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Abstract: A three-dimensional finite-element method computer program was developed to
establish the elastic—plastic, residual, and service stress distributions in cylinders with flush
and non-protruding optimal-chamfered cross-bores under internal pressure. Eight-noded
brick and four-noded tetrahedral isoparametric elements and the displacement formulation
were used. The incremental theory of plasticity with a 5 per cent yield condition and von
Mises yield criterion were assumed. The incipient and 5 per cent overstrain (ov) pressures
were established for various thickness ratios and cross-bore to main bore radius ratios. For
the optimum chamfer angle geometrical configuration, the stresses were determined for varying
ov. The maximum and minimum effective stresses were located 7.5° from the meridional and
transverse planes, respectively. Meridional plane through thickness yielding occurred at an ov
of 41 per cent. The service stress gradients at the cross-bore chamfer end increased with ov
for ovs >30 per cent. Stress reversals were eliminated for overstrain >27 per cent. Alternative

autofrettage and yield condition procedures were proposed.

Keywords: elastic—plastic, residual stress, service stress, overstrain, autofrettage

1 INTRODUCTION

The earliest use of pressure vessels for steam gener-
ation was in 1698 [1], with an operating pressure of
~7 Ibf/in®. Higher pressures were used later, after
the improvement of materials. Lack of simultaneous
redesign of pressure vessels resulted in several cata-
strophic failures [2]. Some uses of pressure vessels,
such as in isostatic compaction of metallic and
ceramic powders, involves pressure as high as
300 MPa [3]. With pressure vessels holding high
potential energy, minimizing accidental losses due
to poor designs that may result from inadequate
understanding of stresses is important. Pressure
vessels usually have side openings for relief, safety
valves, etc. [4], which introduce geometric disconti-
nuities on its body. The intersection of the cross-
bore and the cylinder bore forms a stress singularity
curve having high relative stresses and sharp stress

*Corresponding author: Department of Mechanical Engineering,
Jomo Kenyatta University of Agriculture and Technology, PO Box
62000, Nairobi 00200, Kenya.

gradients [5]. The pressure-carrying capacity of
such vessels, therefore, falls below that of a plain
cylinder. For lower stresses, it has been a practice
to introduce a radius at the cross-bore entry [6].
Chamfering has also been suggested, although little
has been done to provide the optimal chamfer geo-
metry. Understanding stress distributions in the
regions of high stress would lead to the use of low
safety factors, economy of materials, enhanced oper-
ating life, operational efficiency, improved failure
diagnosis, and a reduction of losses due to failures.
Limitations of strength and ductility prevent use
of high factors of safety [7], and therefore, a true rep-
resentation of the state of stress in the presence of
cross-bores is needed. The ASME Boiler and Pressure
Vessel Code does not enforce a detailed stress analy-
sis but only sets the wall thickness necessary to keep
the basic hoop stress below an allowable stress. The
higher localized stresses are implicit in the safety
factor and design rules [8], assuming that any loca-
lized yielding in ductile materials results in stress
redistribution. This code provides a quick design
procedure, but is inadequate for cylinders with
cross-bores having complex entry geometry and
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more so when autofrettaged. Pressure vessels are nor-
mally subjected to leak test pressures of 1.25-1.5
times the design pressure during commissioning
[9]. This overstrain (ov) pressure causes yielding of
the most highly stressed parts of the structure. In
this work, ov is defined as the ratio of the distance
between the yield radius and the main bore to
the cylinder thickness. Overstrain pressure is the
pressure that causes this level of ov. After the release
of the pressure, residual stresses are left in the struc-
ture. For cylinders with chamfered cross-bores, it is
important to establish the exact relationship
between the ov pressure and the residual and service
stresses. The nature of the resultant stress distri-
butions is also important. The economic use of cylin-
ders depends on the small controlled permanent
deformations that occur [6]. Autofrettage is often
done during manufacture when pressure greater
than the leak test pressure is applied. This process
results in higher residual stresses and a stronger
cylinder, with service stresses being more uniformly
distributed [10]. In the presence of cross-bores with
complex entry geometry, this distribution is not
obvious and a detailed analysis is necessary.

2 LITERATURE

Bursting pressure and ov studies to determine the
pressure-carrying capacity of plain cylinders [11]
have led to models for computing expansion and
bursting strengths, based on tension and torsion
data. For various steels, it has been shown that heat
treatment has no effect on ov or bursting pressure
[12]. Pressure combined with thermal treatment
can produce a compressive residual stress in the
inner and outer parts of tubes, applicable in the
bend regions where stress-corrosion cracking is a
problem [13]. The most comprehensive theoretical
study involved a stiffness method for the solution
of elastic—plastic problems [14]. This concept
enabled the equilibrium equations to be expressed
in terms of displacements and removed the need to
trace the expansion of the elastic—plastic boundary
during the actual solution of the differential
equations. The method was not suitable for perfectly
plastic or very small degree of hardening materials.
The plastic stress—strain matrix, derivable by invert-
ing the Prandtl-Reuss equations, is used for the
solution of continuum elastic—plastic problems using
the finite-element method (FEM) [15]. The method
uses small and varying increments of load, just suffi-
cient to cause a yield in successive elements, and has
greatly reduced the programming effort in the incre-
mental theory of plasticity. Other FEM solutions to
three-dimensional elastic—plastic problems illustrat-
ing the applicability of the isoparametric elements

and the order of computation times involved have
been presented [16].

The effect of yield stress and strain hardening
exponent of the material on the stress and strain
levels has been studied in pipe bore expansions
using the FEM [17]. By considering that the effective
stress and its approximation are given by

o =Y, + Cg" (1)
~ Cg" 2

ql

where @ and &" are the uniaxial test effective stress
and strain, respectively, C the material constant, n
the strain hardening exponent, and Y; the yield
stress of the material. The indeterminacy of the
initial condition is, therefore, eliminated. The FEM
has also been used in metal forming problems
where finite size deformations introducing instability
have been taken care of by modifying the stiffness
formulation by means of the mean normal technique
[18]. The yield theories of von Mises and Tresca have
been compared in conditions of compressibility and
incompressibility for elastic—plastic analysis of cylin-
ders [19]. Large differences in stress were observed
from these two criteria. A closed-form theory to
include the Hencky stress—strain relations, incom-
pressibility, and Ludwik strain hardening function
was proposed. However, the work does not discuss
which of the two criteria is more accurate.
Three-dimensional FEM analysis for chamfered
cross-bored cylinders with k= 1.4 and 2, ca = 45°,
clr = 0.25, and d = 0.12 have been conducted [20],
with few elements in the vicinity of the points of
peak stresses and adjacent to the boundary being
allowed to yield. Plastic strain components in the
critical region of the cross-bore were determined.
The author was mainly interested in fatigue life and
no detailed data were provided. Three-dimensional
analysis of plain cross-bored cylinders in partial
autofrettage was carried out using the boundary
element (integral) method [21] for k=2 and 2.25
and d = 0.25. Autofrettage was performed after the
introduction of the cross-bore. The maximum ov
possible was found to be 35 and 27.5 per cent for
k= 2 and 2.25, respectively. The work did not
cover enough cylinder-cross bore configurations.
An optimum ov radius has been proposed [22] as
being equal to (RiRy)*'? for medium-strength steels
and slightly less for high-strength steels.
Aproximate equations suitable for a numerical sol-
ution of an axisymmetric shell under axisymmetric
loadings have been developed [23]. An incremental
approach under the consideration of the first-order
approximation in determining the tangent stiffness
characteristics of the finite element was used. The
effects of isotropic and kinematic strain hardening
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were included. Initial stresses were included to
account for instability and large accumulated defor-
mations during the loading of the structure.

Autofrettage has been found useful in increasing
the fatigue life of high-pressure piping, compressor
chambers, and similar components [24]. Determi-
nation of residual stresses arising from forming, cold
working, or ov procedures is important, particularly
where cross-bores may exist. For monoblock plain
cylinders under partial autofrettage, the analytical
residual stresses may be obtained directly by applying
an equivalent thermal load [25]. Simple destructive
methods based on fracture mechanics have been
developed for measuring residual stresses [26],
though they are not satisfactory for measuring the
residual stress distributions where stress gradients
are high. Sequential and selective destructive pro-
cedures employing incremental strain gauge data in
FEM algorithms to construct the initial residual
stress distribution are currently in use [27]. Tensile
residual hoop stresses are introduced in seamless
gas cylinder necks at the bore during the heat treat-
ment stage. At the neck, the outer surface experiences
compressive hoop stresses and the bore experiences
tensile hoop stresses. Material removal corrective
procedures to remove the bore residual stresses
have been established [28]. As a means of measuring
autofrettage in thick-walled cylinders, an experimen-
tal method based on measuring the hoop strain while
axisymmetrically releasing the residual stress field by
introduction of radial cuts in the cylinder has also
been proposed [29]. This is due to the fact that
access to the cylinder inside surface for purposes of
placing strain gauges is usually denied.

Closed-form solutions of residual stresses in auto-
frettaged steel tubes are available [30]. Models
neglecting both strain hardening and Bauschinger
effects overestimate the bore residual hoop stress
by 46 per cent whereas models including the
Bauschinger effect only underestimate this value by
25 per cent . Analytical residual stresses for harden-
ing and non-hardening materials considering the
yield criteria of Tresca and von Mises have been
obtained [31] by using closed and open-ended cylin-
ders. The optimum ov to prevent reverse yielding has
been proposed, and the ov found to prevent a
reduction in fatigue life for cylinders with k > 2.96.
The Tresca’s yield criterion results were admissible
for k<2, but the von Mises citerion was found
more practical for k> 2. The influence of strain
hardening on open cylinders is important when
k > 3. Linear elastic solutions can be used as a
basis to generate an inelastic solution, which may
then be used to predict the residual stress fields
[32]. The dependency of the Bauschinger effect on
plastic strains makes significant changes to residual
hoop stress near the bore for low-level autofrettage,

but this dependency is found to be insignificant for
high-level autofrettage.

The evaluation of residual stresses inside the
material or in very small cross-bores is difficult with-
out a destructive procedure. Though a lot of work has
been dedicated to the evaluation of residual stresses
in cylinders, very little design or operational data are
available in the research literature for the case of
chamfered cross-bores. The FEM is a suitable tool
because no destructive procedures are involved and
the state of residual stress at any location can be
determined. A knowledge of the stress levels and
distributions is important. The aim of this work is to
investigate the ov stress levels and the residual and
service stresses for varying ov in chamfered cross-
bored cylinders with an optimum chamfer angle (ca).

3 PROCEDURE

A three-dimensional FEM computer program in
FORTRAN code was developed to carry out the
elastic—plastic analysis [5] of optimal-chamfered
cross-bored cylinders. The program was successfully
used and yielded accurate results [10, 33—-38]. The
quarter cylinder geometry for the structure is shown
in Fig. 1. The displacement formulation was adopted
and eight-noded brick and four-noded tetrahedral
isoparametric elements were used. The tetrahedral
elements were used only on the chamfer surface.

The pressure loads for various ov are shown and
discussed elsewhere in section 4. Pressure is
assumed to act normally on the cross-bore, chamfer,
and cylinder main bore surfaces. A uniform stress
given by [5]

St internal pressure
Iess =
k> —1

which is applicable for closed-end cylinders, is
assumed to act across the cylinder section in the
far field. The displacement boundary conditions are

3)

Fig. 1 Main dimensions of chamfered cross-bored
cylinder
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such that: u, =0 atx=0; u,=0at y=0; u, =0 at
z=0.

The configuration was subdivided into five parts
Al, A2, A3, A4, and A5 as shown in Fig. 2. The
inputs were inner radius (75 mm), outer radius,
length of line JI (nine times the cylinder length),
radius of cross-bore, ca, and chamfer length. In
part Al, the number of elements was input for lines
DE (8), EF (6), and arc EM (12). For line DE, this
was the minimum for the smallest k cylinder. The
geometric ratios for lines DE (1.5) and EF (2.5) were
also input. In part A2, the number of elements
along chamfer line CD (6) was input. This was the
minimum for the shortest clr. In part A3, the
number of elements along line KJ (4) was input as
well as the angle BO'C (10 per cent of the angle
AO’C). In part A4, the number of elements along
line JI (3) was input together with the geometric
ratio (4). In part A5, the number of elements (6)
and geometric ratio (0.8) along arc AB were also
input. This resulted in a structure with 3087 nodes,
2652 elements, 9261 degrees of freedom, and a
frontal width of 771. The global stiffness matrix
coefficients computer memory requirement was
reduced by 99.3 per cent . The aforementioned data
completely defined the geometry. Geometric ratios
were used in controlling the element aspect and
volume ratios and were also employed where high
stress gradients were anticipated. The choice of the
number of elements and geometric ratios in each
division was based on: for parts away from the
cross-bore, to ensure that the far field stresses were
close to the exact solution of a plain cylinder and in
the cross-bore areas, to ensure that the elastic
stress concentration factor reasonably converged
while minimizing the frontal width and processing
time [5]. The pressure vessel material was a
high-strength SA-372 steel having a yield stress of
450 N/mm?, a Poisson’s ratio of 0.29, and a Young’s
modulus of 209 x 10° N/mm? [39]. To obtain the
displacements, and Gauss point strains and stresses,
the frontal solution technique [40] was employed.

Fig. 2 Main discretization scheme

In the elastic—plastic range, the incremental theory
of plasticity and the plastic stress—strain constitutive
matrix were used [15]. Stress projection and nodal
averaging followed by tensor transformation tech-
niques [41] were employed to obtain cylindrical
coordinate stresses for the nodal arrays.

An elastic perfectly plastic material obeying von
Mises yield criterion was assumed. The Bauschinger
effect was not included because reverse yielding was
not allowed. During ov, any element that attained an
effective stress within 5 per cent of the material yield
stress was considered to have yielded [15]. This pro-
cedure had the effect of introducing some insignifi-
cant errors, but it reduced the number of loading
cycles necessary before a given ov was achieved. A
more stringent yield condition of 0.5 per cent had
been demonstrated previously to assess the associ-
ated ov processing time factors [37]. Various ov
levels were considered. For stress evaluation, k = 3,
d=0.05, clr=0.25, and ca = 11.5° were used. For
other k and d at clr = 0.25, the corresponding opti-
mal ca [5] was used. The clr of 0.25 resulted in
reasonable stress influences while avoiding undue
weakening of the structure.

4 RESULTS AND DISCUSSION

4.1 Overstrain stresses

Figure 3 shows the transverse plane ov stresses at
ov=>5 per cent and for an internal pressure of
117 N/mm? The radial stress starts at point B,
having a value of about —112 N/mm? with the
curve tending to 0 at point E, although at this point

200 — D E
B JCEELE, ED‘EDEHH o b £
150 —fp °F
100 — R
f\l; \ /c
E 35 jﬂ‘foef"’ Stresses
Z. _ﬁ N Effectivel
g 0 & & Axial o
B> 1, o O Radial
-50 — /@O@UQ aN Hoop
4 A B,
oo dF N
{0
-150 T
0 40 80 120 160 200

Distance along BCDE (mm)

Fig. 3 Transverse stresses at ov = 5 per cent
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the value is about — 12 N/mm?. It might be expected
that this stress should have a value of 0 at point E, but
it is important to realize that around the cross-bore,
the radial, hoop, and axial stresses do not correspond
to the principal stresses because the state of stress is
very complex. There also exist shear stresses in this
area which are absent in the far field. Around the
chamfered area and the cross-bore, the axial stress
is the most significant positive stress. This stress
starts at point B having a value of 25 N/mm? and
rises to a maximum value of 108 N/mm? at point
D. Points D and E have the same value of axial
stress. The hoop stress starts at point B having a
value of 25 N/mm? and drops sharply to a value of
—84 N/mm? at point a2. This value remains constant
between points D and E. The hoop stress has equal
values at points a2, D, and E. From the effective
stress curve, point D, is the most critical, with a
maximum stress of 182 N/mm?. However, between
points al and E, the effective stress is 175 N/mm?
and, therefore, points D and E are equally critical
for this value of ov.

Figure 4 shows the meridional plane ov stresses at
ov =>5 per cent. The radial stress has a zero value
between points L and M and has a minimum value
of —112 N/mm? at point J. The axial stress has a
minimum value of —82 N/mm? at point K and this
value prevails between points L and M. The hoop
stress has a maximum value of 345 N/mm? at point
t and a local maximum at point L. Because the dis-
tance between the points of maximum hoop stress
has decreased (from the elastic analysis [5]), it
might be expected that as ov increases, this distance
decreases, with the point of maximum hoop stress

Stress
450 K e O Radial
400 7] iy A Hoop
350 _- B \E!V < Axial
300 - a.\fim&ﬂ [l Effectivg
1m AT
“g 250 it M, g M
£ 200 4 T
Z 150 o
3 i
§ 100 —
@ 50
0 — gFe-o—o—o—0— -
50 -%° "
c — oo
25D _: 6%0*0—& o9
-150 T I T | T T T I T |
0 40 80 120 160 200

Distance along JKLM (mm)

Fig. 4 Meridional stresses at ov =5 per cent

[\
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(=
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2
)
[=3
S
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-120
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Distance along JKLLM or BCDE (mm)

Fig. 5 Crossbore surface hoop stresses at ov = 5 per cent

around point K approaching point L until all the
nodes have yielded. Contrary to observations from
the elastic analysis [5], where points K and v have
equal hoop stresses, the stresses now have different
values, with the values at point K having risen more
rapidly. Point K, which is in an element that has
yielded, has a maximum effective stress of
430 N/mm?, lower than the material yield stress.
This is due to structural discretization, where

440
400

360

2

Stress - N/mm
(\o)
oo
o

0 40 80 120 160 200
Distance along JKLLM or BCDE (mm)

Fig. 6 Cross bore surface effective stresses at ov=>5
per cent
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different element types sharing the same node as
point K have not yielded. Stress projection and aver-
aging techniques as employed in this work thereby
result in an effective nodal stress lower than the
material yield stress. It is expected that using the
brick elements alone would result in effective stres-
ses equal to the yield stress because tetrahedral
elements are less accurate. Point v has a lower effec-
tive stress than point L.

The cross-bore surface ov hoop stresses are shown
in Fig. 5. The stress patterns are similar to the elastic
hoop stress patterns, particularly for planes around
the transverse plane [5]. The stress levels are higher
in both the positive and negative sense. Figure 6
shows the cross-bore surface effective stresses. The
profiles are similar to those of elastic analysis of the
same configuration, with the range of effective
stress along curve EM being much lower than that
along curve KC. Between points t and w, the set of
nodes lying within 7.5° from the meridional plane
have higher hoop stresses than those along the
meridional plane. This was also noted in the case of
elastic analysis. It is then possible to construct an
ellipsoidal envelope enclosing points vLwtK, which
prescribes the highest hoop stress points. Similar
stress behaviour is observed in the transverse plane
between points Ca2Dal. Between points C and D,
the minimum hoop stress occurs in the nodes at
7.5° from the transverse plane. The reason behind
this phenomenon is not well understood. Further
analysis to better understand this observation was
carried out and the results are shown in Figs 7 to
10. This involved observing the effective stresses of
nodes lying within 22.5° from the meridional plane
as ov was increased. Between points L and K, the

480 .
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440 AK?‘%
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400 — A merid. plane
4 17 W W (deg.)
oo 360 — & /B
E 4 N
2 320 i ;
280 — |
57 1
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200 —
X 1
160 B_'%g\m »
120 LI I I Y N ) B R

0 20 40 60 80 100 120 140 160 180
Distance along JKLM or BCDE (mm)

Fig. 7 Meridional effective stresses at ov =5 per cent
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Fig. 8 Meridional effective stresses at ov = 25 per cent

nodes with angles within 15° of the meridional
plane have higher effective stresses, although the
maximum effective stress remains at point K. The
point w, which is within 7.5°, remains a point of
local maximum effective stress up to ov =25 per
cent and as the angle increases to 22.5°. The effective
stress for nodes between points K and L relatively
decreases as ov increases. The transverse plane
effective stress remains relatively low with point D
always having the highest effective stress. This
shows that geometrical singular point edge effects
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1K g
440 — ug"‘%%y " A 08
1 % O s
b NS O 229
NE 360 | 3
g 1 %
= 320 H¢ M
z ° | ¥ 8
@ 280 —
g - R E
240 e 4 %a o a9 L — @
To "o Transverse plane
200 &
160 —
120 T T T " T "1 " T " T " T "1 "]

0 20 40 60 80 100 120 140 160 180
Distance along JKLM or BCDE (mm)

Fig. 9 Meridional effective stresses at ov = 30 per cent

Proc. IMechE Vol. 220 Part C: J. Mechanical Engineering Science

C07005 © IMechE 2006

Downloaded from pic.sagepub.com at Jomo Kenyatta University of A on September 24, 2012


http://pic.sagepub.com/

Overstrain in flush optimal-chamfered cross-bored cylinders 21

480 —
440
M
400 -
360
E .y ] D i
P 320 —- ! lpls-.} g e =
: . ] Angle from
% 280 B— C$§\3 G},,,QSEQ\ mer%d. o
g _i?:b@ gy - (deg.)
o _‘ A 00
200 — B s
i @ 159
160 —
i ' 22,9
120 T T T T T " T " T " T " 1T "T "]

0 20 40 60 80 100 120 140 160 180
Distance along JKLM or BCDE (mm)

Fig. 10 Meridional effective stresses at ov = 65 per cent

influence the local stress distributions even in the
case of elastic—plastic loading. Figure 11 shows the
meridional plane ov hoop stresses as ov is increased.
The stress at point L increases very rapidly, whereas
that at point K increases only marginally. This
is because point K has already yielded while point
L is still elastic. Further increase in ov causes
the stress at point K to decrease progressively. Once
point L has yielded, the stress starts to decrease
with further ov. At ov = 65 per cent, the mid-section
of curve KM has the highest stresses. Figure 12 shows
the corresponding effective stress curves. At ov = 41
per cent, all the nodes on line KL have yielded.
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Fig. 11 Meridional hoop stresses for varying ov
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Fig. 12 Meridional effective stresses for varying ov

The incipient yield pressure was determined by
yielding the element around point t along line KL,
for various k and d. The variations of incipient yield
pressure with d are shown in Fig. 13. The lower k
cylinders have lower incipient yield pressure. The
results serve as a good guide when intending to
carry out ov, and they indicate the pressure below
which initial yielding of the structure may not be
expected. They can also be used in service to guard
against over pressure even when the structure is
designed for elastic service. The ov=5 per cent
pressure curves are shown in Fig. 14 and have pat-
terns similar to those in Fig. 13, although the
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Fig. 13 Incipient yield pressure versus d
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Fig. 14 Opverstrain pressure versus d at ov = 5 per cent

pressure levels are higher. The incipient yield
pressure curves are smooth, whereas these curves
are not. This may be attributed to the 5 per cent
yield condition used in this work. A more stringent
yield condition would result in smooth curves. How-
ever, the time taken by using a stringent condition
does not warrant the gain in accuracy [37].
Figure 15 shows the variation of ov pressure with
ov. Although the ov pressure increases with the
increase of ov, there is a drop in the pressure as ov
increases from 17 to 24 per cent. This is because
point L has a local maximum effective stress.
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Fig. 16 Meridional residual stresses at ov = 5 per cent

4.2 Residual stresses

Figure 16 shows the meridional plane residual stresses
at ov =5 per cent. Most of the stress values are zero
except around point K. Although point K is not the
point of maximum ov hoop stress, it is the point of
maximum residual stress. The meridional residual
hoop stresses for varying ov are shown in Fig. 17. The
maximum value occurs at point K and this maximum
increases with increasing ov. Figure 18 shows the cor-
responding effective stresses. Although a high value of
residual hoop stress is desirable, the accompanying
high value of residual effective stress is to be avoided
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Fig. 17 Meridional residual hoop stresses for varying ov
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Fig. 18 Meridional residual effective stresses for
varying ov

because reverse yielding is likely to take place.
Figure 19 shows the variation of minimum residual
hoop stress with d for k= 1.25-3. The curves for
each k are not smooth. This phenomenon has been
observed and discussed for plain and radiused entry
cross-bored cylinders [5]. As a group of curves, a gen-
eral relationship represented by a polynomial curve
(of fifth order) is observed. Figure 20 represents the
variations of minimum residual hoop stress with
increase of ov and is similar to Fig. 15.
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Fig. 19 Minimum residual hoop stresses versus d
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Fig. 20 Minimum residual hoop stresses versus ov

4.3 Service stresses

Figure 21 shows the in-service meridional hoop
stresses after autofrettage and compared to the
elastic stress levels for an internal pressure of
46.2 N/mm?. A selected number of ov values are con-
sidered. The higher ov curves give more favourable
hoop stress levels. For ov >5 per cent, point K has
the lowest hoop stress, with this value decreasing
with an increase in ov. The stress gradients on both
sides of point K are very high and this is not desirable.
Even though low values of hoop stress exist in
service, the hoop stress distribution is not more
favourable than in the case of elastic loading. For
ov >5 per cent, point v becomes the point of maxi-
mum hoop stress. For ov >27 per cent, the hoop
stress at point K may be expected to have a negative
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Fig. 21 Service hoop stresses for varying ov
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Fig. 22 Service effective stresses for varying ov

value. This could be a desirable outcome, particu-
larly if any suspected cracks exist around this point,
as the negative hoop stress tends to close the
cracks and arrest any propagation. Stress reversals
would also be avoided. Although high ov is desirable,
care should be taken to ensure that it does not result
in gross deformation. For high ov, the process of
offloading must also proceed with strict safety
procedures to avoid a collapse in the presence of
the high pressures involved. Figure 22 shows the
in-service meridional effective stress levels after
autofrettage. The effective stresses around point K
decrease with increasing ov. The effective stress
gradients around point K are also very high. For ov
>17 per cent, point v has the highest effective stress.

5 CONCLUSIONS AND RECOMMENDATIONS

At ov =5 per cent, the ov effective stresses in the
transverse plane were of the same magnitude, but
much lower than those in the meridional plane. As
ov increased, the main bore chamfer end had
higher hoop stress than the cross-bore chamfer end
in the meridional plane. At the cross-bore chamfer
end, there was a local maximum hoop and effective
stress. In the meridional and transverse planes,
between the two chamfer ends, the maximum hoop
stress occurred in nodes located about ~7.5° from
each plane. This observation was found to require
further investigation in future work. The meridional
plane through thickness yielding at ov=41 per
cent should be avoided, to avert gross deformation
and possible reverse yielding. With increased ov,
the main bore chamfer end had the minimum
residual hoop stress, and sharp stress gradients
existed around this point. For ov > 30 per cent,

high hoop stress gradients occurred at the cross-
bore chamfer end. The minimum residual hoop
stress increased with ov, the maximum being at the
main bore chamfer end and a local maximum at
the cross-bore chamfer end. Autofrettaging resulted
in favourable residual stress levels, although stress
distributions in service were not favourable due to
the presence of sharp stress gradients at the main
bore chamfer end. For ov >17 per cent, the highest
service effective stress occurred at point v. For ov
>27 per cent , hoop stress reversals are avoided
and therefore ratcheting or incremental collapse is
unlikely. Shakedown would be achieved at this ov.
A compromise ov is required to avoid both high
service stress gradients and stress reversals.

For the full benefits of ov to be realized, it is
recommended that the cross-bore and chamfer be
introduced after autofrettage of the plain cylinder and
an FEM program developed for this analysis. The results
of this research will be presented in a future article. It is
also recommended that research be carried out to
determine if nodes rather than elements should be the
basis of yielding for more accurate solutions. The results
of this research will also be presented in a future article.
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APPENDIX

Notation

ASME

American Society of Mechanical Engineers

C material constant

ca chamfer angle

clr chamfer length ratio

d cross-bore to main bore radius ratio
FEM finite-element method

k thickness ratio

n strain hardening exponent
ov overstrain

Uy displacement in x-direction
u, displacement in y-direction
u, displacement in z-direction
Ys yield stress

et effective strain

T effective stress
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