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ABSTRACT

Cyclic thermal stratification resulting in alternating thermal
stresses in pipe cross sections has been identified as the primary
cause of high cycle thermal fatigue failure. A number of piping
lines in operating plants around the world, susceptible to ther-
mal stratification, have experienced circumferential cracking as a
result of high levels of alternating bending stresses. This paper
addresses the mechanisms of crack initiation and crack growth
and provides estimates of fatigue cycles to failure for a typical
safety injection line with such cyclic load history. Utilizing a
3-0 finite element analysis, the temperature profile and the cor-
responding thermal stress field of a complete thermal cycle in a
safety injection line consisting of a horizontal pipe section and
an elbow, is obtained. Since the observed cracking occurred in
the region of the elbow-to-horizontal pipe weld, the analysis per-
formed assessed (a) the impact of the level of local geometric
discontinuities on the initiation of an inside surface flaw is great-
est and (b) the number of thermal cycles required to drive a
small surface crack through the pipe wall.

NOMENCLATURE

a = Flaw depth
a, = Coefficients of stress polynomial (i=0,l,2,3)
Ao = Anal stress at the inside pipe surface
A\ = Linearized stress gradient through pipe thickness
C = Characteristic constant of material crack growth law
f = Correction factor
F, = Functions used in the linearization model (i=l,2)
Hi = Magnification factors (i=0,l,2,3)
hf = Convective heat transfer coefficient
K = Stress intensity factor
n = Characteristic constant of material crack growth law
R = KmmlKmaz
s = Radial distance through the pipe wall
t = Pipe thickness
AJT = Stress intensity factor range
<r0 . = Axial stress at the outside pipe surface

INTRODUCTION

Thermal fatigue fracture, experienced in a number of pip-
ing systems of Pressurized Water Reactors (PWR), has been at-
tributed to ths combination of thermal transients (shocks) and
thermal stratification. Thermal stratification can occur under
certain conditions on horizontal sections of piping systems. Co-
incident with the stratification phenomenon is a large temper-
ature gradient that exists over the pipe cross section which is
occupied by two high temperature differentid fluid layers. The
colder layer which occupies the lower portion of the pipe and
the warmer layer above it are separated by a thin layer of large
temperature gradient. The temperature profile in the metal in-
duces considerable thermal stresses due to bending action. The
presence of such stresses becomes more critical when they sire ac-
companied by thermal transients that occur periodically. These
transients, which can occur many times during operation, lead
to cyclic stress levels that could potentially reduce the life of the
component through thermal fatigue and crack initiation. Such
transients can result from leaking valves which periodically in-
ject cold fluid into adjacent horizontal pipe sections that are filled
with almost stagnant warmer fluid. The net result of the influx of
the colder fluid is the formation of the frequency related stratified
flow.

In recent years, a number of feedwater lines, safety injection
and surge lines of operating PWR plants around the world have
failed due to cracking. As a result, a number of investigations
were performed to determine the failure mechanism (see Refer-
ences 1-6). The common conclusion of the investigations were
that the observed cracking was directly effected by the high cy-
cle fatigue due to the alternating thermal stresses. It was also
reported that cracks tend to appear near structural discontinu-
ities, especially in the vicinity of welds that are used for joining
of horizontal pipe sections and elbows.

For demonstrative purposes an analysis involving a typical
safety injection line which runs between a safety valve and the
cold leg of the main piping line is evaluated. The function of
the safety valve is to provide emergency cooling water into the
cold leg. The temperature difference between the fluid in the
cold leg and that in the line upstream from the valve is several



hundred degrees. The injection line consists of a horizontal run
and a vertical portion which < -̂  linked by an elbow. In order to
assess the impact of the transient stratified flow on the integrity
of the system, a leaking valve scenario is adopted. A 3-D finite
element analysis is then utilized to obtain the stresses through-
out the model for a given stratification level and transient profile.
The thermo-mechanical problem is solved using the ANSYS gen-
eral purpose finite element program. Fatigue evaluations are then
performed around the circumference in the vicinity of the weld to
assess the role of fatigue on potential crack initiation at the weld
region. Further, crack growth laws, applicable to the conditions
at hand, were applied to determine where the stress profiles at
the critical sections are capable in driving a surface flaw (located
on the inside pipe surface) through the thickness of the pipe. Fur-
thermore, in order to gain a better understanding of the impact
that specific parameters have on the crack driving mechanism,
different problems were studied through the same approach. The
parameters investigated include pipe schedule(s), length of the
horizontal run, level of cold layer during stratification and orien-
tation of tae vertical pipe run.

The results of the analysis showed that thermal fatigue, re-
sulting from stratification and thermal shocks, has the potential
to initiate surface cracks and propagate them through the pipe
thickness. The analysis also showed that geometrical disconti-
nuities near the welded region are responsible for localized high
stress levels. Moreover, from the results it can be demonstrated
that heat-affected zones (proximity of the weld) are more suscep-
tible to strength reduction due to fatigue (quicker crack initia-
tion) than other sections of the pipe.
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Figure 1. Safety Infection Line

Figure 2. Finite Element Model of the Line

MODEL AND THERMAL LOADING DESCRIPTION

Figure 1 depicts the configuration of the injection line eval-
uated for this report. As can be seen, the piping system con-
sists of a horizontal straight pipe, a 90-degree elbow and a ver-
tical pipe. Temperature boundary conditions (valve-upstream
and cold leg) are also indicated in the figure. For this analysis,
the complete piping section is assumed to be perfectly insulated.
The configuration shown in Figure 1, in conjunction with the 6
in. (152mm) pipe schedule (160), was used to obtain the finite
element model shown in Figure 2. Figure 3 describes a somewhat
modified arrangement. This model depicts a partial elbow con-
necting the horizontal straight pipe with another straight section
which makes a 30-degree angle with the horizontal plane.

Figure 4 shows the weld region in greater detail indicating
the existence of the typical pipe thickness reduction present on
both sides of the weld (due to grooving in the weld vicinity).

Finally, with respect to thermal loadings for the problems
under consideration it was assumed that during steady state
stratification, the cold fluid layer occupies a cross sectional area
that extends j radians from the bottom of the pipe. The temper-
ature of this layer is the same as that of the cold water upstream
of the valve, i.e. 100 °F (37.8 °C). Experimental studies ŝee
Reference 1) have shown that the fluid temperature in relatively
short horizontal runs remains constant and it begins to change
around the elbow where mixing occurs. The hot layer above has
the temperature of the hot leg (550 °F [288 °C]) for the most part,
assuming some negative gradient as it approaches the valve. The
steady state stratification profile is interrupted when the leak-
ing valve shuts and the pipe fills with warm water. Eventually
the valve, due to pressure differential that is built across it, re-
opens injecting cold water, which floods more cross-sectional area
than that during steady-state stratification. The transient cycle
is completed when the cold water height returns to the original
level of steady-state stratified profile.

Figure 3. Line Connected to Cold Lea at a
30-degree Angle tCase C)



The artificial time duration of the thermal cycle is assumed
to be 180 sees (results are only shown for the first 120 sees of the
cycle). Allowing no exchange of heat between the two distinct
layers (heat transfer only occurs in the very thin separating layer)
and assuming film heat transfer coefficients at the interface of
fluid and the pipe metal of the order

hf = 200 BTU/ft2-hr-°F (1135.6 W/m2-hr-"C)
for surfaces in contact with hot fluid and

hf = 170 BTU/ft3-hr-°F (96S.2 W/m2-hr-°C)
for surfaces in contact with cold fluid, the temperature profile
of the pipe metal throughout the model and for the complete
thermal transient cycle is obtained. Figure 5 shows the tem-
perature transient experienced by the inside and outside bottom
surfaces near the weld in a 6-inch (schedule-160) pipe. Figure 6
depicts the circumferential variation of the pipe wail temperature
for both the inside and the outside surfaces at the weld vicinity
during steady state stratification.

STRESS ANALYSIS

The temperature profile of the finite element configuration,
observed at different times during the designed thermal cycle, and
the operational pressure of the fluid in the line formed the input
to the stress analysis evaluation of the piping system. A. pressure
of 2250 psi (15.5 MPa) was assumed to act on the inside surface
of the pipe at all times. Further, the applied loads were assumed
to be symmetric with respect to the plane of geometric symmetry.
Thus, the displacements normal to the cross sections along the
plane of symmetry vanished. The model was rigidly constrained
at the valve-end, while the other end was only allowed thermal
radial expansion (under the assumption that the connecting noz-
zle at the cold leg is at uniform cold leg temperature). No global
action was considered to apply on the model. The reason for this
is that global piping expansions would only raise the mean stress
level at the critical locations and they are expected to contribute
very little, if at all, to the fatigue mechanism.

The stress analysis part of the evaluation was also performed
with the help of the ANSYS program. Slightly different material
properties were assumed for the base metal and the weld material.
The Table below contains the values of the material properties
that were used.

Base metal

360-t

Property

Young's Modulus

Poisson's Ratio
Coefficient of
thermal exp.

28.62x10"
(197)

0.3

7.64x10-"
(1.37x10-*)

Weld metal Units
30.0x10' lb/in2

(207) (GPa)
0.3

9.16x10-" m/in-"F
(1.64x10-*) (mm/mm-'C)

For all the different cases investigated, the resultant stress
profiles were complex. Tensile stresses are experienced by the
lower part of the pipe while compressive stresses act on the up-
per portion. High stress levels were observed at two distinct
cross sections of the system. One of these areas is located in the
vicinity of the safety valve. The bending stresses at thia rigidly
constrained section result from the combination of the thermal
loadings and the upward bowing deformation of the horizontal
section.
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Figure 6. Cireuinferer.tial Temperature Variation at the weld

The other high stress area of the system, also focused on in
this study, is located at the vicinity of the weld at the junction
of the horizontal section and the elbow. For all cases studied
the highest stresses in this area occur at the inside bottom of the
pipe and they are axially oriented. Figure 7 shows the axial stress
variation during the thermal cycle at the inside and outside bot-
tom surfaces of a 6-inch schedule-160 pipe. The stress differential
between the bottom and the top of the pipe during stratification
is evident in Figure 8. In this figure the circumferential variation
of the axial stresses for a 6-inch (case A), l|-jnch (case B) and a
6-inch pipe connected to the cold leg at a 30-degree angle (case
C) is presented. The attenuation of the stresses toward the out-
side surface for different circumferential locations near the weld
of a 6-inch pipe is depicted in Figure 9.
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Since the fatigue mechanisms are driven by the through-
thickness axial stress profile during high and low stress, the cor-
responding stress values at those times during the thermal cycle
only need to be utilized in the subsequent sections.

It is interesting to note the reduction ia stress levels, which
are experienced by the cross section under consideration, when
the (Case C) orientation shown in Figure 3 is adopted. It should
further be noted that a similar reduction occurred for the case
where a smaller size pipe was used (1 —inch schedule-160). In all
cases, however, it is the stress differential, A<r, induced by the
transients at each particular location that serves as the driving
force for fatigue and fracture.

FATIGUE EVALUATION

The complex stress state produced by the thermal cycle for
all variations of the parameters of the problems under analysis
was utilized in order to determine the susceptibility of the weld
region to crack initiation. From the fatigue point of view, crack-
ing can be expected to occur when the cumulative fatigue usage
factor reaches the value of 1. Since various kinds of loadings can
act on the member, while the number of their occurrences con-
tribute to the usage factor, results of this section will only be
valid on a relative basis. Evaluation of the fatigue usage factor
around critical sections (suspect for crack initiation), using the
stress conditions due to the thermal transients combined with
those due to pressure, revealed the locations where cracks are
most likely to appeal. It should be noted, however, that since
damage in the material is induced, primarily, by the level of al-
ternating stress and to a lesser degree by the level of mean stress,
the transient thermal stresses are expected to be the prime driv-
ing mechanism for crack initiation. Global piping stresses only
raise the mean stress level of the component and their contri-
bution to the high cycle fatigue mechanism is considered to be
minimal.

The fatigue analysis was also performed using the ANSYS
program. The analysis incorporated fatigue curves from the
ASME Section III(Ref.ll). Consideration was also given to the
stress intensity ranges to determine whether simplified plastic
analysis, as specified by Section NB-3228.3, needed to be applied.
Fatigue curves, which reflect crack initiation due to different lev-
els of stress concentration, were also used to evaluate the role of
geometrical discontinuities (usually present in the proximity of
welds).

The analysis revealed the following: (a) The alternating
stress levels around the weld do not significantly contribute to
the fatigue usag« factor(usage factor is several orders of magni-
tude below the allowable value of 1.0) when the fatigue properties
of austenitic steels are used and no stress concentration factors,
which reflect the level of discontinuity near the weld, are applied
to the peak stresses. This seems to indicate that mechanisms
which incorporate the effects of specific parameters on fatigue
must be responsible when failure due to cracking occurred, (b)
When low alloy or high tensile steel fatigue curves were used in
the evaluation of the usage factor, the number of required stress
cycles to produce the limiting value of 1.0 was drastically reduced.
It is to be noted that it is reasonable to assume that the weld
and the heat-affected zone can be described by such curves.



(c) When stress concentration factors were applied on the
nominal stresses or fatigue curves, which define the dependence
of faiigue-crack initiation on various notch geometries, were used,
there was a drastic reduction in the number of stress cycles re-
quired to reach the limiting value of the usage factor, (d) For
any given number of stress cycles, the fatigue usage factor was
found to be higher at the inside surface of the bottom of the pipe,
attenuating towards the outside surface.

Figure 10 shows the circumferential variation of the fatigue
usage factor in the vicinity of the weld for the 6-inch pipe. The
fatigue curves used for this evaluation are those for high tensile
steel. No stress indices were applied on the alternating stresses,
which are shown in Figure 11. Although the alternating stress
values are not very high (max 5O« = 15.5 ksi) and 200000 stress
cycles (1.1 years) were needed to obtain these fatigue usage val-
ues, it is nevertheless clear that the inside bottom pipe surface is
tho most likely place where the cracking will initiate. When stress
concentration factors are applied to the alternating stresses, the
number of stress cycles necessary for crack initiation is drastically
reduced.
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Figure 10. Circumferential Variation of Fatigue Usage
Factor

FRACTURE MECHANICS MODEL

The stress profiles, experienced during a thermal cycle, are
used to evaluate flaw growth ac the cross section that is most sus-
ceptible to fatigue. Thus, a small semi-elliptical circumferential
flaw is assumed to exist at the bottom of the inside surface of the
pipe by the weld, as shown in Figure 12.

For each of the sample cases whose thermal stresses were
evaluated, the stress variations through the thickness that oc-
cur when the inside fibers at the bottom of the pipe experience
the maximum and minimum axial stress, were used in the crack
growth evaluations. Although less severe thermal cycles can also
be expected to occur during operation, studies2 indicate that
crack growth rates are generally dominated by the cycle with
the largest AT. An assumption of uniform stress distribution
through the pipe thickness will lead to conservative results. In
reality, due to through-wall radial thermal gradients, substan-
tial stress gradients exist, see Fig. 9 . These can slow down flaw
growth. It can also be expected that residual stresses, which raise
the mean stress level, exist in the vicinity of the welded area. In
order to account for such stresses, curves presenting fatigue-crack
growth rates in the weld metal and the heat-affected zone were
used.

The number o£ stress cycles required to drive a surface flaw
of initial depth a* through the thickness were evaluated by nu-
merically integrating the linear elastic growth law:

dN (1)

where:

N
Aj

C&n =

/

flaw depth
number of cycles

stress-intensity-factor fluctuation
constants, characteristic of the crack growth
rate of the material
correction factor, dependent on the ratio
R= £

Figure 12. Crack Geometry
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Figure 14. Initial Flaw size Influence on Cycles to Failure

Often, reference fatigue crack growth rates obtained fron?
available data (Ref.10) include the effect of mean stress (R ratio).
In order to include this in the analysis, the crack growth law used,
see Fig. 13, was modified as follows:

/ = 1 + 1.8R for 0 < R < 0.8
/ = -43.35 + 57.975 for 0.8 < R < 1

Figure 13 shows the dependence of crack growth rate jj^ on
the stress intensity factor range for steel weldments and heat-
affected zones (Ref. 7). Stress intensity factors Ki along the
crack front of semi-elliptical surface flaws in cylinders have been
derived by a number of investigators. Accurate evaluation of such
factors for complex loading conditions are vital to the evaluation
of the integrity of the component under study. In References
8 & 9, stress intensity factors were obtained for semi-elliptical
surface flaws using finite element representation of the cracked
region and utilizing superposition of magnification factors. Such
factors correspond to stress intensities resulting from a variety
of "through the thickness" stress profiles (constant, linear etc.).
Results in Ref.8 correspond to constant aspect ratio 2c/a equal
to 6. The application of the method involves the representation
of the complex stress profile at the section in question with the
third-degree polynomial:

o 0 - r -o 1 j+o 2 (— ) ( — (2)

where a is the radial distance through the pipe wall. The stress
intensity factor K is evaluated at the crack front (deepest loca-
tion, 0 = 0) with the use of the expression:

IT t 2

,*<!>+ ?LsirA* (3)

where Hi are the magnification factors, see Ref. 8, and

c) 1") 0 ' 5 (4)

By adopting the stresses, which were derived through the
finite element analysis at different circumferential locations in
the vicinity of the weld, to the above model, the crack growth
law was numerically integrated with the help of a FORTRAN
program. The process begins with an assumption of the depth
of the initial surface flaw, a, and it progresses by advancing the
crack front in small equal steps (1 percent of the total thickness)
while holding the aspect ratio ^ constant (= 6). The process
stops when the crack front reaches the outside surface and the
number of stress cycles is calculated.

The total number of cycles required for "through thickness"
crack penetration is greatly influenced by the initially assumed
flaw depth. Figure 14 shows the dependence of the required cycles
(to failure) on the initial flaw depth for the 6" pipe. One can
also deduce from the analysis the impact of the stress gradient
across the pipe thickness on the growth rate. Specifically, Table
1 represents a comparison of crack growth (6 in. pipe) for three
distinct approaches. Approach A utilizes the already described
stress profile through the pipe wall, approach B (according to
Ref. 3 ) evaluates the range &-K using the following linearization
model:

K = naAoFi + —AtF3 (5)

where:

a

Aa

A*

F1

F,

(TO

flaw depth

axial stress at inside surface

t

1.126 + 0.234f + 2.20(f )2 - 0.208(f ) s

1.073 + 0.267f + 0.666(f)3 + 0.635(f )3

axial stress at outside surface
and approach C CO! siders uniform stress distribution through the
pipe wall (maximum and minimum inside surface stress). As ex-
pected, approach C is the most conservative of all three and it can
reasonably represent the most crack growth. It should further be
noted that the linearized model behaves reasonably well when
thn crack depth is small. As the crack gets deeper (Table l), the
stress intensity range reaches disproportionate values. Lastly, Ta-
ble 2 presents the fatigue crack growth for various piping systems
evaluated using this analysis.



TABLE 1 TABLE 2

Crack Growth Comparison for Various Fracture Models

a
(in.)

Approach A

AK da

IN
N

{Ksis/tn.) (in./cycle) (cycles)

0.0836
0.1336
0.1836
0.2336
0.2836
0.3336
0.3836
0.4336
0.4836
0.5336
0.5836
0.6336

Approach B
0.0836
0.1336
0.1836
0.2336
0.2836
0.3336
0.3836
0.4336
0.4836
0.5336
0.5836
0.6336

Approach C

14.4
16.4
17.5
18.5
19.7
21.4
24.0
27.6
32.2
38.1
45.8
54.5

9.5
16.2
24.0
33.4
44.7
58.1
74.0
92.5
114.1
138.7
166.8
198.4

0.141E-5
0.186E-5
0.216E-5
0.243E-5
0.280E-5
0.336E-5
0.432E-5
0.587E-5
0.829E-5
0.120E-4
0.179E-4
0.263E-4

0.568E-6
0.183E-5
0.436E-5
0.900 E-5
0.170E-4
0.303E-4
0.516E-4
0.844E-4
0.134E-3
0.206E-3
0.308E-3
0.452E-3

35492
62319
85496
106055
123933
138808
150376
158895
164924
169097
171888
173788

88071
115462
126937
132494
135431
137080
138050
138642
139016
139259
139421
139532

0.0836
0.1336
0.1836
0.2336
0.2836
0.3336
0.3836
0.4336
0.4836
0.5336
0.5836
0.6336

16.4
21.3
25.9
30.6
35.6
41.1
47.0
53.5
60.4
67.6
75.1
82.4

0.188E-5
0.333E-5
0.511E-5
0.738E-5
0.103E-4
0.141E-4
0.190E-4
0.252E-4
0.329E-4
0.423E-4
0.532E-4
0.654E-4

26595
41617
51403
58182
63033
66577
69208
71191
72709
73891
74831
75596

Crack Growth in a 0-inch (sched.-160) Pipe Connected
to Cold Leg at 30-degree Angle. Cold Layer at | rads.

a

(in.)

0.0836
0.1836
0.2836
0.3836
0.4836
0.5836
0.6336

AK da
dN

N
{Ksi\/in.) (in./cycle) (cycles

10.4
12.6
14.1
17.0
22.7
32.1
38.2

0.692E-6
0.105E-5
0.134E-5
0.203E-5
0.383E-5
0.821E-5
0.120E-4

72256
174643
254474
310451
341795
356968
361118

Crack Growth in l | - inch Pipe Connected to Cold Leg
at 30-degree Angle. Cold Layer at f rads.

a

(in.)

0.0390
0.0890
0.1140
0.1390
0.1640
0.1890
0.2140
0.2390
0.2640

AK
(Ksi\

6.1
8.7
9.9
11.2
12.7
14.4
16.3
18.4
20.7

— NdN "
fin.) (in./cycle) (cycles

0.210E-6 118784
0.461E-6 247885
0.612E-6 288725
0.805E-6 319774
0.106E-5 343289
0.140E-5 361090
0.184E-5 374656
0.242E-5 385007
0.311E-5 393042

Crack Growth in l|-inch Pipe Connected to Cold Leg
at 30-degree Angle. Cold Layer at J rads.

&
(in.)

0.0390
0.0890
0.1140
0.1390
0.1640
0.1890
0.2140
0.2390
0.2640

(Ksi\/in.) (in./cycle) (cycles)

5.4
7.4
8.3
9.3
10.4
11.7
13.0
14.6
16.3

0.162E-6
0.330E-6
0.422E-6
0.537E-6
0.688E-6
0.885E-6
0.113E-5
0.146E-5
0.186E-5

154686
331342
390516
437074
473426
501690
523753
540867
554311

CONCLUDING REMARKS

Based on the stress ranges of the 3-D finite element analy-
sis, obtained for safety injection lines during thermal stratifica-
tion/transient, the following remarks can be iiade regarding the
operational integrity of such lines from the fatigue crack growth
point of view: (a) Injection lines with short horizontal runs fol-
lowing a leaking valve are expected to experience cyclic ther-
mal stratification which will lead to cyclic thermal stresses. The
severity of the thermal stresses, which at times exceed the ten-
sile strength of the material, and their impact on the integrity
of the pipe appears to be a func.ion of specific local parameters,
such as stress concentration and material behavior at critical lo-
cations. The levels of alternating stresses generated during a
thermal cycle are not high enough to initiate surface flaws, when
the forementioned parameters do not participate in the process.

Provided that initiation has occurred, however, then the alter-
nating stresses experienced by the pipe can, in relatively short
time periods, drive surface flaws through the entire pipe wall,
(b) While the mean stress level plays a role in terms of the crack
growth behaviour of the material, it is the alternating stresses
that basically dominate in such processes. Thus, provided that
stratification occurs and the same thermal cycle is allowed to
take place, reduction of alternating stress levels, when smaller
pipe sizes are used is minimal, even though mean stress levels are
lower. Finally, it should be noted that the geometrical config-
uration on the other hand can in some cases reduce the bowing
pipe deformation. This in turn may significantly impact both the
mean stresses and the alternating stresses especially at sections
susceptible to fatigue crack failure such as the junction of the
horizontal section and the elbow.
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