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results are evaluated with available data. In the research
process, transient thermal stress has been modelled using an
uncoupled thermoelasticity model in the quasi-static state.
Also, the thermal stress results in steady-state are compared
to the existing analytical data and, excellent agreement is
achieved. Finally, transient thermal stress intensity factors
are presented for different values of cylinder radius ratio and
various relative depths and aspect ratios of the crack.

1. Introduction defects and cracks increases, so that cracks

are nucleated on the plane of maximum
Thin and thick-walled cylinders are one of normal stress in the internal and external
the most widely used and common structures surfaces and with changes in thermal loads,
in the industry, which are generally subjected thermo-mechanical stresses around the crack
to mechanical, thermal and vibration loads. tip increase which may lead to crack growth
As a result of applying these types of loads and eventually structural failure.
and their persistence, the possibility of Accordingly, these types of structures will
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have a limited life, and determining their
fatigue life is very important because the
correct estimation of fatigue life can prevent
the occurrence of catastrophes and
irreparable financial and human losses. So in
the assessment of fatigue life estimation
through fracture mechanics, it is necessary to
determine the stress intensity factor (SIF)
parameter. Among the different types of
cracks in cylinders under pressure and heat,
two types of cracks, including longitudinal
and circumferential surface cracks, which
occur mainly in the welding seam, will have
the most sensitive and critical condition. This
phenomenon mainly occurs in pipes exposed
to  corrosive  environments. Irregular
geometric defects become semi-elliptical
cracks over time [1], so it is imperative to
investigate the SIF to evaluate cracks growth
in such cylinders.

Raju and Newman [2] calculated the SIFs for
the circumferential semi-elliptical surface
cracks in the pipes and rods in both tensile
and flexural loading states using the finite
element method (FEM). Carpinteri et al. [3-
6] employed the same crack and solution
method to study crack growth under axial
and flexural cyclic loads. Ligoria et al. [7]
modelled and analyzed the external
circumferential semi-elliptical crack growth
in a hollow cylinder under cyclic flexural
loading using the FEM. Shahani and Habibi
[8] and Shahani et al. [9] also analyzed the
problem using the FEM and experimental
test by adding torsion to the previous loads.
Fillery and Hu [10], Ghajar et al. [11],
Abbaspour Niasani et al. [12] and Nabavi et
al. [13] used the weight function method to
study the external circumferential crack
under steady-state thermal loading.

Fakhri et al. [14] extracted the stress intensity
factors for the thin-walled cylinder

containing external and internal
circumferential semi-elliptical crack under
tensile and internal pressure loads using the
FEM. Al-Moayed et al. [15,16] presented
SIFs for a thick-walled cylinder containing
external and internal semi-elliptical crack
under both pure mode I and mixed-mode.
Qian and Li [17] evaluated the effect of
residual stress due to welding on the internal
circumferential semi-elliptical crack behavior
in the cylinder using ABAQUS software.
Miyazaki and Mochizuki [18] investigated
the effects of two types of stress distributions
due to weld connection on the SIF at the deep
point of the semi-elliptical crack located in
the cylinder and sheet using the SIF solution
in API 579-1 standard. Zareei and Nabavi
[19, 20] and Nabavi and Shahmorady [21]
used the weight function method to
investigate the circumferential semi-elliptical
cracks located on the internal surface of the
cylinder under different loads, including
residual stress due to welding. They also
compared the results with the finite element
analysis. Paarmann and Sander [22] obtained
numerically and analytically the thermal SIFs
for a thick-walled sheet and cylinder
containing circumferential semi-elliptical
cracks under the cyclic thermal load whose
temperature decreases during the cooling
process from 545 to 50 °C in 180 to 3600 s.

Based on the studies performed, it was
observed that most researchers examined the
circumferential semi-elliptical cracks under
steady-state  thermo-mechanical loads.
Furthermore, the effect of time is not
considered in the residual stress analysis due
to welding. The complexity of FE modeling
in circumferential semi-elliptical cracking is
more significant than its longitudinal type.
On the other hand, the time-consuming
nature of the transient thermal analysis
makes it difficult to find a straightforward
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solution to this type of problems. In this
paper, the circumferential semi-elliptical
crack is considered on the external surface of
the cylinder. This type of crack usually
occurs in the circumferential welding seams
of pipes exposed to corrosion by the
surrounding environment. In the research
process, the SIFs of mode I for thin and thick
wall cylinders at the deepest point of the
crack under transient thermal loading have
been calculated using the 3D FEM and
singular elements in the crack front for
different values of cylinder radius ratio,
relative depth and crack aspect ratio. In this
regard, at first, the variations of SIFs for the
mechanical loading state are extracted, and
the obtained results are validated with the
available data in order to ensure convergence
and elemental accuracy. Then transient
thermal stress distributions in the cylinder
without cracks are verified. Finally, the
transient thermal SIFs for different states of
cylinder and crack are calculated and
assessed.

2. Crack geometry and mechanical
and thermal characteristics

In order to study the behavior of a
circumferential semi-elliptical crack located
on the external surface of an isotropic
cylinder carrying ultra-cold fluid, the three-
dimensional FEM (ABAQUS software) is
used. In order to neglect the effect of edges
on SIFs, the plane strain assumption is
adopted (Fig. 1). The thermo-mechanical
properties of the material are listed in Table
1. Conductive heat transfer, which is applied
due to super cool fluid flow into the internal
cylinder wall, makes the thermal field.
Transient thermal field changes and making
tensile and compressive stress around the
crack tip reasonably infer increased crack

growth. In order to estimate transient thermal
SIFs using FE analysis, first temperature
field distribution is obtained using uncoupled
thermoelasticity analysis separately. Then
quasi-static thermal stress resulting from this
field was determined using singular elements
in the cracked cylinder. Then the transient
thermal SIFs at the deepest point of crack,
which is demonstrative of the maximum
crack front penetration to the cylinder wall,
are extracted for different values of
cylindrical radius ratio (R,/R; =1.1, 1.25
and 2), various values of relative depth
(0.2< a/B <0.8), and aspect ratio (0.2<
a/c <I).
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Crack Plape z

Fig. 1. Geometry and parameters of the external
semi-elliptical circumferential crack.
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Table 1.The properties of the cylinder’s material.

Parameter Unit Value
Density kg/m3 7600
Young's modulus GPa 200
Poisson's ratio 0.3
Linear thermal. expansion 1°K 12x10°
coefficient
Thermal conductivity W/m.°K 25

3. Three-dimensional finite element
modeling

In the simulation process, the crack and its
surroundings in one part and other parts of
the cylinder have been separately modeled
with radius ratios of 1.10, 1.25 and 2 (see
Fig. 2a). This radial ratio covers a wide range
of thin and thick-walled industrial cylinders.
In order to prevent the edge effects and apply
plane strain conditions, the end of the
cylinder is fixed in the longitudinal direction,
and its length is considered to be 10 times
larger than the internal radius.

As shown in Fig. 1, due to two planes of
symmetry, crack plane (r-T) and
perpendicular to it at the deepest point (r-Z),
a quarter of the model can be used in the
three-dimensional analysis, which reduces
the computational cost and memory usage for
the analysis of finite element model. In the
meshing process, three-dimensional
isoparametric elements and their singular
form (C3D15 element and DC3D15 element,
respectively) at the crack tip is utilized for
mechanical and thermal loads. In other areas,
20-node 3D hexahedral elements
C3D20R/DC3D20 and 8-node 3D hexahedral
elements C3D8R/DC3DS8 are employed for
mechanical and thermal loading conditions.
Assuming the linear elastic fracture
mechanics (LEFM) theory, middle nodes of
wedge elements are placed in one forth
distance from the crack tip to make stresses
singularity in crack front that Fig. 2b shows
the place of these nodes. In each analyzes,
the convergence of the results and the

meshing accuracy are examined, ensuring its
accuracy. The effect of the number of
elements on the value of the SIF for a relative
depth and specific aspect ratio is given in
Table 2.

Crack tip

(b) Singularity at the crack tip
Fig. 2. Three-dimensional finite element
modeling for an external circumferential semi-
elliptical crack.
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Table 2. Mesh convergence for modeling a
homogeneous cylinder containing circumferential
semi-elliptical crack.

Number of elements SIF (K;)
1225 1.1050x107
1880 1.1047x107
4010 1.1041x10’
10700 1.1035x107
29120 1.1030x10’
35117 1.1029x10’
52000 1.1029x10’

There are three displacement extrapolation,
stiffness derivative, and J-integral methods to
calculate the values of mode I SIFs, and each
of them has its own advantages and
disadvantages [23]. The J-integral method is
useable in two- and three-dimensional
cracks. Considering the nature of the deepest
point of the semi-elliptical crack, after
calculating the J-integral, mode I SIF (which
shows plane strain nature on the crack front)
is determined using Equation (1) as follows
[24]:

K; =VEJ/(1 —v?) 1)

where E and v are elastic modulus and
Poisson's ratio, respectively. J-value is the
average contours around the crack's deepest
point on the plane perpendicular to the crack
front. For analysis, the cylinder containing a
circumferential semi-elliptical crack located
outside the cylinder is subjected to a uniform
tensile load in the longitudinal direction. SIFs
are calculated for a wide range of cylinder
geometry, with cylinder radius ratios of
R,/R; =1.10, 1.25, and 2, aspect ratio a/
c =0.6 to 1.0, and crack relative depth ratio
a/B =0.2 to 0.8 to validate the results of the
three-dimensional simulation. The applied

mechanical properties are given in Table 1.

The results are dimensionless through
Equation (2).
Kny = Ki/0py/ma/Q (2)

where o, and Q are the uniform tensile stress
and the geometrical parameter of the crack,
respectively. Parameter Q is calculated
through elliptical integral series expansion
and using relation 3 [24]:

Q=1+1.464(a/c)'® ,a/c<1 (3)

The results of dimensionless SIFs compared
with available data are given in Tables 3 to 5.
The results show that the modeling and
simulation of the present work have high
accuracy.

Table 3. Comparison of dimensionless SIFs
under axial tension for radius ratio 1.10.

)
sl 2| m| = &
= g = & & al
51 2] sl o S %
ajc|la/B| 3| 2| 5| 5| g| &
“~1 E|E|z| 5| 2
S = = G I R -
= F
[a7
0.2 | 090 | 1.10 | 0.85 - - -
0.6
0.8 | 1.24 | 1.25 | 1.24 - - -
02 | 1.06 - 1.05 - - -
0.8
0.8 | 1.16 - 1.25 - - -
0.2 | 1.04 | 1.02 | 1.04 | 1.05 | 1.04 | 1.04
04 | 1.06 - - 1.08 | 1.06 | 1.05
1.0
0.6 | 1.09 - - 1.10 | 1.08 | 1.08

0.8 | L.11 | 1.07 | 1.35 | 1.11 | 1.09 | 1.08
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Table 4. Comparison of dimensionless SIFs
under axial tension for radius ratio 1.25.

Raju and Al-Moayed
P t

aje | aft resen Newman [2] etal. [14]
0.6 0.2 1.076 1.101 0.955
|08 | 1251 1.285 1.055
0.2 1.057 - 1.050

0.8

0.8 1.174 - 1.350
Lo 0.2 1.040 1.019 1.110
' 0.8 1.120 1.072 1.355

Table 5. Comparison of dimensionless SIFs
under axial tension for radius ratio 2.0.

Raju and API 579
af/c | a/t | Present Newman [2] [25]
0.2 1.077 1.113 -
0.6
0.8 1.387 1.455 -
0.2 1.043 1.015 -
o 0.4 1.075 - 1.027
' 0.6 1.123 - 1.050
0.8 1.107 1.076 1.051

4. Thermal and stress distribution in
cylinder without crack

4.1 Governing equations of thermoelasticity

The governing equations of uncoupled
thermoelasticity in the quasi-static state for
homogeneous cylinder assuming
axisymmetry and regardless of producing
internal heat and body forces are defined as
follows [28]:

0T 10T 10T

J— _——_— e —— 4
or? + ror a* ot 2
0’u 10u u a(3A+ 2w AT

B e oAl 5
or? + ror r? i or 0 ®)

where o and o are linear thermal expansion
factor and thermal diffusivity coefficients,
respectively. Furthermore, A and p are Lamé

constants.  Determination  of  thermal
distribution and displacement by applying
boundary and initial conditions is the primary
aim of a thermoelasticity problem. In coupled
thermoelasticity, the governing equations are
dependent because of the thermal field's
effect on the displacement equation and also
the mechanical dissipation on the heat
equation. If the boundary condition is of
thermal shock type, the analyzes should be
accomplished based on coupled solution, and
the effect of thermoelastic shock wave
propagation should be assessed.

On the other hand, the effect of wave
propagation is neglected and the inertia term
is removed in the quasi-static solution. If the
temperature distribution in the body is
applied continuously and slowly, in this case,
the effect of coupling terms can be ignored
and the equations are analyzed in an
uncoupled manner (Equations (4) and (95)).
Considering that the distribution of
longitudinal stress due to internal pressure in
the cylinder creates a behavior similar to
uniform tension in circumferential cracks,
consequently, in this study, the pure thermal
stress i1s determined and evaluated.
Apparently, if the cylinder is also under
internal pressure in addition to the thermal
load, the SIFs can be added together using
the superposition principle. Accordingly, in
this paper, only constant thermal boundary
conditions are considered prescribed on the
inner and outer surfaces, and all the steps and
conditions mentioned in Equations (4) and
(5) are in the form of uncoupled quasi-static
thermoelasticity. In this way, at first, the
transient thermal distribution in the cylinder
is calculated separately (Equation (4)) and
then the results of thermal stress due to the
thermal field are determined. Following, the
transient thermal SIFs for cylinder containing
circumferential semi-elliptical crack are
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obtained wusing the J-integral method. It
should be noted that the thermo-mechanical
properties of the material are assumed to be
constant and independent of temperature in
all analyses.

4.2 Thermo-mechanical response in

homogeneous cylinder

As mentioned, in order to determine the
transient thermal SIFs, the transient thermal
distribution due to uncoupled loading should
be first determined and considered an input
in thermal stress analysis. For this purpose,
the transient thermal distribution in the
internal and external walls of the cylinder for
radius ratios (Ry/R;) 1.1, 1.25, and 2.0 are
numerically  extracted. @ The  transient
temperature and stress distributions are
dimensionless using Equations (6) and (7).

Th = (T(r,) = T)/(To, — T) (6)

_o,(r) (1—v)
on = TEa(T, — T,)

()

where T(r,t) and o,(r,t) are temperature and
longitudinal stress fields in the cylinder
without cracks, respectively. The time effect
is also determined in the form of the Fourier
number (Fo).

Fo = at/R,> (8)

where t, a and R, are time, linear thermal
expansion coefficient, and cylinder external
radius, respectively.

The transient temperature and stress
distributions in the cylinder without crack for
a radius ratio of 1.10 compared to the
available analytical solution in the steady-
state [29] are shown in Figs. 3 and 4. As can
be seen, with increasing the Fourier number

and time passes make the gradient of changes
in diagrams decreases, and the solution tends
to the steady-state.
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Fig. 3. Transient temperature distribution along

the thickness of the cylinder for a radius ratio of

1.1 at specified times.
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Fig. 4. Longitudinal transient thermal stress

distribution along the thickness of the cylinder
for a radius ratio of 1.1 at specified times.

5. Results and discussion

The steady thermal SIFs for the
homogeneous cylinder containing an external
circumferential semi-elliptical crack are
extracted for radius ratio of 1.10, the aspect
ratio of 0.2< a/c <1.0, and the relative crack
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depth of 0.2< a/B <0.8. The thermal and
mechanical properties of Table 1 are
exploited. The problem is analyzed by the
uncoupled quasi-static solution method, and
the boundary conditions of the type of
conductive heat transfer and super cool fluid
flow with temperatures of -100 and 0 °C in
the internal and external cylinder surfaces are
considered. In the following, longitudinal
stress due to thermal boundary conditions
causes the opening of the external
circumferential crack in the opening mode.
Furthermore, the thermal SIFs obtained from
the FE solution become dimensionless as
follows

K|

Kyt Eab TV 9)
In the internal surface of the cylinder, with
increasing ultra-cold flow, Temperature
reduction is transferred from the internal wall
to the outer one (according to Fig. 4) and
causes compressive stress across the external
part of the cylinder. This phenomenon leads
to the closing of the crack mouth.
Considering that it is possible to employ the
superposition  principle in  combining
loadings in cracked problems, so according
to Fig. 5, the negative values of SIFs are also
represented in low relative depth. According
to the diagram, with increasing relative depth
and changing the nature of stress behaviour
in the cylinder, the crack changes to the
opening mode. So that with increasing the
relative crack depth the values of the SIFs
increase, while with increasing the aspect
ratio, the rate of decrease of the values is
observed.

0.7

ac=0.2, Present result

061 o &c=02 wF13]

05 | — — 4c=0.6, Present result
A alc=0.6, WF [13]

0.4 a@lc=1.0, Present result
O a@c=1.0, WF [13]
0.3 A

KNT

0.2 {

0.1

g

-0.1

0.2 03 0.4 0.5 0.6 0.7 0.8
a/B

Fig. 5. Steady normalized thermal SIFs for radius
ratio of 1.1.

In general, more circular cracks at lower
relative depths are more critical, and semi-
elliptical cracks are more critical at higher
relative depths. Furthermore, to ensure the
accuracy of the present analysis, the thermal
SIFs resulting from the ratio of radius to
thickness 10 are compared with the available
data obtained from the weight function
method [13], and a good agreement is
achieved.

In the following, the results of transient
thermal SIFs for cylinder containing an
external circumferential semi-elliptical crack
at the deepest point up to steady time for
different radius ratios (1.1, 1.25, and 2.0) and
based on relative depth for each aspect ratio
are indicated in Figs. 6 to 14.
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Fig. 6. Variation of dimensionless transient

thermal SIFs for radius ratio of 1.1 and aspect
ratio of 0.2.
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Fig. 7. Variation of dimensionless transient

thermal SIFs for radius ratio of 1.1 and aspect
ratio of 0.6.
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Fig. 8. Variation of dimensionless transient

thermal SIFs for radius ratio of 1.1 and aspect
ratio of 1.0.
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Fig. 9. Variation of dimensionless transient

thermal SIFs for radius ratio of 1.25 and aspect
ratio of 0.2.
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F0=0.0025
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KNT

0.2 0.3 0.4 0.5 0.6 0.7 0.8
a/B
Fig. 10. Variation of dimensionless transient

thermal SIFs for radius ratio of 1.25 and aspect
ratio of 0.6.
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Fig. 11. Variation of dimensionless transient
thermal SIFs for radius ratio of 1.25 and aspect
ratio of 1.0.
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Fig. 12. Variation of dimensionless transient
thermal SIFs for radius ratio of 2.0 and aspect
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Fig. 13. Variation of dimensionless transient
thermal SIFs for radius ratio of 2.0 and aspect
ratio of 0.6.
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F0=0.025
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— — — Fo=0.25

KNT
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Fig. 14. Variation of dimensionless transient
thermal SIFs for radius ratio of 2.0 and aspect
ratio of 1.0.

According to the obtained results, the thermal
SIFs in the cylinder with a radius ratio of 1.1
in Fo =0.025 and other radius ratios in
Fo =0.25 and Fo =2, respectively, have
reached steady values. Also, with increasing
Fourier number (Fo) and the passage of time,
thermal SIFs demonstrate an increasing trend
so that the maximum value of SIFs occur for
all three radius ratios in all aspect ratios and
relative depths at the steady time. SIFs do not
change from the negative state almost for all
three radius ratios and different aspect ratios
at a relative depth of 0.2 and over time, the
crack opening displacement will permanently
be closed due to the compressive stress
distribution in the cylinder external wall. In
other words, growth for this type of crack is
not critical up to 20% thickness. Also, the
increase in the SIFs at higher relative depths
over time is observed in different aspect
ratios. Moreover, for all cylinders at a
relative depth of 0.8 and aspect ratio of 0.2
where the crack is semi-elliptical and
elongated, the SIF reaches the highest and
most critical value possible after stabilizing
both thermal and stress distribution.
Therefore, when the crack penetration

reaches more than 20% of the critical
thickness, the SIFs increase and the crack
expands with increasing relative depth.

The SIFs versus the Fourier number (Fo) for
all three radius ratios are shown in Figs. 15 to
17. In all three cases in the relative depth
range of 0.4, sudden variations and increase
in SIFs are observed due to the onset of heat
diffusion in the cylindrical wall and the
creation of tensile and compressive stress
regions. Also, as the thickness of the cylinder
increases, the SIF decreases for all aspect
ratios and relative depths, and the time to
achieve steady state increases. In general,
during thermal stress distribution time, more
circular cracks with less relative depth are
critical, and semi-elliptical cracks with more
relative depth are critical. In conclusion, it is
necessary to mention that with a 10 times
increase in the cylinder wall thickness, a
slight percentage decrease in the values of
the SIFs occurs, which indicates that
increasing the thickness is not cost-effective
to prevent the growth of this type of crack in
cylinders under pressure and temperature
conditions.
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Fig. 15. Variation of transient thermal SIFs
versus Fourier number (Fo) for different radial
ratios and aspect ratio of 0.2.
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Fig. 16. Variation of transient thermal SIFs
versus Fourier number (Fo) for different radial
ratios and aspect ratio of 0.6.
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Fig. 17. Variation of transient thermal SIFs
versus Fourier number (Fo) for different radial
ratios and aspect ratio of 1.0.

6. Conclusions

The paper aims to determine the mode I SIFs
for an external circumferential semi-elliptical
crack in the cylinder with radius ratios of
Ry/R; =1.10, 1.25, and 2.0, aspect ratio
a/c=0.2 to 1.0, and relative crack depth
ratio a/B =0.2 to 0.8 under mechanical and
transient thermal loading conditions using
FEM. In order to ensure the simulation
process, first, the results of SIFs in a cracked

cylinder under uniform mechanical loading
are evaluated with the current results, and
appropriate adaptation is obtained. The
following analysis of pure temperature
distribution and thermal stress is performed
uncoupled for the steady-state and transient
state in the cylinder without cracks. Finally,
transient thermal SIFs are extracted for a
homogeneous cylinder containing an external
circumferential semi-elliptical crack. The
most important results of the present study
are:

e In a homogeneous cylinder containing an
external circumferential semi-elliptical
crack, the crack tends to grow when the
inner surface of the cylinder is colder
than its outer one. This phenomenon is
due to the nature of the transient tensile
thermal stress.

e Thermal SIFs achieve their steady-state
values over time, while the maximum
thermal SIFs occur. In other words,
evaluation based on steady-state values
supplies conservative results.

e Thermal SIFs in thin-walled cylinders
reach their steady-state faster than thick-
walled cylinders.  Furthermore, the
gradient of transient thermal SIFs in
thick-walled cylinders is less than that of
thin-walled cylinders.

e Transient thermal SIFs increase with
increasing relative crack depth over
specified periods of time. In deep cracks,
elliptical cracks (with a low aspect ratio)
are more critical than circular ones.
Circular cracks (with a high aspect ratio)
are more critical in shallow cracks.

e As the radius ratio of the cylinder
increases, the values of the transient
thermal SIFs decrease. Therefore, crack
growth occurs quickly in thin-walled
cylinders.
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e The shallow cracks start closing during
the time. In other words, growth for this

type of crack up to 20% thickness is not
critical. However, when the crack
penetration reaches more than 20% of the
critical thickness, with increasing relative
depth and decreasing aspect ratio, the
SIFs increase and the crack expands.

e Increasing the thickness of the cylinder
decreases the SIFs over time but merely
delays the crack growth rate. Therefore,
in this type of cylinders that are prone to
such cracks and damages, strengthening
and amplification properties should be
done using methods such as thermal
operations, hardening, reinforcement
using composite patches, and other
reinforcement procedures in advance.
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