-element cylinder:

: P. 1 [y 1
: .x.=-(.._l. )_-{5&
:: %z 3\t -Ev5; e e e (22)

The condition of an optimum cylinder design is: E

o \ &
x1=(%) vE N 7))

Dbt Al R e
a2t

1

and for the initial radial interference (§)
’ : 2 2 =
- § 1 1 - ¥ (m +1 :
r2 = 2 | %2 -k Voul oy2 £ K2 -1
1- y2° (x22 + 1) Vil + v1) . voll + ‘92):’
* < - 5 :
E, K% -1 Ey E,

) -
1=V e - K Vo
Ey K2 -1

IRl

e e oo o (284)
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It can be seen from eq. (2,) that slight variaticns in elastic

T Y]

: % corstants E and Y can have a significant effect on the desigzn parameters :
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for a sompound cylinder. Variations in yield strength will also have
considerahle effect as would be expected.

Crossland and Burns7 experimentally examined the pertinent
desien parameters, such as shrinkage stresses and yielding character-
istics of nominally optimum déﬁigned, two-element cylinders. They
observed good agreement with the theoretical solutions discussed thus
far, However, they 4id cbserve the existence of a significant longi-
tudinal shrinkace stress. They also presented an analysis of the
behavior of the cylinder subsequent to yielding and compared the experi-

mental pressure-expansion curves with this analysis well into the

plastic region.
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c. lti-layer cylinders having more than two elements.

The above analysis of a compound cylinder has considered cnly a two-
element cylinder. The analysis cf a multi-element cylinder is basically
the same. The residual stresses produced by each additicnal elemrent

are calculated as above and added to those produced by pricr elements.
To determine the final yield pressure, the total stress state at the
bere of each element is calculated and checked for yieldineg. The
analysis of a compound cylinder having more thar two elements has been
investigated by Becker et 318-10 and by Pughb, usine the Tresca yield
criteria. The solutions of these investigators will now te summarized.

The pressure differenc= across an n'th slement at yield at

the bore of the element, based on eq. (9), is:

e 1
Pn-Pn+1=-12l’i(1-K—-2-) c e ... (25)
n

If there are "m" elements and no external pressure on the outer element,
i.e., Ppiy =0, the internal pressure tc produce sirultarecus yielding
in all cylinders is:

311 1 )
py=% %2(1-;?) e (26)

The maximum value of P_ is fourd by differentiating eq. (26)
with respect to K, and equating to zero, using the relaticrshin

K10K20K30 e s o ¢ e Kn = Kt'o

31:?@_,,:%:_}_5 « e e 12D
K12 K22 Kn A
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where

. A = 1 e eoe . (28)
) ) 0&2 . o a§m)¢

therefore, the maximum yield pressure is:

1

g&l
» = e -
¥y max 2 — o‘yn . Kl ¢ o (29)

N s

If all elements have the same yield strensth, this becomes:

P, m 1
—Lmix-=-(1-'2/m) ... . {30)
O'y 2 t(t
= The upper limit to the above analysis occurs when the compres-

sive residual stress at the beore of the inner cylinder due to the
shrinkage stresses precduced by adding an outer element exceeds the
yield strength of the material. This will occur when there sce more
than two elements and when the yield pressure calculated from eq. {29)
exceeds:

K2 -1

Py=o&l—l-(zz— e o e o (31)

for the case of equal elastic constants. The derivation of eq. (31)

is the same as that for reverse yielding of an autofrettaged cylinder

which will be subsequently discussed.

As an upper limit to the design of muiti-layer, compound
cylinders, it can be shown that the strength of an optimum design,
multi-layer vessel approaches that of an ideal, autcfrettaged cylinder f

of the same material, strength level and total diameier ratio as the

b O A LS R

number of layers approaches infinity.
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2, Autofrettare

The second method for inducing residual stresses in a
cvlinder is autofrettare., If a monobloe, thick-walled ecylinder is
subjected to an internal pressure exceedins its yield pressure, plastic
deformation will initiate at the bore and, as the pressure is increased,
will proceed throurh the cylinder wall until the plastic-elastic inter-
face reaches the cutside surface. At this pcint, the cylinder material
is ir a completely plastic state which is defined as complete over-
strain, ard tlie associasted pressure referred to as the complete over-
strair or collapse pressure. The effect cf exceeding this pressure
and the problem of rupture will be discussed later under "Effect of
Material Behavicr".

Due to elastic recovery, when the internal pressure is
released after either partial or complete overstrain, the material near
the outside surface, which has been deformed the ieast amount, will
attempt to return to its original diameter and the material near the
bore, which has been deformed the mpst, will attempt to remain deformed.
This results in a residual compressive stress at the bore and a residual
ternsile stress at the outside surfaze with a gradual transition through
the wall thickness. The process of producing this residual stress
distribution by means of plastic defcrmatior of the cylinder by interral
pressure i3 known as autonfrettage. The process has been utilized for
man» years ir the manufacture of pun barrels and in recent years has
beer: applied to pressure vessels degsigmed to operate at very high

pressures.
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A study of the available literature on the theoretical

gitiibligtinui

solutions for the overstrain of thick-walled cylinders can result in

A MUK

considerable confusion on the part of the reader. The problem has been

..
TP AR R it

studied by a large number of investigators and there is considerable

A

; T disagreement in the resuits obtained. The reason for this can be seen
by considerine assumpticns which must be made concerning materials
: behavior, yield criteria, end condition, stress and strain distribution,
é N etc., in order to cbtain an analytical sclution of the partially
i E plastic, thick-walled cylinder problem.

The problem is further compounded by the fact that the selec-
tion of some combinations of these assumptions results in mathematical

problems which are either impossible tc solve or must be solved by

KA EA R

i

E : numerical techniques. As a result of these difficulties, several

empirical or semi-empirical soiutions based on experimental data have

EA o]

been proposed.

. A full analysis and comparison of many sclutions based on
various combinations of assumptions is nct corsidered to be withir the
scope of this text. However, some comments on validity and significance
of the possible assumptions and a few resultant solutions will be pre-

sented.
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a. Analysis of assumptions.

Material behavior - The rigid-perfectly plastic material model
may be a fairly accurate approximation in vroblems involving large
plastic strains in which the elastic strains are small with respect to
the plastic strains. In a partially plastic, thick-walled cylinder
the plastic strains are of the same order of magnitude as the elastic
strains and, therefore, the elastic strains cannot be neglected. Most
high strength steels which are currently utilized for very high pressure
vessels exhibit very little strain hardering in the region of smail
plastic strains and can thus be quite accurately represented by an
elastic-perfectly plastic model. The use of a strain hardening model
introduces serious difficulties in the mathematicai analysis, partic-
ularly when combined with the Maxwell-Mises yield criterion. A method
of avoiding this difficulty has been developed by Manningll and will be
subsequently discussed.

Yield condition -~ Although there have been a number of yield
criteria proposed over the years, only two predict the behavicer of a
mcderstely ductile steel, as wculd normally be used in a pressure
vessel, with any degree of accuracy. The Maxwell-Mises or octahedral
shear stress criterion has been shown tc be the most accurate for all
cambinations cf triaxial stress and shculd be used wherever possible.
However, its use results in considerable mathematical difficulties.

The Tresca or maximum shear stress criterion is cften used for design
of structures and machires. It is always conservative with respect tc

the Maxwell-lises criterion if the yield lcci are assumed to coincide
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on the principal stress axis, i.e.,, if they are based on the same yield
stress in tension, Its application to the thick-walled cylinder
problem results in a comparatively simple mathematical formulation as
will be shown later. %
End condition ~ In practice, pressure vessels are autofrettaged
ir. both open and closed end conditions. The re§trained end condition
does not actually exist in practice. However, since the assumption
associated with the restrained end condition (i.e., € 7 = 0) provides
a significant simplification of the mathematics, it is sometimes used
to cbtain an approximate solutiocn.
Longitudinal stress distribution - The lack of knowledpe of
the distributicr of longitudiral stress across the wall thickness is
a simmificant limitation to the development of a riporous thick-walled
cvlinder theory. From the Lamé equations it can be shown that the longi-
tudinal stress is constant in an elastic cylinder. However, when the
cvlinder becomes partially plastic, the difference in Poisson's ratic
between the elastic and plastic zones mar result in a variation in
longzitudinal stress across the wall. In order to determine this stress
distribution some plastic stress-strain law, such as the Prandtl-Reuss
equations, must be utilized in the plastic zone. In order to avoid the
mathematical difficulties and uncertainties of this type of soluticn,
many investirators have either assumed a constant longitudinal stress

throurhout the wall, or a constant stress in the elastic regicn and some

T

assumed distribution, such as linear or lcgarithmic, ir ihe plastic

rerior. For any assumed distribution, the condition i-.2t the interral PR

LY
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of the lonritudinal stress over the wall thickness equals the total
Jongitudinal force on the cylinder as determined by the end condition
must be satisfied.

Longitudinal strain distribution -~ It is generally assumed
that the lonpritudinal strain is constant across the wail thickness.

The result of assuming a significant variation in longitudinal strain
across the wall thickness, in a long cylinder, would be a substantial
variation in the change of overall length. This would produce dis~
torticns of the end surfaces of the cylinder which have not been ob-
served in actual practice. The actual magnitude of lonpitudinal strain
is, of course, determined by the end conditicn.

Compressibility -~ The assumption of incompressibility of the
material in both the plastic and elastic regions has been used by
several early investicatcrs to obtain closed form solutions of the
problem, However, since there is considerable volume change associated
with elastic strains and since the elastic strairs are a significant
part of the total strain in a partially plastic cylinder, the errors
resulting from this assumptiocn may be significant. Actually, however,
sore solutions based on this assumption have been shown to be in fair
arreement with mcre rigorous solutions and experimertal results.

The assumption of a compressible material in the elastic
recion and incompressipility in the plastic resgicn would appsar to give
a better approximation. However, this results in a severe discontinuity

at the elastic-plastic interface. Since continuity at this interface

23
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= is usually a required boundary condition for the solution of the
3 problem, this assumpticn is not generally usable.

The material in the plastic region of the cylinder, prior to

enterins the plastic state, must be subjected (o elastic strains up to

) e b b e AP B s b YA R
g v 0 Y e D Pyt e P TR R Al gt gy AR

g the yield point of the materigl. After this material becomes plastie,

= it still contains the volume changes associated with the elastic

: stresses. The mcst accurate solution is thus obtained by assuming
elastic compressibility throughout the cylinder.
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b, Available solutions. The basic concept of autofrettage

was proposed by St. Venantl2, The extensive pioneering experimental
studies of the overstrain of thick-walled cylinders by such investi-
gators as Cook and Robertson13, Langenbergl4 and Macrael5 led to the
wide utilization of the autofrettage process for gun tube manufacture,
particularly during the World War II =ra.

Following the war a large number of papers appeared which
presented considerable experimental data and a number of analytical
apprcaches to the elastic-plastic thick-walled cylinder problem. Some
of these analytical solutions will be discussed later in this section.
A ccmplete survey of these papers will not be attempted here. Reviews
are included in a paper by Hannin316 and one by Crossland and Bonesl?,

Maaning!l developed a solution for the overstrain of thick-
walled cylinders by using the assumptions of plane strain and constancy
of volume but considering strain hardening. This was done by uoting
that the stress condition in a closed end cylinder is equivalent to
pure shear with a superposed hydrostatic tensiie stress. This permits
the conclusion that the relationship between the maximum shear stress
and the maximum shear strain iz the same in the cylinder as it is in
a torsion test. The shear stress-shear strain results obtained from a
torsion test can be directly used to predict the pressure-straia response
of a cylinder of the same material up to the ultimate pressure. He also
presented experimental results for a variety of materials which were in

good agreement with his analytical results.
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= Crossland and Bonesl? and Crossland, Jorgensen and Bones3 : :

RN

showed good agreement of extensive experimental data on a variety of

j
e b GIse o

materials with analytical results based on Manning's approach. Morrison : ;

e ™ e
SR i il e e
E
T

E: - and Fracklinl8 also published experimental results which were in

i
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reasonable agreement with their analysis using shear stress-shear strain

i
PN

: data from torsion tests and assuming that the shear strain in the

731 TS 311 Rt 7 1obos 300

cylinder is inversely proportional to the square of the radius.

I
PRI I

- The above analyses and experimental results pertained to
the case of low strength, strain hardening materials. However, most

g ) of the materials being used today for ultra-high pressure vessels

exhibit relatively small strain hardening tendencies. Thus, strain

hardening can be neglected which permits a consideratly more analytical

et e T e i

approach to the elastic-plastic cylinder problem. A few such approaches
3 ) will now be considered.
3 ; As stated previously, a relatively simple solution to the

3 : partially plastic thick-wailed cylinder problem may be obtained by

st b W el g Tt

4

assuming the Tresca yield criteria and an elastic-perfectly plastic

2 ¥ material. If we assume that the longitudinal stress is the intermediate

it wib b At d

b

principal stress., a solution for the radial and tangential stresses
- can be obtained which is independent of end condition or longitudinal ) 3

stress and strain distribution. Koiterl9 has shown this assumption to

e
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be valid for diameter ratios less than about 5.0 to 6.0 for all end
conditions.

For the partially plastic cylinder, the stresses in the elastic
region are obtained from the Lame equations (eqs. (3) and (4)) combined
with the fact that the radial stress at the elastic-plastic boundary

(r = p ) equals the yield pressure for the elastic portion of the
cylinder. This yields:

Ge = Erx-——(rz 1)

. o .. (32)
re 2r2 2
P
%e =fZ_Tzr (_1-22+1) ... (33)
2

The stresses in the plastic region can now be determined by
combining the yield condition eq. (8) and the eguilibrium eguation:

O'Q-O’*r-ar-=0 ....(3[‘.)

The resulting differential equation can be integrated
directly and solved by applying the boundary conditions
Qr = ryy O = = Pi
@ar =0, Orp = .

Te
This yields:

2_,2]
= - L2 =L C
o = - [mr e (35)
-
t‘2 +/’2 .

=2
T2
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The internal pressure required to produce plastic flow to a

depth o is therefore given by:

2 2
b r -0
1 y !‘l 21‘2

e e e .. (37)

The pressure to praduce complete plastic flow or complete

overstrain is given by eq. (37) settine 0 =r,. This yields:

Po = o InK B & )

This relationship is shown plotted in Fig. 2.

In order to determine the strains or displacements, scme
assumption must be made concerning the lengitudinal stresses and strains.
For the purpose of this approximate analysis, the longitudinal stress
will be assumed constant throughout the wall. Experimental result52
indicate that the error in ihe tangential strain resulting from this
assumption is nerligible except in the case of very large diameter
ratics ard larfe amounts of overstrain.

Assumine elastic compressibility throughout the cylinder,

elastic compressibility in the plastic region is expressed by:

1 -2V

=2Y (o + & + ) E)

€e+€r+€z =

Expressins: € g and € . in ter:s of the radial displacement u,

i.e., €g = ,‘-.1- and Gr = %— substituting % and o from egs. (55) and

(36) yie'.-:

2
du u (1-2V) x r p° (1-2v)
= o = (21n 3 rzz) = > —€ 3 (10)
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Since o, and €, are assumed indepeident of r, this equation

may be solved using an integrating factor which yiel<s:

(;—l)n = < *év__fx) (ln/%"-%) (1-2?) (i’fz:«ko'z) -%—z-+9;z (41)

where C is a constant of integration.
To solve for this constant we use the condition of continuity

of displacement at the elastic-plastic boundary. From egs. (32) and

(33) and Hooke's law, the tangential strain in the elastic region is
u _ 1 0 2 ey ) ) %]
(;)e = €oe = E &Eitz'z;z [ )rz*+(1-V)r - Vo, (42)

By setting r =0 in egs. (41) and (42) and equating the two
equations, C can be determined.

The solution of the problem then becomes:

2 2 2 4
% s-2mBer@-v) S Xf
(r) l:(l-ZY)(ln Z2-D+ Q-2 2-v) ] rérzz]
2
"2%[(1-2\')—-2-] & [5“] s W3

The longitudinal stress and strain are now determined from %
the appropriate end condition to obtain a complete solution.

For the open end case O

z = 0ard €, is determined for the

elastic region from eqs. (32) and (33) and Hocke's law. This yields:

2
ez=-i_2_EVp ........(1014)
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Since the longitudinal strain is assumed constant throurhout the wall,
eq. (44) also applies in the plastic region. Substituting o, =0 and

€ ; from eq. (44) into eq. (43) yields:

w2 2
u
(—) -‘i[(l-ZV)(ln——l)-r(l-U)’o +(2~-¥) 2] <« (45)
r 2

This equation gives the displacements in the plastic regicn
of an open end, partially plastic cylinder while subjected to internal
pressure as given by eg. (37). A typical result of eq. {45) is shown

in the lower curve of Fig. 4.

For the closed end case, from _eqs. (5) and (37):

- 2
.Z_E'L_.(ln/f_ ._.___5.‘1..) e e (46)
K= - I‘l 22‘2

From egs. (32), (33) and (L6), and Hooke'!s law:

2_ .2 2
€, = X |5~ m&+Z 2 V4 e )
= K“ -1 ry 2r2 ra

Substitutine ¢, and €, from eqs. (46) and (47) inte eq. (43)

Vvields:

u -2 _ 02 2
(:-) =% [(1-2V)(1np—z-1)-.~(1-V)-2+(a-v):-?2-

p "2
2y “2_/02
- (lnﬁ.-r:_g______)

> - e e e e e . {L8)

This equation gives the displacements in the plastic region
of a closed end, partially plastic cylinder while sutjected tc interral
pressure., A typical result of this equaticn is showr by the curve

marked Davidson, et al in Fie. 5.

A comparison of egs. (45) and (48) reveals that the difference

between strain values for the closed erd and cpen end ccendition is
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decreases as 2 approaches rp. This difference also decreases with

greatest at vhe condition of initial yielding or when o =
increasing diameter ratio. For a diameter ratio cf 2.0 the maximum
difference is about 5 percent.

It iz interesting to note that we may obtain eq. (48) by
simply subtracting the produst of V/E times the longitudinal stress
frem the tangential strain for the cpen end case.

Allern and Sopwithzo published a similar sclution using the
Tressa yield condition., They 4id not assume a constant longitudinal
ctress but determined the longitudinal stress distribution in the
plastic region using the Hencky "tutal strain thecry® which is an
approximation ¢f the Prandtl-Reuss theory. They cbtained a solution
in clesed form although their equations are guite complicated and
difficvit to use for engineering design applications. Their results
for the tangential and radial stresses are identical to those of the
above simplified soluticen.

Their results for radial displacements yield values which
are identical to those obtained from eg. (45) for the cpen case. For
the closed end case eq. {48) gives values whick are within 3 percent
of those given by Allen and Scpwith as shown in Fig. 5.

The only signmificant difference between the twc theories,
therefore, is in the distributicn of lcongitudinal stress which is
of particular interest in the desiin of pressure vessels.

2
Hill, lee and Tupper gzives a scluticn usine the Tresca yield

generally not

conditicn and the Prandtl-Reuss, plastic stress-strain law. The solution
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of this prcoblem cannot be obtained in closed form tut can te obtained by
numerical integraticn. It yields essentially the same results for the
tangential and radial stresses and displacements as the above solutions.
Of the available solutions utilizing the Maxwell-lMises yield
eriteria, prcbably the most rigorous, mathematically agg physically
for a given end condition, is that of Prager and Hodgeéz for the
restrained end condition. This solution utilizes the Prandtl-Reuss
: stress-strain relations to obtain the longitudinal stress distribution
% in the plastic region. This solution results in a set of simultaneous,
‘ partial differential equations which carnot be solved in closed form.
Using finite difference methods, a numerical soluticn was obﬁained for
stresses and displacements, for the case of K = 2. An example of these
results is shown in Fig. 5.
Sutherland and weig1e23 have obtained a solution for the
closed end cylinder using the Maxwell-Mises criteria. By assuming a
loparithmic distribution of longitudinal stress in the piastic region,
they were able to obtain a closed form solution for the stresses. The
values of radial and tangential stress obtained from this solution are
in very close agreement with those of Prager and Hodge. A solution for
the strains or displacements was not obtained.
For the case of the open end conditicn the assumption of
constant longitudinal stress throughout the wall results in the plane

stress condition. Tor this condition, a solution for the radial and

tangential stresses in the plastic region can be cbtained by direct -

[

intesration of the differentiz) equation obtained by ccrbining the
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equilibrium equation, eq. (34), and the Maxwell-Mi: ¢z yield criterion.
For the plane stress case the yieid condition may be written in the

form:

0'9=%(o;.+1/a05,2-30;.2) e e (49)

The boundary condition used to obtain the constant of
interration is the fact that the radial stress at r = £ is equal to
the vield pressure for the eiastic portion of the cylinder from
eq.(12), substitutine r,/p for K. The resulting equation for the
radial stress in the plastic region has been determined by WeigleZh and

is riven by:

12 ry /ol"
[(1 + 3 Vx 1>2] ™ (ph + 3r k)
°4 ”‘2 1

2y3 tmd'vr %J -tmqﬁJ -1} ..
4 2
where Z{==§—§%§

25
Bas2d on the above solution Sutherland obtained a socluticon

for the strains in the plastic region using the Prandtl-Reuss stress-
strain relati-nship. The resulting solution is in the form cf an
interral egquation which must be solved by numerical integration.

The complete overstrain pressure may be determined from eqg. {50)
by substitutine, 0= Ty T' 2Ty and o = - Pé. The resulting expression,

as shown in Fip. 2, is:
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where ¥'. = 3—;;—2—

2
It has been shown by the authors that this expression can
be approximated within 2 percent by an empirical equatior. derived from

experimental 4ata for open end cylinders:
1n K R ¢ 7))

This relationship is also shown in Fig. 2

Ty e

Based on this equation, the authors have develeoped an approx-

imate theory based on the Maxwell-Mises yield criterion. This develcp-

L

mert is hased on the assumption that eq. (52) will give the pressure
4ifferentia} which would produce complete plastic flow in a cylinder
subjected to both internal and external pressure. e now consider a
portior of the cylinder between some radius, r, in the plastic rerion
and the elastic-plastic interface ,0. This portion is equivalent tuv a
separate cylinder of inside radius, r, and outside radius, 0, subjected
to an internal pressure, - o'rp (a r = r) and an external pressure,

- o (8 r = ,2). From the above assumption and eq. (52), we may then

write, for this portion of the cylinder:

I

o (8r=p) -0 = 1.08 % 1n e oo .. (53

-
-

Since o. (@ r = £) is equal to -Py for the elastic portion
of the cylinder as ~iver by eq. (12 with K = rp/p we cbtain an approx-

imate e~uaticr for o, in the plastic rerion.
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r,° -,0%2
. 2 el
a-;_p=-oy[l.081nr+.3r2 ok - oo (58)

This equation is in good agreement with eq. (£0) yielding
results which are within 2 percent for all conditions checked. From

eq. (54) and eq. {34) the tangential stress is given by:

=4
£
=i
=
=
=R -
§
=
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e
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2.2
= o [-1.031n£’.+1.os-_33 £ . . . (55)

g 5
op J r W

Substitutine eqs. (54) and (55) and o = 0 into eq. (39)

Syt g e e
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and proceeding as in the derivation of eq. (45) we obtain the following
expressicn for the displacements in the plastic region of an open end

partially plastic cylinder at pressure:

: % ﬂzrzz

3 u o r 1-V) -r2 (1 -2Y)+ =2 (2-

‘ ()=l[1.08(1-2v)1n/7+/° ) -2 )t 2 oY)

™o

(58)
u
As example of the results of eq. (56) for ( F)n = € oo
is shown as the middle curve in Fig. 4.

It is the opinion of the authors that egs. (54), (55) and

(56) offer a significant increase in accuracy over egs. (35), (36)

and (45) as demonsirated experimertally in Ref. 2. They have been

used with very good results for several years by the authors in design
calculations related to production autofrettage of a variety of gun

tubes and pressure vessels,

Althourh eqs. (54) - {(56) were derived on the basis cf an

open end cyrlinder, as shown in Figs. 1,2,4,5 they can be used with

<~
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Yeascnable accuracy for overstrain in closed end cylinders since the
effect of the lonritudinal stress on the values of tangential and
radial stress ani strain is small.

To the authors' knowledge there is no published rirorous
solution to the partially plastiec cylinder protlem for either the open
end or closed end case which utilizas the Maxwell-Mises yield condition
and the Prandtl-Reuss plastic stress-strain law. The few available
solutions using both these theories make other simplifying assumptions
which eould introduce errors of the same magnitude as the error

resulting from using the Tresca yield condition.
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¢. Residual stresses in autofrettaged cylinders. The

ability to extend the elastic pressure range of a cylinder by auto-
frettare depends upon the residual stresses introduced by the over-
strain. The problem of determinins the upper limit of pressure at
which an autofrettared vessel will operate elastically requires know-
ledre of the residual stress distribution after the release of the
autofrettare pressure. Thus, as was the case for the multi-layer
vessel, the elastic stresses produced by the operating pressure are
ther added to these residual stresses. The pressure which will produce
further rieldinr car then be calculated from these total stresses and
the appropriate yieid criterion.

As a first approximatior in calculating the residual stresses,
the cylinder is assumed to recover elastically. The residual stresses
may then be determined by simply subtractings the elastic stresses
produced by the autofrettare pressure, as given by the Lame ejuations,
egs. (7), () and either (5) or (6), from the stresses at pressure, as

determined from the apprcpriate elastic-plastic solutiorn.
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d. Haximum elastic operating pressure of autcfrettaged

cylinders. The assumption of purely elastic recovery upon the release
of the overstrain pressure requires that the residual stresses not
exceed the yield strength of the material in ccmpression. Fer the
case of a completely overstrained open end cylinder with a diameter
ratio exceeding approximately 2.2 depending or the theory used, it will
be found that the compressive residual tanrential stress at the bere,
caleulated as above, will exceed the yield strength of the material.
This will result in compressive plastic flow of the material near the
bore on the release of the autofrettage pressure. This phencmenon is
kncwn as reverse yieldinrg and results in a residual stress distribution
which obviously cannot be calculated by assuming purely elastic
recovery. There has been very little analytical work published -n the
problem of significant amounts of reverse yielding and no theoretical
discussion of the resulting residual stress distribution will be
included here for reasons which will be discussed later,

From the preceding analysis it can be shown that an auto-
frettaged cylinder of a diameter ratio less than 2.2 can thecretically
be designed tc operate elastically at pressures up to the complete over-
strain pressure. For greater diameter ratios, due to reverse yieiding,
the limiting pressure for totally elastic operation is less than the
complete overstrain pressure. An approximate value for this limiting

ressure may be obtained by the followi:g simple analysis.

Reviewing the basic principle of autofrettage, we cbserve that,

while a cylinder is subjected to a pressure cauzinr partial overstrair,
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a condition of yielding exists throughout the plastic region. 3ince
the residual stresses after release of this pressure, if there is no
reverse vielding, are obtained by subtracting the elastic stresses
associated with this pressure, the stress state on re-application of
this same pressure must be identical to that existing on the first
application. This means that, if the pressure is now increased,
vielding will occur throughout the plastic region simultaneously.
Therefore, in order to determine the condition of re-~yielding cf a
partially autofrettaged cylinder, we need only consider the stresses
at the bore.

We now consider a cylinder having a diameter ratio exceeding
2.2 which would reverse yield if completely overstrained. The cylinder
could be partially overstrained to an extent that the compressive
tanrential residual stress at the bore just equals the yield strength
of the material. The pressure required to produce this conditiocn is
defined as the 100 percent autofrettage pressure, PA, and is, of course,
less thar the complete overstrain pressure, ?c, for diameter ratics
exceedinr 2.2.

On a second applicaticn of P, the stress state at the bore,

assumire o, =0, is:

Og = Oge due to Py + oy residual

i

K+ 1
Pl 1) %

o = =P
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=
» Substitutine these values into the Tresca vield criteria
vields for Pj: -
2 .
PA=<§,"K"-1- ’ A 1)
o ? "Ir a similar manrer, the liaxwell-lises yieid\equation_ﬁiveé
for the 1C0% autofrettare pressure:
1 2
?A = G‘:’. 3K+.Z 2'}(; -1) ¢ 6. e b o i o (58)
) : 3K* + 1
AEquationé‘(57) ani (58) rive approximate values for the
maximum p}essure at which an aﬁtofrettaged cyiinder can be desirred to
o cperate elastically. The assumption ¢f no lengitudinai stress in tbe
) ‘ develoﬁment of this equation results in some error. However, in view
of the small effect of lonritudinal stress on rieldinF and overstrain
pressures, it is éséumed,that this effect on P4 is also small.
i Esuation (58) is shown plotted ir Fig. 3.whére the maximum
1§ o ) épgrétiﬁr pressure fovr an autofretiared cylinder can be compared wﬁth
‘g i;’ that for henob]oé, multi-layer vessels, and the complete cverstrain
Eﬁ f coniiticn. Three points are important to rote. First, eq. (58)
:g’i g g oredicts that the ratio of Py to o approaches urity as K recomes
= Tarce, Thus, an autofrettared pressure vessel canrct be desirred to
g nperate elastically at a4 pressure exceeding the yield strencth of the
E miterial no matter how larre the diameter ratioc. Seconi, there is a
g - ? considerable marrin between the 100% autofrettage and complete over-
éf ? strain pressure at larve diameter ratios, Thus, as wili Se subsequently
3 .
E, ; discussed, in some cases it is possible to operate at pressures in
e: - <
%*ﬁﬁﬂ% e e = - -— e e
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excess of the 100% autofrettage pressure and approaching the complete é‘ -
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overstrain pressure, Finally, one-can, of course, by ‘smaller amounts P

of overstrain, design for pressures lower than predicted by eq. (58).
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e. Selection cf derree of overstrain, In applyings the auto-

frettare process to the design of an actual pressure vessel, a decision

must be made concerning the amount of overstrain to be used. This

"
TERb

1
d

decision must be based on a larre numter of factors and on considerable

ensineering judement. Some of the factors which m.st be considered

i ;’J,‘g,‘?‘“

are: material properties*suchfaS'st?ain’hardening_and‘ductility,

"
it

safety factor desired, diameter ratio, autofrettage equiment available,

number of pressure cycles expected, stress concentrations present,

ecoromic factors, importance of vessel weirht and operating pressure,
It is obvious that a complete analysis of all of these factors would

be toc lensthy to include herein. However, several of the more

pertirent factors will now be considered.

T

For a material havines limited strain hardening “he maximum

T e g

strenrth for elastic operation is obtained with 1007 autofrettage, For

the case of diameter ratios exceeding 2.2 this is obtained at less than

g

AL

complete overstrain and is renerally the best desisn provided thrat

gt gy

pressure facilities are available for obtaininz this desree of overstrain.
“here vessel weirht is a factor, suck as in sun barrels, smaller
diareter ratios are often used. In this case, the rreatest strength

is obtained with complete overstrain. However, for non-strain-hardening

k] ey

meterials, this is difficult to obtain due to the risk of rupturing

; the cylinder since the complete cverstrain pressure is also the rupture

i pressure. In practice this problem is overcome by using external

restrainine "contairers" or dies to limit the enlarrement obtained to
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just exceed the complete overstrain condition: 3iﬁf§§h§§hééiiii§;§1if;7;:a4}":

suited for large quantity preduction, S a B °.i: s ; j:f’5;f"lif

Referring to eq. (37) or eq. (54), wve f;ndjtﬁjg"if¢yii;3§f' - if--A};; i -
autofrettaged so that 60 percent of the wall thickness:is yigitfgélii" - ;;;1%’ - E

deformed will have a.strength only 6 -percent less- th’at.?gigg“t;oig a - - * ‘

completely overstiained: cylinder. This can-be accomplished quite eisily = - i

by using strain gageéldrjg;héirg§92§ségg:gégggg{dgndéviggb,oﬁ the j
outside surface to monitor,:h;“é;tégﬁ;q;;;ég;aﬁtQErgf;ggé,j— o / ’ . i: -
1f fatigue faflure of Fhe\vesléi 1@,@kpe¢§éd.to~bé31~§rbﬁlei, §
the degree of overstrain may be -important particularly if the vessel é
wmust have stress concentraticn sucﬁ as notches or holes at the outside ; ¢
surface. The high tensile residual stresses at this surface resulting .
from autofréttage combined with the tensile operating stresses can
result in~fatigueif!1lures initiating at the outside- surface. In ‘this
case there is probably some optimum amount of ove:itrg?ﬁ which will
tend to balance the residual plus operating stresses at the two z -
surfaces.
For a material vhich strain hardens appreciably, ;nc:eases

in strength can be obtained by exceeding the complete overstrain

condition. However, such increases will be accompanied by appreciable : é
F% ) decreases in the toughness of the material and should, therefore, be

F ; used with caution. k
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f. Methods of autofrgttagg. The autcfrettaze process

involves the application of radial forces at the bore of a cylinder of
sufficient magnituie to cause overstrain. Thesé radial forces may te
induced by either direct hydraulic pressure or ty mechanical means.

These two autofrettage techniques will row te described,

(1) Hydraulic autofrettase process. The princinle of this autofrettiare
process- and some 0f the process variablés bas been previously dizcussed.
Therefore, little more need bhe said abeui this aspect.

There is pothing particularly corplicated about the process.
One has the choice 6f using an cpen-end process wherein the cicsures
are supported externallyr b means of a press or an internal mandrel,
or a clesed-end technigue where the closures afe suﬁpcrted br the
cvlinder itself., The desizn theory for both cases has been presented
andrfﬁefefis~1it€ie difference ir the end result. The épeﬁ—end
technigue with the clpéures;é#te?nally supported is generally the
simplest and rost -economical aéproach since one, then, need rot be
concerned with highly stresses threai; in the cylinder or a rmandrel.

The conditions under which one must be concerned about the
cocntrol cf enlargement by means of external support have beer previcusly
discussed and will not be repeated. The desiszn of containers for the

control of enlargement during autofrettaze is described in previcus

25
work by the. present authors .

The hydraulic autocfrettage process has the disadvantage that
a means must bé available for generating pressures equal to, or in
-

excess of, the anticipated operating pressures. Toc -overcome this
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requirement, the mechanical autofrettace ﬁeéhni@ﬁé can be used to

considerable advantace, o

(2) Mechanical autoffet@aggip%oéess. T §S4précéss, whichihasnbeéﬁrf

B ~nA
i A

described ty Reimer and the present authors ., and Manning , utilizes . .

the mecharicdl advantage of a slidiﬁg:cqnicaliwedge to produéé*khe>

very hiehgfadiél'fo;ge§~requir¢d’fof:aﬁtofrettase; Tﬁé'meiho@?§§ﬁéié£$
basicallr of fb:cing,én—évegéized coﬁical mapirel through the tore of
the cylinder to produce ihe required fédialrexbgnsicn.A Thé force
reauired to move the mandrel may be supplied by some mechanisal deviceA
such as a hvdraulic pressror by hydraulic pressure operating directly
on the rear surface of the maﬁdrel.»'An exanple cf the lztler methed

s -

s illustrated in Fis. 6.

~p
‘3.(.‘

Tt has been shown tﬁat'ihe distribution ¢f radial ard tan-
rehtidl residual stresses produced by this method are -effectively equai
to trat precduced by conventicnal autcfrettage. A simmificant lensi-
tudiral stress distributicn is produced by this method tut for reasonably

-

small arounts of overstrain this has a rerlismible effect on the re-yield

pressure,

In desienins for the use of the méchakical autsfrettare
rethod, the zéneral thick-walled cylinder theory, as previcusly bxg;gnigig
car. ke used. The reguired irterference Setweer the wmaxdmum diameter of
the rarirel ard the crlinder bore pricr to autcfreitare can be caléuidbed

as follows. The maximum irternal pressure and the associated raligl

e

€
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o
it
—_n
D
(2]
Wil
"
®©
(8

iismidcement of the bore at pressure required to prodi

e

armount of overstrain is caleulatesi usirr an atbroprizte then-w for the
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L - open-end condition. The initial interference is then equal to the

maximum radial displacement of the cylinder plus the elastic radial
dontraction of the mandrel due to this maximum pressure, This can be
calculated from the eguation for the elastic contraction of a solid

ceylinder under radial pressure and no end load as follows:

H

d,
I
IR | BYARY 4 RSHYE B Rk

(ﬁ - E(-Y) et (59)

ri. E

where Y ard = are the Poisson's ratio and elastic modulus of the
mardrel material.

The final bore diameter after swaging is calculated using

MoUb W LBy avenn

the Lamé equations and ‘the above :pressure to determine the elastic

i % recovery from the maximum radial displacement as determined above.
= : The. eéquaticns used in the above calculations were developed
= : ‘assuming .a cylinder of infinite length. It wouid be expected that

sifmificant error-would result from using these equations when thke
: pressure:‘is applied over only a short length of the cylinder at any
ST time, as is -the:case:in this method. However, considerable experi-

z 27
-mental data ottained both during process develcmment  and actual

= wproduction autéfrettare by :swaging indicate that this method of cal-

f ) -culaticn is valid..
'é ﬁl[pggph A Bofpletd discussion of the mechanical autofrettape
= hrocdEsE 18 sivVep in ﬁéfgnéﬁﬁg 27 sofie fehtion should be made of the
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wall, friction is an impertant cohsiderétién. Althougk there h5§<bééh’f

no extensive investiration of lubricants, thin eleéctro-ieposited

e A R it
A
LY

metallic lavers, such as lead, have beéen found to bte highly satis-

factory.
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Thé =eneral practice is t6 obtain the total desired enlarre-~

m

53

amgﬁ'

ment- in a. single pass- of the- mandrel. through. the bore, rather than: by

a series of mandrels of progreéssively inereasing size. It i5 not

il R WA e T

likely that using the latter approach would offer any advantage since

the radial forces for the last increment of enlargement would be

effectively the same as tha‘;b for the total simultaneous enlargéement.

The mechanical autofrettage procéss offers eccromic and
processins advantages of the hydraulic technique for certain cases.
It permits the autcfrettare of cylinders, at very hirch effective :
préssures, in the order of 15 to 20 kb: the only limiting feature

beins the compressive strength of the mandrel material.
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e, Effect of deviations from ideal material behaviér -on

autofrettare theorv and practice. The preceding discussion of thicke
"~ walled cylinder théory, as indicated, was based on an assumei ideal,

-elastic-perfectly plastic material. All real ergineering materials

e wil

-exhibit a number of deviations from this idéal material behavior.

Three of these deviations which have the greatest effect on the elasiic-

plastic behavicr of a thick-walled cylinder are (1) strain hardeninr,

Pne b L

{2) Bauschinrer effect and (3) strain amirf. : ;

(1) Strain kardeninz. Virtually all metals exhibit some derree of

strair hardenins or increase in flow stress with increasinr plastic
strzir. This will affect both the elastic-plastic beha&ior of the :
cylirier and the behavior after complete overstrain has been reached
includins the ultimate strencth or ductile rupture characteristics. i
Hewever, mary of the materials currently beine used for very hirh
pressure vessels, such as high strensth 4340 steel or maraging steels,
exhibit very little sirain hardening. The fact that the diameter ratio
of a thick-walled cylirder decreases slightly with increasins oversirain g .
terds to counteract the effect of strain hardering. As an example, it
26

was shown tr the authors that a ;4340 steel cylinder, having a diameter
ratic of 2.0 and a rield strensth of 166,000 psi, weuld ultimately
rupture if held at its complete overstrain pressure for sufficient time,
Therefore, fcr this typve of material the ultimate or rupture pressure

: is egual to the complete overstrain, or "collapse" pressure as piven by

: ea. (52).
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£ The éffect of strain hardeninc orr thé elastic=plastic
§ . 50 o
5 behavior has been studied by Liu who published 4 solution of tlie
£ .
E - Y T - ) = 2 s
% partially plastic, thick-walled cylinder followins the method-of -Allen
£ 2(
H ard Scowvith but considerins strain hardering characteristics. He
=
§ utilized a powér strain harderinz law of the fors:
£
§
| = pe¥
S
£
E where ¢, € and ¥ aré the true stress, triué strain and strain hardening
exponert, respectively. This analysis only considers thé problem up t¢
the completeé overstrain condition. Liu noted substantisl Jdeviatisns
from those soluticns assuming an =lastic-perfectly plastic material,
i.e.. ¥ =0, for values of ¥ exceedins 0.2. Since the strair hardering
exponent for mcst hich strenrth, ensineering materials is considerably
less than C.2, the increased complexity introduced by considering strairn
hardenins is rererally not necessary within the partially plastic
rerion.
t - - . . .
If a raterial does exhibit appreciable strain harderine, the
% strenrth cof thé crlinder will continue to increase after the complete
:
£ cverstrain pressure is exceedei, Since the deformations associated
witk this larre plastic f{icw are considerahle the dimensicnal charres
éf tre cylinier must be considerei. This results in the fact that, as
§ the pressure continues tc increase, a point is reached at wrich the rate
£
£ of strerrth increase due tc strain hardenirs equals the rate of strensth
E jecrease due to the decrease in diameter ratis. The pressurs at which
£
g
§ L9
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this occurs is called the ultimate pressure since beyond this point
Athe cvlinder is unstable and rupture will occur. This is analogous to
the-ultimate tensile strength and initiation of necking i~ a tensile

17 .
test.. Crossland et al have shown experimentally that the ultimate
pressure can be determined with reasohable accuracy for a closed end

cylinder by:

P

u=2

o’u(}é;i) e e e . (60)
_ for the case of a material cof appreciable strain hardening and
Juetility.

It should be noted that the rupture pressures, as fiven in
eq. (52) ard particularly in eg. (60), apply to materials exhibiting
considerable ductility ard tOughness; Many of the hirh strensth mate-
rials used in very hirh pressure vessSel design may not have this
required ductility and thus will not be able to withstand the large
bore strains associated with these equations. Thus, fracture can be

expected at pressures less than the theoretical ultimate or rupture
This point will be considered further in the secticn dealine

: ‘pressure.

with materials selection. It must be emphasized that the ultimate

pressure should never be used as a basis of design but orly as an -

B T UL Ty T

indication of the upper limiting value that nmay be attained in a

it

hirhly ductile material.

o

(2) Bauschinger effect. An effect, which is often neglected in thick-

walled cyvlinder theory but can be very simificant irn certain cases, is
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% the Bauschinger effect. This plienomenon éan be déseribed .as follows. :
E o - - 3
g A sample of a metal is subjected to a tensile load exceeding its yield
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strenéﬁh resulting in a given amount of tensile plastic deformation:

If this material is now loaded in compression, it will exhibit a

-compressive yield strength significantly less than its original yield

strength. The~extent of this effect is shown in Fig. 7 obtained by
Milligan et al31 ‘which shows the compressive yield strength (at 0.2:
percent offset) after temnsile deformation versus the amount of tensile
plastic flow for a 160,000 psi yield strength, 4330 steel.

The importance of this effect in an autofrettaged, thick~walled
cylinder can be seen by examining the strain history of the material
near the bore. During the application of the autofrettage pressure,
this material undergoes tensile plastic flow ranging from 0.2 to 2.5
percent depending on the diameter ratio and amount of overstrain. From
Fig. 7 we 8ee that this will result in a decrease in compressive yield
strength of 20 to 55 percent. As the pressure is decreased, the
tangential stress decreases elastically to zero and then becomes
compressive, approaching the theoretical residual compressive value.

Due to the Bauschinger effect, however, this theoretical compressive
stress may now exceed the reduced compressive yield strength. This

will result in reverse yielding in cases for which no reverse yielding
would be expected if the Bauschinger effect were neglected. The
significance of this effect in large diameter ratio cyliﬁders, and its
relationship to the residual stresses and non-linearity in the pressure-

strain curve upon unloading and reloading .fter overstrain, was pointed
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out by Franklin and Morrison . In the lcwer diameter ratio range,

recent results by the present authors indicated that reverse yielding
will cceur at a diameter ratio of approximately 1.8 instead of 2.2 as
theoretically predicted.

As a cylinder which has reverse yielded as a resull of the
Bauschinger effect is re-pressurized to the original autofrettage
pressure, the material nea- the bore will reyield in tension. +hen
this pressure is released, this material will again reverse yield in
compression. This phenomenon prcduces the so-called hysteresis lcob
effect in the pressure-strain curve which has been noted by many inves-
tipators.

The practical significance of this phenomenon is not rererally
understood. Since there arc no appreciable permanent dimensional chanses
associated with this effect, for relatively few applica®ions of pressure,
it can be considered of no practical sirnificance. However, ‘here will
certainly be samne effect on fatigue behavior which will be discussed
in another chapter. Also, the dilatation of the bore will be greater
than that predicted by elastic theory which could cause seal! or alisn-
ment probiems.

The important thing to note is that, when the Bauschinger
effect is considered, there is no longer any practical sipnificance to
the dianeter ratioc above which the classical theory predicts reverse

yielding. The designer must accept the fact that some reverse yielding

will occur in virtually any vessel operating at very high pressures.

* % oimg it
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The problem that the designer must solve is not to avoid reverse yieid-

ing but to decide how much can be tolerated. This will be based cr the
amount cf recoverable plastic bore dilataticn that is tolerable ut
maximum operating pressure and the fatigue life reguirements. In fact,
one can actually operate to the pressure corresponding to the complete
overstrair. condition as shown .i. Fig. 2 for diameter ratios exceeding
2.2 if some recoverable plastic deformation is not deemed deleterious
to operational characteristics,

(3) Strain aging. The third type of deviation from ideal rmaterial
behavior which should be considered is strain aging This is a phenom-
enon which is seen in some materials, notably allcy steels, and can be
described as follows. If the material is loaded in tensicrn producinr
plastic deformation and thern unloadzd and heated ai some specified
temperature and time, a significant increase in tensile yield strensth
will result. Fcr example, recent unpublished data by Milliran on
160,000 psi yield streneth, 4330 steel shows an increase in yield
strencth of 15 percent after 1.5 percent plastic strain and heatinfg to
600SF (31:°C) for 3 hours.

It has been standard practice for many years in the autofret-
tare of gun tubes to subject the tubes to a thermal treatment after
autofrettage. This has been found to decrease the hysteresis effect
when the tube is re-pressurized. There are two possible explanations
for this effect. The thermal treatment could either reduce the

Bauschinper effect or, through strain aging, increase the rield strensth
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of the material, This thermal treatment is accomplished after the
release of the autofrettage pressure and, therefore, after the reverse
vielding caused by the Bauschinger effect has already occurred. It
must then be assumed that the most significant effect of this thermal
treatment is to increase the material yield strength through strain

arinf,

The practical benefit of this treatment is not fully under-
stood. It has been shown by Davidson, Eisenstadt and Reiner32 that
this thermal treatment has no simnificant effect on the fatipue life
of autofrettaped cylinders., This indicates that repeated pressure
cvecline tends to "wash out” the effests of this thermal treatment

and/c * the hrsteresis effect for a non-thermal-traated cylinder.
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3. Autofrettage and Multi-Layer Cylinders Combined

Based on purely thecretical considerations, the strongest
possible cylinder design, without using a variable external restraint,
can be obtained from an autofrettaged monobloc cylinder. However,
there '+ several practical factors which impose limits on the use
of aut-':ettage alone at very high pressures, As previously stated,
the maximum reasonable design pressure for an autofrettaged cylinder is
approximately equal to the yi2ld strength of the material near the
bore. At the time of this writing, the maximum strength materials
available in a form suitable for vessel construction have an elastic
strength in the order of 17 tc 20 kb or somewhat higher if recoverable
flow is permissible. We should then be able to construct autofrettaged
vessels Lo operate in this pressure range. However, for operating
pressures exceedirg 10 kb the following practical factors must be
considered.

1. The pressures required to autofrettage a vessel to
operate in this pressure range may not be available from existing
pressure generating eguipment.

’ 2. For large sized vessels metallurgical factors limit the
size in which theae high strength materials can be produced.

3. Since the very high strength is only required of the
material near the bors, it is often uneconomical to use ulira-high
strength material for the entire vessel,

4. Since these uitra-high strength materials have much

greater tendency toward brittle fracture, the danger of catastrophic
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failure of the vessel is greatly increased if it is constructed entirely
of this material,

For the above reasons a design approach, whicl' was previously
proposed by the authorss, is recommended for vessels operating at
pressures exceeding 10 kb, This approach utilizes an ultra-high
strenrth, autofrettaped liner combined with a lower strength lacket
which may ¢r may not be autofrettaged.

An example of this spproach is shown in Fig. 8 which illustrates
the desirn of a vessel having an elastic operating pressure of 245,000
psi (16.9 kb). This desien utilizes a liner of 250,000 psi (17.2 kb)
and a jacket of 160,000 psi (11.0 kt) yield sirength respectively. For
example, these could be a fully aped maraging sleel liner and a tempered
martensitic 4340 steel jacket. The liner is partially autofrettaged
usinr a pressure of 190,00C psi (13.1 kb) which is within the capabil-
ities of existing pressure renerating equipment. This wili produce the
regidual stress distribution shown in Fig. 8A based on the Tresca yield
critsrion. The jacket is now shrunk or sc that the interface pressure
is ju .t sufficient to increase the compressive residuzl stress at the
bore of ihe linar to equal the yield strength of the liner material
(neplectine Bauschinper effect). The overall residual stress distri-
bution after 3lacketing is shown in Fip. 8B and the total distribution
of tancential and radial stress ai the operating pressure is shown in
Fir. 8C. This indicates that this vessel will operate elastically at
this operatins pressure., For some similar designs it will be found

that the stresses at the bore of the jacket will exceed the yield
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condition at the operating pressure. In this case, a small amount of

autofrettage of the jacket prior to shrinking will eliminate this
problem,

The stated valuesn of material streugth and hydrostatic
preisure generating capabilities are consistent with current technology
at the time of writing this report. It is anticipated that these values
will steadily increase with advancing technology. Although the specific

numbers may become outdated, the basic principles and design philosophy

will remain valid.




C. Segmented Cylinders

The maximum operating pressure of the cylinder designs

discussed thus far has been limited by the magnitude of the pressure-
induced tanrential stresses at the bore. However, if the cylinder is
in sorme manner radially sectored, the thick-walled cylinder theory no
loncer applies and the stresses at the bore no longer represent a
limitine factor.

The two reneral approaches for the application of the
prirciple of sesmented cylinders are shown schematically in Fig. 9 .
The first of these whereii the intermediate cylinder is sectored, with
the serments not being connected, will be consic 'red in detail in a
subsequent section. The second technique shown, which is termfd the
pin-sermerited vessel, was originally proposed by Zeitlin et al)B,
and subsequently investigated by Fiorentino et al?h, In this case,
tre serments are not free, but are connected by pins. This design,
however, does not offer any advantage with respect to maximum operating
pressure over those previously discussed. It does offer the possibility
cf manufacturings vessels of extremely large size, i.e., up to 10 feet
or rore in outside diameter. Vessels of this size would not be feasible

br other methods due to limitations in material fabrication and heat

treatment.
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D. Variable External Support

As previously stated, the use of residual stresses tec inerease

the usable operating pressures of thick-walled cylinders is limited 2
by the maximum compressive residual stress that the material can swnport
when the internal pressure is effectively zero. This limitaticn can
be overcome by scme method which produces a compressive tangential
stress at the bore of the cylinder that can be increased as 1 »
internal pressure is increased. This can be accomplished by st jascting
the cylinder tc an external pressure which is small when the inter.;al
pressure is zero and can be increased as the internal pressure is
ircreased.

The effect of this external pressure can be seen if we
exanine the Lame equation for the tanrential bore stress due to both

internal and external pressure. This is:

%ri T fig2.1 T Yo 291

Fer a cylinder with a diameter ratic of 3.0, this eguaticn

beccmes:
”brl = 1.25 Py - 2.25 P, o e o« (62)

From this we see that the external pressure requirea tc pro-
duce a ~iven compressive tanrential bcre stress is censiderably less
than the internal pressure which would procuce the same 1larnitude of
tensile stress.

The various technig:es utiiizine a variable external support

will now be ccnsidered.
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1. Direct External Pressure

The obvious method of producing this variable external support
is to place the cylinder within another pressure vessel or vessels ard
subject it directly to an external hydrostatic pressure which can be
independently controlled. 3Such an approach was discussed by BridgmanBs.
More recentiy an approach based on the use of multi-layers was proposed
by Bermaan for pressures to 500 ksi. However, this method presents
problems in renerating, controlling and sealing this external pressure.
Although these problems can be solved, there are other methods of
accomplishing this same effect so that this method is not generally
used. The analysis of this design to determine the maximum operating

pressure is the sare as that for the tapered external cylinder desigr

which follows.




2. Tapered Exterral Cylinder

A simple nethod for applying external restraint was developed
hy Bridgman37. This consists of making the pressure vessel with a
tapered or conjcal outside surface. This is fitted into a heavy-walled
Jacket having a matching taper on the bore., As the pressure in the
vessel is increased, the vessel is forced intc the tapered jacket by
a hydraulic press thus producing an external pressure on the vessel.

A film of soft metal foil between the vessel and jacket provides
sufficient lubrication. In this device the operating pressure in the
vessel is generally developed by a piston moving directly within the
vessel. The force on this ram is provided by a second hydrauliec press.
A schematic diagram of a typical design of this type is shown in Fig.10.

A detailed stress analysis of the inner cylinder of this
device is difficult for the following reasons:

The maximum internal pressure is usually generated after
the piston has moved a significant distance into the cylinder. The
resulting elastic dilation of the inner cylinder causes a variation in
the interface pressure along the length.

The variation in diameter ratio along the length results in
further variations in interface pressure.

The pressure discontinuity at the point of seal of the piston
causes bending stresses in addition to pressure stresses in the inner
cylinder,

However, an approximate solution to this problem can be

obtained if we neglect the above effects and consider a section at the
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center of the pressurized portion cof the vessel., The fellowing assump-
tions are maie in this analysis.

1. The vield strengths of the inner and outer cylinders are
equal (03,) .

2. The mamnitude of the externzl pressure is limited by the
stren~th of the jacket. Usins an autofrettaged jacket, the maxdmum
usable exterral pressure is riven by eq. (57) if the diameter ratio
of the jacket exceeds 2.22.

3. The liner is autofrettaged to produce a residual compres-
sive tarrential stress at the btore equal to the yield strensth and has
a diareter ratio exceedin=~ 2.22.

L. The Tresca rield criterion is used and the lonrsitudinal
stress is assumed to be the intermediate stress.

The difference between the internal and external pressure at

wieldin~ of the inner cylinder based on eg. (57) is:

2
Ki® -1
P. - F = € _1_...__—

oo o2 I ()

For the conditicn of simultaneous yielding of both cylinders,

P, is the rield pressure for the ocuter cylinder which is:

2
P0=c;,2K__4_‘_£ R (8
+ K22

Substitutinr en. (64) intc eq. (63) and determining the value
ef K, which provides the mavimun value of P; fer a riven K¢, as in the .

case of the multi-larer vessel, yields:
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K22__.Kl =Kt« ....o.o~0(65)

if O'yl = yzo
The maximum yield pressure then is given by:

?xzz(xt-l) B (73]
K¢

This, then, gives an approximate upper limit design pressure for this
type of vessel.

In order that the fourth aasumption be satisfied, a high
compressive longitudinal stress must exist in the inner cylinder at
the operating pressure. In the tapered jacket design, this is provided
by the hydraulic press which forces the inner cylinder into the tapered
Jacket. Since this longitudinal stress approaches zero at the small
end of the jacket, the maximum operating pressure should not be per-
mitted to exist near this end of the vessel.

From the above arialysis, it can be :een that the maximum
operating pressure for a vessel utilizing external support is limited
by the maximum external pressure that can be applied to the inner
cylinder., This is true rezardless of the method which is used to apply
this restrai.t. If the external pressure is provided either by a
tapered jacket or by direct hydrcstatic pressure, this external pressure
is limited to the strength of the jacket or outer vessel. However, if
some method is used which is riot subject to the limitations of thick-
walled cylinder theory, it is possible to apply significantly higher
external pressures and thus obtain higher operating pressures. Such

an approach will be described in section 3d.
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3. Sermented Cylinder

The concept of a segmented cylinder, the principle of which
has been previously discussed, is not limited to use as a means of
providing variable external support for a load carrying inner cylinder.
It can also be used to contain the internal pressure directly with a
thin liner to prevent leakage of fluid into the spaces between the
serments, In this context it is not appropriately considered a case of
variable external support, as are the two previous designs, and would
more appropriately have been discussed in the previous section on
sermented cylinders. However, due to the similarity of the design
analysis used, all types of vessel designs utilizing segmented cylinders
will be considered in this secticn.

As indicated above, the segmented cylinder can be utilized
in a number of different ways in pressure vessel designs. Since a
sermented cylinder cannot in itself support any internal pressure, its
use is based on the application of an external force on the segrents
which intensify and transmit this force to an inner cylinder that
actually contains the pressure, The external force may be applied by
means of direct mechanical contact with an outer cylinder or by hydrau-
lic pressure applied to the outside surface of the segmented cylinder
and contained within an external cylinder. The internal cylinder which
is supported bty the semments can be either a thin liner which is not
an actual structural member but simply prevents the pressure fluid
from enterines the space between the serments, or a thick cylinder which

forms a structural component of the pressure vessel. In considering
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the desisn analysis ther,, the various applications of a segmented

cylinder can be divided into (a) thin liner - solid outer cylinder,
(b) thick-walled liner -~ solid outer cylinder, (c) thin liner - variable
external pressure, and {(d) thick-walled liner - variable external

pressure. These various confirurations will be separately discussed.
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a. Thin liner - solid outer cylinder. This configuration,
which is shown schematically in Fig. 9, was originally proposad by
Poulter38 and has been further investigated by Pugh6’39 for the case
of a non-autofrettaged, monobloc outer cylinder. Pugh's analysis,
which will now be presented, is based on the assumption that simulta-
neous yielding of the segments and outer cylinder represents the
optimum condition.

At the maximum operating pressure, the segments are assumed
not to be in contact with each cther and thus, from a force balance on
the segments, the ratio of internal (P;) to interface (P3) pressure

between the ssgments and outer cylinder is:

P1=K1P12 osoo.ouoc(67)

where Kl is the diameter ratio of the segmented cylinder.

The condition of yielding at the bore of the outer cylinder
using the Tresca yield criterion is given by eq. {9). Substituting
this for Py, in eq. (67) yields:

p - &L 1, L (68)
v 2 K K—23

Differentiating eq. (68) and equating to zero yields the
value of K which will produce the maximum value of Py for any given K.
This yields

opt, = V3 I )

Pugh gives the condition for yielding of the segments as:
Pytos,l(l-#-ot) e s s e 4 (70)
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where X is the semi-angle of the segments and normally has values of

» ARMC I gy

%L'or gt. Equating eqs. (68) and (70) and substituting the optimum
K2 from eq. (69) gives the following condition for simultaneous yield-

ing at both bore surfaces.

o2}
Ktopt.=;,%(l+ac)3-\/'3 cee e ()

The maximum operating pressure, for diameter ratios less than
optimum, i.e., X, < Ky opt.s is obtained by the substitution of eq.

(69) into (68) as follows:

o5 b
P » = *'—-'-‘.; * . L 2 * L] - L d *

For a diameter ratic equal or greater than K, cpt. yielding
c¢f the serments is the controlling factor and the maximum Qy is given
by eq. (70).

Assumings equal strength of the segments and outer cylinder,
based on the consideration of stress alone, this type of segmented
vessel desipn offers considerable advantage in terms of maximum operat-
ing pressure over the multi-layer and autofrettaged designs considered
thus far. However in order to fully utilize the potential of the
semmented cylinder design, it is advantageous to use a material of
hirher compressive strengti for the segmented cylinder. As can be seen
from eg. (71), this will result in very large diameter ratios for an
optimum desirn, viz. Ky = 15.6 if o3 = 2 0p5. This diameter ratic can

be reduced by utilizine an autofrettaged outer cylinder as will now be

discussed.
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The maximum elastic operatins pressure for an auteof-ettaged
cylinder is river by either eq. (38) or eq. (57) based on the Tresca
yield criterion. The cordition for yielding of the outer cylinder

then becomres:

o K
< it
P, = -ng—ln Ko, K& 2.22 N )
or
b S S U SN
y - ifyz l(t K -K Py }\4--—-4..22 e s & o (714)
2 2
From egs. (73) and (74) the optimum value of K, is found to
be 2.22.

Sirce in actual practice one would rererally use a vajue of
K2 slirhtly rreater than 2,22, the conditiorn for simultaneous yieldinf

from eqs. (74) and (70) is

~ 2
K, = ¥ (1+x) i ) N ¢ L))
cpt" ('}3’2 Kzé—l

Fer the optimum value of K2 this beccmes

a
'_I

I V(i

D
N
—
)...J
I3
g
~~
i\)
\1
w
1
A

Kt opt,

which rives a substantially lower vaiue of the coptimum diameter ratiec,
Sirce both desisrs are limited by rieldings of the serments, they both
have the same maximum cperatine pressure for the sarme serment material
as river btr eq. {70).

The above aralysis has corsidered orly the stresses. It has

3a
beer. ncted by Fiorentinc, et al and ty Purk  tkat, il the sermented




¢ylinder and the outer cylinder are assembled without significant inter-
ference and compressive pre-stress in the segments, the dilations at
the bore of the segmented cylinder will be large. This will result in
large plastic strains in the inner liner and pessibly extrusion of the
liner material into the spaces between the segments., As suggested by
Pugh, this problem can be partly overcome by assembling the cylinders
with an interference fit resulting in compressive tangential stresses
in the segmented cylinder. As the internai pressves is increased, the
segmented cylinder will act as a complete cylinder as long as the
tangential stresses remain compressive. This will result in signif-
jcantly smaller dilations at the bore of the segmented cylinder. How-
ever, the advantage of a segmented cylinler is its ability to transmit
and intensify an external pressure as . - in eq. (67). This
requires that the segments nct be in contact at the maximum przssure.
The optimum design would, therefore, be one in which the initial
shrinkage interface pressure is such that yielding wiil occur at both
the bore of the outer cylinder and the segments at the pressure which
will just produce complete separation of the segments.

If the segments are machined so that the contacting surfaces
are parallel in the un-stressed condition as would be required in order
to apply the I..amé equations to the segmented cylinder, the complete
separation of the segments does not occur at one value ol internal
pressure but cccurs first at the bore and progresses outward with
increasing internal pressure. The analytical solution for this design

between the pcint of initial .nd final separation is difficult since
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it becomes a statieally indeterminate structures problem and the Lamé
equaticns no lonper apply to the segmented cylinder. There is ne known
solution te this problem,

In order to obtain an upper limit to the optimum value of
initial shrinkage interface pressure, it can be seen that it must be
less thar the value which would result in simultaneous yieldins of the
outer cylinder and initial separation of the segments at the bore.

The solution for this case can be cbtained since the segmented cyliinder
can be considered as a continucus ¢rlinder and the Lamé equations used.
This scluticn will now be presented.

The Lame equations for combined internal ani external pressure

and the condition of separation of the sesments at the bere (i.e.,

Oir = = 0) yields:

3 K.Y = 2 pit
Pi (l - Kl ) - 2Kl P12 s & o o s (77)

It should be noted that Pf and P{z apply tc the case cf simult.necous
separatior of the semments and yielding of the outer cylinder. Thus,
they are not the same as P; and Py, as riven in eq. (€7) which are
based on the case of complete separation of the semments. Thus, the
vrevicusly siven relationships invelving Pi and Py, are used tn

3.

determine ves-<l operation pressure and cptimum confifuratien. Py

3

and 912 apply orly t~ the guestion of the optimum amount of jinitial
interfersnce between the semments and the outer cylinder.

The value of P], which will yield the outer cylinder, usinr
an autofrettaged cvlinder of the optimu: diameter ratic (i.e.,
Ko = 2.22), is:

Flp = 797 oy, c e (78)
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Substituting eq. (78) into eq. (77) yields:
& (_2_1952)
P - (Ta2) 7 % Ce e (T9)

Equations (78) and (79) give the pressures existiny at the
bore of both cylinders at the condition of simultaneous yielding of the
outer cylinder and separation of the segments.

In order to design a vessel, it is necessary to know the
value of initial shrinkage interface pressure, PI

12
the above condition. To obtain this initial value, a general relation-

, which will produce

ship between P12 and Pi is required which will apply as long as the
serments remain in contact., This relationship is obtained by equating
the elastic strain at the bore of the outer cylinder due to Plz to the
elastic strain at the outside surface of the segmented cylinder due to
P12 and P;. The relationships for these strains are obtained from the
Lame equations and Hooke's law, rssulting in the following:

2P, - P, E{f (1-y7) +(1+\’;ﬂ _ P sz (1+y))+ (1-))31]
E (K2 - 1) Ep (K% - 1)

(80)

The initial interface pressure, PILZ’ can now be determined by
calculating the change in P12 resulting from changing Pi from the
value at pressure (P;) to zero. The absolute value of this change in
Pi5 is found by substituting P from eq. (79) into eq. (80) which yields

A Py5. The initial interface pressure is then given by:

Pa = Po-4P2 v -n (8D
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where Pf, is given by eq. (78).

The radial interference between the tore of the outer cylinder
and the outside diameter of the segmented cylinder prior tc assembly
can be determined from eq. (24) piven in the section on multi-layer
cylinders.

Two points are important to note with respect to the behavior
of the thin liner and its effect upon the maximum operatinr pressure.
First, due to the high radial and tangertial stresses in the liner
at hirh pressure, substantial plastic flcw and extrusicn in the longi-
tudinal directicn may occur if no means are utilized to control the
longitudinal stresses. Thus, a system to provide a variatle longi-
tudinal compressive stress in the liner must be provided. The friction
between the liner and the segments may vbe sufficient tc pravide this
stress.

The seccnd point involves the radial displacement of the
liner. Althourh the separation of the semments with possible failure
of the liner due to excessive strain and/or extrusion betweer the
semments can be minimized by the use of a pre-stressed jacket, or
possibly by pre-shapinr the semments to retard initial separation,
even further steps may be required. A possible aporcach in which this
prcblem may be eliminated is to use a variable external pressure between

the semments and outer cylinder, as will be subsequertly dizcussed.

-
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b. Thick-walled liner ~ solid outer cylitder. As previously

discussed, the pressure which a thick-walled cylinder can contain can
be greatly increased by subjecting the cylinder to an external pressure.
It would therefore appear that if one utilized the very high pressure
centaining capability of a segmented cylinder to apply an external
pressure, extremely high internal pressures could be contained.
However, as discussed in the section on thin liners, the dilation of
the bore of the segmented cylinders at the maximum pressure may be
sufficiently large to permit plastic strains in the inner cylinder.
Therefore, on the release of the maximum pressure, reveirse plastic
strains will oceur in the liner similar to reverse yielding in an auto-
frettaged cylinder. Since the operating limitations of this design
are based on the vslues of plastic strains which can te tolerated and
gsince there is no known solution fo' the magnitude of these strains,

no specific maximum operating prsi1.-€ can be given. It is prcbable,
however, that this design offers no significant advantage over the thin

liner design.
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¢. Thin liner - variable 2xternal press:- The use of a

variable external pressure semuented vessel was investirzated by

40 Ll 42 L3
Ballhausen , Gerard and Brayman , Fuchs , levey and Huddlesten .
It is worthy to note that this approach has also found considerable
application in apparatus utilizing solid pressure transmitting media,
as well as in the hydrostatic type pressure vessel c¢f concerr in this
chapter.

As previously discussed, the use of a segmented cylinder
supported directly by an outer cylinder is theoretically limited by
the strenrtn of the semments. Thus, there appears to be no advantage
to be pained strensthwise by supporting the segmented cylinder by a
variable external pressure. However, the practical limitation of the
previously discussed designs ma, nct be strength alone but the amount
of dilation which can be tolerated at the bore of the segmented
cylinder. This dilation can be minimized by supperting the segmented
eylinder by a variable external pressure which is increased as some
predetermined function cf the internal pressure. This is acccmpliished
by placine a thin jacket around the outside surface of the segmented
cylinder toc prevent leakage of pressure between the segments.

The optimum condition would be to have the magnitude of the
external pressur: such that, for all values of internal pressure, the
serments would be just contacting but with no compressive tangent:al
stresses. This would provide the desired pressure intensification and

a minimum dilation at the bore of the sepmented cylinder. However, due
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to elastic deformations of the segments, as studied by Fiorentino
34
et al this condition cannot be presisely obtained. However as

pointed out by Fiorentino, by proper initial shaping of the segments a

reasonable approximation of this condition can be achieved.




4. Thick-wallex liner - variable external pressure. A4

lorical extension of the externally pressurized sesmented cylinder
corcept is to use it as a rmeans of applyins a variable external suppert
to a load~bearinr or thick-walled irner lirer. Airn exarple of such
approach is shown schematically; in Fir. 11.

The analvsis of the irrer crliirder of this desim is
essentiallys the same as that for the tapered exterral cylinder Jesim
except lhat the ecternal constraint pressure P, as river ir es. (6i),
na row exceed o o ani aporoach the corpressive strensih of the seents

as ~iven ir ea. (75). Thus, ircorperatin~ es. (70) irto eq. {63)

rives for the operatins pressure:

iv'l (hl -L) -r(l"‘a) %’2 e o o e (32)

This aralysis arain assumes that the lcnsitudinal stress in

the irrer cyrlinder is ithe intermediate prircipal stress. Therefore,

to use this desi-n 4o mavimw vartare, it is necessary tc applr a
aria eororessive ionsitudinsl stress to the inner lirer., This

a varistr» of ways, includine the use of a
cr b7 usine the variable external pressure as

42
shown scheraticallyr in Fis, 11. Anciher approach is that used by Fuchs

whereir v usinrr leakare paths, the interral pressure automatically

.
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supplies and cortrels the external pressure and, also, the end leading

of the irner liner,

From a practical standpeint it is important to note that the

limitine factor in this desisgn may no longer be the strength of the

Wik Ty
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3 . cylinder Lut the compressive strength of the pisten used to generate

S

the pressure,
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E. Summary of Pressure Vessel Desimm

The theoretical spproaches to a variety of pressure vessel
designs have been discussed, As previously stated, the type and
construction of the vesgel one chocses depends upon the experiment and
may range from a simple monoblce te a complex arrangement utilizing
several of the principles described. The decision as to which design
to use depends to a great extent upor the pressure level desired and
materials available. As a simplified guide in such a selection, Table I
shows a comparisen of the maximum theoretical elastic pressure limits
in terms of the yield strength of tine materials along with the pertinent
design relationship for the varicus confipurations previously described.
These relgtionships are shown plotted in Fig. 12. It should be noted
that, for comparissn purposes, specific assumptions, as shown in Table I,
are made concerning some of the variables in several of the design
concepts. For simplicity, the values and relationships shown are
based on the Tresca yield criterion assuming that the longitudinal
stress is intermediate. The relationships given then represent only
a puide and the actual design of a vessel must take into account all
possible theories and variables and those best fiitting the actusl
condition chosen. It is also important to consider that the elastic
solutions presented along with the pressure limits shown in Table I
are eloped assuming an infinite length cylinder. In practice, the
vessel itself is not of infinite length and the pressure, in some
instances, is exerted over only a short length cf the vessel, The

effect of this will tend to make the upper pressure limit values shown
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somewhat conservative due to the restraining effects of the unpres-

surized lsngth of the cylinder.

There g~e several points of interest with respect to Table I
u;d Fig, i2, First, in the limit of diameter ratic, the elastic
pressure limit for the multi-layer case i3 equivalent to the auto=-
frettaged cc;ndition. This 1eeds some clarification in view of previous
statements. Referring to Fig. 3 it can be seen that the autofrettaged
case approaches % much more rapidly than does the multi-layer case.
However, as shown by comparison of the curves for the two and three
element multi-layer cylinders, as the number of elements increases, the
multi-layer curve more closely approaches that for the autofrettaged
case at all diameter ratios.

Due to reverse yielding the 100% autofrettaged curve, which
corresponds to the maximum elastic operating pressure, differs from the
complete overstrain curve for cylinders having diameter ratios exceed-
ing approximately 2.2. In reality an autofrettaged vessel of a diameter
ratio greater than 2.2 can be autofrettaged and operated at pressures
exceeding the yield strength and as high as the complete overstrain
pressure if recoverable plastic flow is permissible and the ductility
of the material is sufficient to withstand the strains involved. In
contrast, if the maximum elastic pressure in the multi.layer vessel
is exceeded, the vessel will undergo irreversible plastic flow.

As shown, the use of a variable external support, whether by
means of a direct external pressure or a tapered external cylinder,

significantly extends the elastic operating pressure over that obtained




by autefretiaged or multi-layer construectien, It shculd be noted,

however, that autcfrettage of the liner and cuter cylinder is necessary
to achieve the elastis operating pressures showr,

The highest permkissible elastic operating pressures are
obtained by those confirurations based on the use of a sermented, cr
sectcred, cylinder. As shown in Table I, the relationship and the
maximum operating pressure, as shown in the second curve from the top
of Fiz, 12, for the thin and thick-walled liner - sclid cuter cylirder
and the thin liner - variable external pressure sesmented vessel
designs are the same. The only advantage, in this case, cf usinrc a
variable cuter pressure, as compared tc the solid autofrettszred cuter
vlinder, is to reduce the problem of excessive strains and perhaps
extrusicn of the liner.

Using a segmented vessel with variable external pressure as
a means of variatle support for a thick-liner has the potential of
achieving the hiphest cperating presswre of these desims considered,
The increased elastic operatinc pressure of this cver the thin-liner
seqmented vessel desirn is due tc the strergth contribution of the
thick-walled autofrettaced liner.

Scome menticn shculd be made of the form cf the curves shown
in Fif. 12 for the serrerted vessel desims. Firat, due io the assump-
tions of minimum diameter ratics, as listed in Tatle I, tke curves de
not extend from Ky = 1. Second, the curves are dizceortinucus and
effectively level coff when the cornditicn of yieldirr iIn the serments

becomes contrelline, This conditior is defined bty the secrnd equation
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in Table I fcr each of the semented vessel desirns where it has been

I

assumed that oc =7~
Ir closine this discussion of pressure vessel desirn, attention

LA

should be drawn to two quite recent papers by ./iilson and Skelton

45

ani Babb which have not been previcusly referenced. Beth papers

contair excellent reviews of many aspects of pressure vessel desigm.

The latter paper alsoc considers a number of the practical prcblems

associated with the choice, fabrication ani utiiizaticr of pressure

vessels ard hish pressure equipment.
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IZII. MATERIALS FOR PRESSURE VESSELS

The choice of materials for pressure vessels depends upon
severa)l factors irncludin-~ stress level, stress state, rumber of cycles,
construction, stress discontinuities, failure criterion, envirorment,
etc. Here apain, as in the case cf vessel lesirm, it seems more
pertinert in view of the wilde spectrum of vessel design and application
to consider the principles of materizl selectior. rather than specific
maverials for each possible application.

To start, it may be helpful ‘o consider what properties of a
material are si-nificant in pressure vessel applications. In some
jnstances, the sirnificance of the property is obvious. In other cases

however, it is not so cbvious and has often either been overlcoked or

ne~lected resultins in some failures.

12
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A. Yield Strength :

Yield strencgth is one of those properties whose significance A
is obvious and little need be said. One point worthy of mention,
however, is that, in some materials from a practical standpoint, yield
strencth, or more appropriately fracture strength in the case of highly
brittle materials, is anisotropic. For example, in some high carbon
tool steels, carbide, etc., the strength in compression far exceeds
the strensth in tension. 1In the use of such materials then, one must
consider the difference in the ability to withstand compressive versus
tensile stresses. Although usually such materials are only used where
the desiren stresses are principally compressive, cre must insure that,
durinc the pressure cycle, they 4o not become significantly ternsile
due to the pressure itself, or the presence of bending or stress
discontinuities or stress contentrations. For example, tunssten carbide
is a hirhly desirable material for the segments of sesmented vessels
since the principal stress is compressive with no appreciable tensile

tanrential stresses due to the discontinucus sections.




3 B. Ductility and Toughness

A1l too often ductiliiy and toughness have not been considered

in the selection of a material. There has been a terdency to ration-

i

alize that if one can use a material of sufficient strength so that no

i3

plastic deformation will ocecur, ductility and toughness are of no

importance. This often leads to the use of very high strength but

i el AN e

often highly brittle materials. There are several pitfalls in the

o

sbove rationalization. One may not be able to accurately predict the
E actual stress level. This may be due to the inherent inaccuracy of
- the design theory or the presence cf stress discontinuities, and stress
concentrations. Thus, in any vessel, one might readily encounter
either eross or localized stresses that exceed thz yield strength.
Thus, if the material has little or no ability to accommodate plastic
- flow without fracture, one will pe faced with the potential of a
f scatastrophic failure. Another consideration is that if autofrettage
. is going to be used, then the material must have sufficient ductility
to withstand the plastic flow during autofrettage.
Toughness, or more specifically fracture toughness, is a
measure of the ability of a material to resist the propagation of a
crack. As in the case of ductility, toughness generally decreases and
3 thus becomes more significant with increasing strength level. Fracture
toughness is an important consideration from several standpoints. First,

as fracture toughness decreases, the size of a crack or defect that

UM Ve i

can be tolerated at a giver stress level decreases according to the

et}

highly simplified relationship:
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where Ky, is the plane strain fracture toughness, o the applied stress,
nat the critical crack size {depth in the case cf a cylinder) and "e"
a conetant. One reason for neglect of fracture toughness in pressure
vessel material selection ls the obvious argument that no cracks are
present nor would be tolerated. However, one must consider that, in
some cases, very high strength materials will fracture before the
anticipated yield strength even though no cbservable initial cracks
are present. This can be attributed to the fact that the critical
crack size is sc small that inherent material defects and discontin-
uities are sufficient to exceed the critical size prior to the yield
stress. In addition, during operation surface cracks or discontinuities
may be introduced due to the effects of metallic seals, fatigue, or
damaging environments. Obviously, it would not be desirable tc have
the conditicn where this surface damage is sufficient ic exceed the
eritical crack size for the operating stress lievel.

Fracture toughness is also quite important from the standpoint
of fatigue since the depth to which a fatigue crack can propagate
before becoming a fast or running crack is directly related to the
fracture toughness as shown in eq. (83).

Some mention should be made as to the meas-e=ment of toughness.
The most commcnly used "measure" is an impact test usinrs elther the
charpy or Izod specimen configuration. This is net a fracture tough-

ness test per se since one is measuring both the energy for initiatien
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and propagaticn., It is, therefore, more of a qualitative comparison
type test yielding little, if any, quantitative information, particu-
larly at very high strength-low toughness levels. The actual measure-
ment of fracture touechness involves the use of a pre-cracked specimen
subsequently loaded in tension or bending with the load required tc
cause a crack of a given size to propagate being the basis for the
computation of fracture toughness. Such measurements are becoming more
common and data is available for a large number of materials. Thus,
the use of fracture touchness data should be considered for use rather

than the impact type data.
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2. Available Materials

Jt may be helpful to consider briefly scme of those materials
either cermoniv used or hzving potential feor use in pressure vessels.
It should bec realized, <f course, that each tuilder or user of pressure
vessels has particular materials tha® they faver, perhaus in sore
instances because they have worked in the past. If a particular
material is neglected in the following discussisor, it 1s not because it
is considered unsstisfactory, but only due te that fact that ~cnsidera-
tion cf all materials or carbinations would be urnecessary.

I"'n tc the strerith 1svel of appreoximatzly 180 ksi, the AIST
4140 and 4340 classes of materials (c2e Table II fcr typical chemical
compositions) have bzer widely and successfully used for a lons period
cf time, By low temparature tempering, the strergths of these materials
have been extended to over 200 ksi., However, ovne pays a peralty in
tcushness and ductility as compared to other newer alloys.

Tr the ranse of 200~-25C ksi yield strencth, one has several
chrices of materials. The AISI $-5 and S-7 impact resistins tocl
steels have been widely and successfully used. Yowever, <ven a4 hicher
ductility and tourhness in this strenzin ranre can be cttain:d in two
new families of materials corsisting of the P nickel-cobalt quenchsd
ani tempered carbon steels and the 18% rickel mararing steeis. Toth
of the latter materials show considerable preuise for pressure vessel
applicaticns,

Above 250 ksi yield strengcth, the nuxber of material: availe
able fcr pressure vessel applications is guite smell. An 183 i

Sed
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to 500 ksi are currently under develomment,

excess of 300 ksi are available. Hcwever, these materials by their

rmust be used with extreme caution in order to reduceé ihe probability

cf brittle catastrophic fracture.

wherein hirh tensile stresses are irhereni are highly adaptable to
cases such as the segments in the seemented vessel desien, closures

and pistons where the principal strees is compressive. Compressive

yield strenpths somewhat above 400 ksi can be cbtained with several tool

steels and specialty steeis of .8 to 1.09 carbon content as tyrilied

by HTB-2 {kllerheny) and Versatocl (Crucible).

For elevated temperature (> 1000°F, 540°C) applicaticns the

. § .
nickel based "superallcys', such as Rene 41, waspalcy and Incenel 718,

are suitable.

4 mhe material generally used for applications irvolvins

compressive stresses in excess of 400 ksi is cemented carbide. Compres-

sive streniths of as high as 6C0-80C ksi are obtainable with tunrsten

88

maraging steel having a 280 ksi streneth level is available, but due to
processing problems with this parvicular al’cy, there is a significant
drop in ductility and tourhness in large section sizes as compared to

the 250 grade. Yew grades of maraging steels with yield strensths up
Some special tool steels having yield strengths somewhal in
very nature and strength level have quite low ductility and tougrhness.

For pressure vessel applications invelvinp hirh tensile strzsses, they

Many materials considered unsatisfactury for use in vessels
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carbides havinz a cobalt binder. The compressive strencths vary

immensely as a function of the cobalt binder content rangirs from
400-500 with 25% to 500-8CC ksi with 3% cobalt respectively. The
ductility, toughmess, and transverse rurture strength inerease with
increasing cobalt content, whick is an important consideration if the

possibility of stress discontinuities or small tensile stresses exist. -
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D. Environmeatal Factors

Aside from the obvious environment of high pressures, a
vessel may also be subjected to other factors such as high or low
temperatures and corrosive or reactive media.

Low temperatures may result in significant reductions in
toughness of the vessel material. It is important, therefore, to apply
the preceding discussion of toughness in terms of the properties of the
material at the lowest onnrating temperature expected.

For vessels opersiing at elevated temperatures the decrease
in yield strength with increasing temperature must be considered.

Also, if the vessel is to be sibjected to high pressure and temperature
for any appreciable tiwme, the phenomenon of creep must be considered.
Under these conditions the criterion cf failure will be stress rupture,
and the vesse! desigi must be based on a compromise between maximum
cperating pressure and allowable time &t pressure for a given tempera-
ture. Creep and stress rupture data are readily available in the
literature or from the suponliers of high temperature alloys.

It is obvious that the use of corrosive media in high
pressure vessels should be avoided. However, vhen corrosive media or
media which can result in hydrogen embrittlement must be utilized, the
problem of stress corrosion cracking must be considered. Since space
limitations of this report do not permit a ccmplete discussion of this
problem, this section is intended tfo serve only as a warning that this

problem exists and must be considerec in vessel design. It should be
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pointed out that even such seemingly inert envirorments as distilled
water may produce serious stress corrosion problems under certain

conditions.
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IV. SEALS, PISTONS AND CLOSURES

The sealing of very high pressures is cften surprisingly
easy. Since the seal can usually be desigmed so that the pressure
tends to force the sealing surfaces together, then the higher the
pressure the tighter the seal.

The simplest form of a high pressure seal utilizes a pre-
compressed soft material such as rubber or plastic. This can vary from
a simple rubber washer, or so-called "Poulter" packing, to a complicated
multi-lip composite material seal. However, since these various seal
desirms are generally limited to pressures less than 0.5 kb and a.reh6 LS
discussed at considerable length in a number of standard references
they will not be discussed in detail herein.

Although the above seals are designed for use at low pressures,
they can be used at much higher pressures provided that the seal is
completely contained and that any clezrances are small enough to prevent
extrusion of the soft materisl. Jllowever, due to the considerable
elastic deformations of pressure vessel components, these small
clearances cannot generally be maintained at very high pressures
resulting in extrusion and failure of the seal.

Most very high pressure seals use a metal-to-metal contac:.
surface either alone, where it acts as both an initial and a final
seal, or in combiration with one or more softer def.rmzble materials
to provide the initial seal. An exception to the use ¢? a metal-to-metal
seal is the case where electrical insulation is required such as in

electrical leads passing into the pressure environment. Such insulated

seals will be discussed later.
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The use of metal-to-metal seals without a separate means of
obtainine an initial seal involves some special considerations which
1limit their use. 3Since two metal surfaces in elastic contact will
usually provide some fluid leakare path due to surface irregularities,
vbtaininz an initial seal can be a problem, This can sometimes be
overcome by mechanically forcirs the sealing surfaces together, thus
plastically deforming cne or both surfaces to obtain complete initial
cortact. One must be careful, however, to insure that elastic defor-
maticns resuitines from the pressure do not relieve the initial preload
force thus permitting leakaze at high pressures,

An example of a metal-to-metal seal without a separate means
c¢f obtainirne an initial seal is the cone seal which is cormenly used
as a hirh pressure tubing connection., This is shown in Fig.134 and
consists simply of forcinr a conical member containing a small concentric
hole into a small conical seat in the fitting or vessel to which the
connection is teire ;made. This conical member may be simply a conical
end on the thick-walled tubing itself or it may be a short cylinder
with two conical ends. This is placed between the end of the tubing
and the fittinr or vessel each of which contains a rating seat. This
type of seal is extensively used for tubing connecticns at pressures
up to about 14 kb. An included cone angle of 40° is senerally used with
the ancle of the cone slightly smaller than that of the seat to assure
that initial contact will occur adjacent to the pressurized region.

A variation on the double ended cone design is the "lens

rine" seal shown in Fig, 138 . This consists of a short, iouble ended
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cone havin~ a larre included angle, usually in the order of 150°.

This desimm is useful for sealing slightly larger liameters than the
cone seal. The matirz part vo the lens ring is made with a square
ended hole slightly larrer than the hole throurh the lens ring. A
large make-up force is used to deform the material adjacent to the hole
producins an initial seal. As the pressure is increased, the radial
dilation of the lens ring due to its internal pressure produces a
wedrirs action which tends to increase the contact pressure between the
lens rinr and its matinr surfaces. The principal problem with this
desirn is the need for very cccurate aligmment of the two compenents
teirgs connected and a very ri~i? mechanical connection.

licst seals for very high rressure applications are of the
cerbiraticn trpe, i.e., a metal-to-metal final seal with a soft
material such as an elastomer to provide an initial seal.

Deperdins upon their application, hirh pressure seals can
cenerally be divided into static and dynar’c types. A dmanic seal is
one which provides a seal between two surfaces which move relative to
each cther. This can be either the case in which the seal itself moves,
such as on a rovine piston, or in which the seal itself is staticnary
ard seals against a moving surface, such as a piston rod "gland" seal.
A static seal is, of course, one in which there is no relative movement
between the sealins surfaces. It should be ncted that some relative
motion between the sealins surfaces is virtually always present due to

elastic deformaticrs of the vessel components. These deformaticns
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should be considered to ensure that they will nct result ir seal failure
due to excessive clearances or loss of initial seal.

Since most of the seals to be discussed can be adapted :o
either static or dynamic applications, the following discussicn will
net be divided in this manner.

The two mest commonly used seals for very high pressure
applications are the unsupported area or "Bridgman" seal and the wedge
ring seal, These are shown ir Fig. 4. Actually both of these designs
utilize the prineipal of an unsupported area. 7Tne fact that a portion
of tre seal on the side away {rom the pressure is not completeli;”
suoperted results in an intensificaticn of the pressure within the seal
material. Thus, the seal exerts a pressure on the cylinder wall
rreater thay the pressure being contained which is necessary to prevent
leakare, The "Bridesman" desimn is moust renerally used as a dynamic
seal on hirh pressure pistons. The principal problem with this design
is the fact that the part desirnated as the socket in Fig. 144 must be
capable of supporting a longitudinal stress exceeding the operating
pressure. This often requires the use of very hard, brittle materials
and thus care must be taken to ensure that no stress concentrations or
bendins stresses are present. The existence of a pressure exceeding
the operating pressure in the sealing rings may also cause '"pinch off"
failure of the stem due to the radial compressive stresses. However,
through careful desisn and selection of materials these problems can be
overcome and this desipn is verr successfully used for pistons operatins

at pressures up to 30 kb.
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The wedre ring desien is shown in Fig. 1i4B and is widely
used in static seals such as vessel end closures and in dynamic seals
such as piston rod rland seals. The unsupported arez in this case is
the area of the lower surface of the wedge ring. The amount of this
unsupportei area can be varied firom the ful.. projected crea of the
rinr (square rine) to the ares ot the clearanece between the closure and
tne cvlinder (trianrular ring).

The use of' z square cross-secticn ring in combination with
a series of pre-compressed washers to provide the initial scal was
propesed and extensively used by Bridgmanso, The square rings 1In
combinaticn with an "O" rinz for initial seal has been widely utilized
in a number of appiications including the autofrettage of large gun
tubesza. Such a desirm is quite ussful in applicaticns involvingz one,
or a fev pressure applications and where surface finishes and tolerances
are 1ot closely controlled.

The trianrfular cross-section wedre ring has been propnsed by
Newhall51 in confunction with a "U" type packing to provide an initial
seal, and subsequently utilized in ccmbination with & varieiy of
techniques for initial sealing. Due to th= small unsupported area,
better surface finishes are required to ensure tha*t the initial seal
is maintainzd. This seal can also be used as a dynwnic seal. However,
its life is limited by wearins away of the relatively thin vedge ring.

It can be used in static applications repeatedly, without replacing

the wedre rine, if the ring is made of a relativelr hard material which
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will elastically recover on release of pressure., An example of this

application is in vessel closures which must be opened and closed
between pressure cycles.

As shown ir Fip. 14B, a rubber C-rinc is usualiy vsed to
provide the iritial seal in this Jesisn. Hcwever, cther types of
initial seals and combinations cf O-rinrs and back-up rings can be
used dependine on the specilic applications.

The selectirn of the material for the final seal ring in

the Bridsman seal (Fig. 1L4A) or wedge ring (Fig. 14B) is based on a

comprorise, It must have the ability to plastically deform sufficiently

to conforn to the sezled surfaces but must have sufficient hardness

tc¢ resist extrusion into the clearance between the closure and cylinder.

At relatively low pressures such materlials as nylcn, mild steel;

copper and various brasses and bronzes are commonly used. At higher

pressures beryllium copper and hardened alurinum allcys are suitable

for both dynamic and static conditicns. For static seals, nickel
alloys such as monel are very useful due to their very high strain

hardenins capabilities thus retarding extrusion, In selectinr~ a

material for this application, consideraticn must also be given to the

possibility cf "ralline" or cold weldins of the rinf and cylinder
materizls,

Foi specific applicaticns, ore micht consider combiring
varigus:{Fatures of +he two desirns. For example, as proposed by
Newhalll‘; wedve rines can be used as anti-extrusiorn rincs in the

Bridmnan seal in very hirh pressure applications.

il el ALt 5 =53l
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Another method of obtaining the effect of a high pressure
seal, without any actuel seal in the usual sense, is the controlled
clearance principle., If some method can be devised to control the
clearance between a finely lapped piston and cylinder at some very
smgll value in the order of a few microinches, the fluid leakage, even
at pressures up to 15 kb, can be maintained at tolerabie levels., This
principle permits the desim o. very low friction piston and cylinder
devizes. This controlled clearance can be accomplished by applying a
separately controlled external hydrostatic or mechanical pressure on
the outside of the cylinder. By observing the leakage rate and the
frictional force {usually by rotating the piston) simultanecusly,
this external pressure, and thus the clearance, can be maintained at a
minimum possible value.

For high temperature applications, one must insure that the
initial sealing material can withstand the temperatures involved. At
very high temperatures, it may be necessary to use an all metal seal.
This may be accomplished by using a mecharical force to obtain the
i-itial seal although this may result in the problemrs mentioned
previously. A series of progressively softer metallic rings may some-
times be used in place of the elastomer seal. There are alsc some
commercial, all metal initial seals available such as metal O-rings
or metal lip seals,

The most commonly used electrical insulating seal was again
discussed by Bridpmanso after a suggestion by Amagat and is shown in

Fig. 15. The electrode is a hardened tool steel with electrical leads
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resistance welded or saldered to toth ends. The irsulatiny core may
be of a rumber of materials dewcnding on the pressure ard cperatinr
conditions. Fer pressures up to about 10 kb, a plastic such as nyrlen
can be used. The rreatest pressures czn be obialred by makirr this
plastic cone as thin as possible withcut shorcine the electrode to

eround, If the insulating cone is constructed cof pyrophyllite or

»

f» certain ceramics, this seal car be used up to pressures of 3( kb or
rreater.
In practice, cne usually requires a number cf electrical
leads passins into the pressure charmber, This can te accomplished by .

-

havin~ a rultiplicity of electrcdes of the type shown in Fir. 15

P inr@e s
vies alumedplreric

€
]

that are completel™ indenendent or have a2 commcn pori

pore
o

pressure side as propcsed by P:rik. Ancther appreazh that prouvcsed
bty Blosser and Younr , as shown schematicaily in Fig.l6 whersin
multiple leads are introduced by beins imbedded in a molded epexy
shell whieh acts as the irnsulatcr. 3Such a confirsuraticr i{s repcrted te
work well tc pressures of 10 xbt,

There are, cf 2curse, many cther insulated sexnl desiecns in
- alditicn to those cited abteve. Hewever, mest are limite: to nressures
’»\,A below approximately 10 kb. The 3riigman type appears to te the most
'ﬂ;: reliable over the ertire pressure ranre cof concern.

Orly a few of the many pcssible ard workable seal iesirms
for hi~% vressure applications have beer iiscussed. There is a rreat
rumber of ir~ericus desirrs devsicped Tty varicas desirrers arnt res2archers

to suit treir verticular neezz. %oweve-, the kxcic d=sijmc jreserted

IS et LR e
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herein, with modifications and in combination with standard practices
. from the lower pressure hydraulics technology, can be used to solve
: virtually all hish pressure seal prcblems.
.
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V.

SUPPCRT CF END CLOSURES

At this stage, attention should be drawn to an aspect of

vesael,

riven. This is the preblem of supporting the end closures of the
B | E

hizh pressure vessel desirn to which inadequate consideration is often
In many very hirh pressure vessels

the end closures are
supported by an external press or frame, as shown in Fig. 10, which

carries the force prcduced by the action of the pressure on the end

failure.

closures. 1In this case, the problem is to design a press which wiil
support this force without excessive deflecticn that could Cause seal

e -7

vessel in

The problem of primary concern is the case of the closed end
of the vessel itself.

wnich the end load on the closures is supportec by the walls

Desigm errors in the regicn of ths end closure
attachment pecint have been the prime cause of the majority of unexpected,

catastrophic failures of very hirh pressure vessels.

The problems with end closure supnert usually arise from the

arising from

combined effects of the uniform lrngitudinzl stress resulting from the
pressure discontinuity at the seal, and the stress concentrations
£=

end force, the longitudinal tending stresses resulting frem the

ometrical facters involved with the seal and the closure

attachment. The radial ard tangential stresczes produced by the nressure
itself may also contribute.

is not considered gppropriate or practical.

Az before, a discussion cf sgpecific designs

However, a general dis-
cussicn of some of the sipnificant factors invelved will follow.
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Seal Locaticn - In order to avoid #s much interaction of the
above stresses as possible, the closure attachment point should be
located some distance removed from the point of seal.

Stress Concentrations - All stress concentraticns such as
cross holes, grooves, keyways and threads should be removed from the
immediate area of the point of seal. If geometric discontinuities
cannot be avoided in this area, genercus radii should be provided at
all re-entrant corners.

Threads - The most common method of closure attachment is
by means of threads on the cylinder. Although this chapter is not
intended to be a text on thread desirn, the following peints, unique to
pressure vessel desimm, should be noted.

Avoid fine threads. They are subject to failure resuiting
from reduction of bearing area due to radial dilation cf the cylinder.
Fine threads cannot be made with sufficiently large root radii to aveid
severe stress concentrations. Alsc, they have a strong tendency to
rall in pressure vessel applicaticn although this problem can be some-
what reduced by using interrupted threais.

In multi-layered cylinders, the cylinder threads should
rererally not be machined into the inner cylinder. This will usually
result in the entire longitudinal force on the end closure being
supported by the inner cylinder ir the region of the seal, thus
producing very hish lcnritudinal stresses in this region. To eliminate

this problem, the clesure should be supported by one of the outer




ey

elements, prefeerably the outer-most. It is also preferable to place
the threads on the outside surface of the supporting element since
this surface is less highly stressed.

In designing a thread in a vessel, consideration must be
fiven to the effect of the radial component of the bearing stress
between the bearines faces of the thread. In a relatively thin-walled
cvlinder, this can result in high radial dilations and high tangential
stresses, For this reason a "buttress' thread is often used for this
applicaticn. The standard 7 degree flank angle buttress thread, how-
ever, produces high bending stresses at the thread root. Recent
studiesSh have shown a modified buttress thread with a 20 degree flank
ancle and a penerous root radius to be an optimum thread design for

many pressure vessel applications.
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The foreroin~ discussicn is not interded to be a complete

review of the state-of-the-art in high pressure equipment or a survey
of commerciallr available svstens and components. It is intended only
to present the basic desirm principles applicavie to the desien of

any high pressure system. Fer a detailed discusciorn of specific designs
and commercial suppliers of hirh pressure equipment, the reader is

referred to References 55, 28, 45 and 48,
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