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ABSTRACT

Circumferential cracking in injection lines as well as feed-
water lines has been observed in a number of PWRs around the
world while its exact cause has been continuously sought through
a number of independent investigations. The comprehensive con-
clusion of all studies is that the primary, but not the only, cause
of pipe failure is the thermal stratification phenomenon that oc-
curs in pipes experiencing temperature differentials across their
cross section. This phenomenon becomes more critical when
it occurs in a cyclic manner and is associated with a number
of transients as well as thermal shocks during each cycle. The
resulting fatigue loading mechanism and its impact on the in-
tegrity of an auxiliary injection line is the focus of the present
analysis. Thermal loadings which can simulate real temperature
conditions are imposed on a 3-D finite element model of a por-
tion of an injection line that has already experienced cracking.
The induced thermal stress field is utilized to obtain excessive
fatigue damage in the vicinity of the observed cracks. Finally,
the impact of different levels and types of stratification as well
as the geometric configuration of such lines on the pipe integrity
is addressed.
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Pipe inside diameter
Elasticity modulus
Convective heat transfer coefficient
Plastic analysis coefficient
Alternating stress
Membrane stress intensity
Primary & secondary stress intensity
Reynold's number
mean flow velocity
Coefficient of thermal expansion
Temperature range
Kinematic viscosity
Axial stress

INTRODUCTION

Failure of operating safety injection and feedwater PWR
lines due to cracking has resulted in an ongoinj effort to identify
and address the mechanisms responsible. While the complex na-
ture and the number of the participating loadings on the piping
system make the identification of the dominant failure mecha-
nism cumbersome, the particularity of the crack formation as
well as the location where it occurs provides hints of which load-
ing or combination of loadings play the dominant role in the
failure. During operation global bending stresses, pressure loads
and thermal stresses act on the piping. The observed cracking
occurred on the lower half of the piping in the vicinity of welds or
discontinuities and has circumferential orientation. The fact that
cracks formed in the proximity of welds seems to indicate that
residual stresses should enter the loading description. It should
further be noted that potential of high stress concentration is
most pronounced in welded locations where machine grooving is
common. Examination of failed components revealed that the
cracking was directly related to high cycle thermal fatigue which
could have only been induced by thermal stratification. This
phenomenon can occur under low flow in horizontal pipe sec-
tions with large temperature differential in their cross-section.
During stratification a cold fluid layer is formed at the bottom
of the pipe and it does not mix with the hot fluid layer above
it. As a result a bending action across the pipe section is formed
inducing tensile bending stresses at the bottom part and com-
pressive stresses at the top. In safety injection lines stratification
results from leaking valves which inject cold water into the ad-
jacent horizontal section that is filled with relatively stagnant
hot fluid (the temperature differential is usually several hundred
degrees). The frequency dependent cold fluid injection suggests
that thermal fatigue is the result of stratification operating in a
load-unload fashion.

The primary focus of this paper is the estimation of the
influence that a number of site-apectjic parameters may have on
the integrity of auxiliary safety injection lines.
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Since cracking has occurred in the vicinity of the weld which joins
the horizontal pipe sec'.: ̂ ., where stratification takes place, with
the downward elbow, special attention is paid on the impact of
the local parameters, such as base metal-weld material behavior,
reduction of pipe thickness near the weld and the spacial orien-
tation of the elbow. The impact that the above parameters have
on the structural integrity of the section is studied in terms of
their contribution to fatigue which is experienced by the weld
vicinity. The fatigue influence on failure can be seen as surface
crack initiation and is expressed in terms of cumulative fatigue
usage. The stress and fatigue evaluation is obtained with the
use of a 3-D finite element analysis which assumes stratified flow
conditions in a typical safety injection line. Because of the com-
plexity of the real-life loading mechanism, characteristic of each
individual plant, the formation of the initial flaw due to fatigue
is difficult to be defined precisely. Thus, the results of this work
can only depict the effect that some design parameters have on
the critical sections on a relative basis.

Safetv Valve

Figure
1. Finite Element Modeling of Safety Injection

Line.

THERMAL AND STRESS EVALUATION

The 3-D finite element model shown in Figure 1 represents
an auxiliary safety injection line emanating from a safety valve
and consisting of a horizontal run and an elbow while its di-
mensions meet the schedule-160 standards. The length of the
horizontal section is chosen to be 12 inches (304 mm). Such a
small run is representative of actual in-situ dimensions for safety
injection lines and it, at the same time, ensures that stratifica-
tion will indeed take place. The development of turbulent flow,
which will induce mixing between the two layers and eliminate
the potential for flow stratification, depends on the available mix-
ing length. According to Reference , at least 25 to 40 equivalent
diameters of length are needed for the development of turbulent
flow in a pipe. Since the transition from laminar to turbulent
flow is directly related to the Reynold's number. Reference 10
gives the lowest bound of the transition as it is shown below

(— )cnt = = 2300 (pipe) (1)

where u, u and d are the mean velocity over the cross section, the
kinematic viscosity and the pipe diameter respectively. Below
the critical Reynold's number even strong disturbances do not
initiate turbulent flow.

When the scenario of a le&king-valve is used, which is ac-
companied by low pressure differential injection of cold fluid into
the warmer stagnant fluid, the Reynold's numbers are expected
to be low enough to ensure laminar flow and thus stratification.
Thus, the representative problems of this analysis were formu-
lated on the basis that stratification occurs and that it takes
place periodically. The periodicity is designed through a series
of transients that describe the opening and shutting of the safety
valve. With the help of the ANSYS general purpose program the
finite element model of Figure 1, which consists of 23SS DOF and
1620 eight-node elements with thermal (conductive and convec-
tive) and stress capabilities, provided the temperature profile for
a given level of stratification over the complete thermal cycle.
The amount of injected cold fluid as well as the temperature dif-
ferential play a major role on the temperature distribution across
the pipe cross-section.

A =19.1809
B =234 9
C =276 912
D =318 923
E =360.934
F =402.945
C =444 957
H =486 969
I =528.98
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Figure <.. (a) Typical Cross-Sectional Fine Mesh

(b) Isotherms
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Figure 3. Circumferential Temperacure Variation at

the Weld during Steady-State Stratification,



Figure 2 depicts the temperature distribution in a finely
meshed cross section under stratified flow. Fur the complete
model of Figure 1 the level of the cold layer I 100 °F '37.8 °C!)
during steady-state stratification was assumed to be T 8 rads
from the bottom center of the pipe. The cold leg temperature
was assumed at 550 °F (288 °C) while the convective heat trans-
fer coefficients at the inside pipe surface were hj = 200 11135.6)
and h, = ?.7O (965.2) BTLVft2-hr-°F 0Y/mJ-hf-l>C) for sur-

— faces in contact with warm and cold fluid respectively- W hile the
thermo-hydraulic mechanism is more intricate than the one used
(such mechanism can only be achieved through experimentation
and by using the specific parameters of an individual line I. it
is, nevertheless, reasonable to assume that the temperature dif-
ferential which induces the cross-sectional bending can be cap-

• . tured with the simplified model. The chcumferential variation of
the temperature in a 6-inch (152 mm), schedule-160 pipe during
steady-state stratification is shown in Figure 3. Also shown is
the temperature variation in a l^-inch (38 mm) pipe iu which
the conduction through the pipe wall is evident. The extreme
stress conditions which occur during the thermal cycle form the
basis of the structural integrity evaluation in the critical cross
sections of the modeled safety line. These are located on both
sides of the weld that joints the horizontal section and the el-
bow. It is basically the bottom part of the pipe cross section
that experiences pronounced stress changes. These stresses are
primarily axial (i.e. the ones that cause circumferential cracking)
and they are the combined effect of (a) the temperature varia-
tion in the metal and (b) the operating fluid pressure which was
assumed to be 2250 pst (15.5 MPa) which is typical in PWRs.
During transients the bottom of the pipe expands and contracts
completing a stress cycle over which a maximum and a minimum

~ stress value is observed.

.; The different evaluations were chosen in an effort to deter-
mine the possible causes or factors that could have accelerated

- failure of the pipe at this particular location. Because of geo-
metrical and material property discontinuities that exist in the

•- vicinity of the weld, it seemed reasonable to examine their ef-
- feet on the local stress levels. The case used as the basis for
- comparison is that of a 6-inch, schedule-160 pipe that includes a

reduction in the pipe thickness near the weld, as seen in Figure 1.
'- The material properties used in the stress evaluation are listed
_ below.
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Figure I*. Circumferential Axial Stress Variation at the
•v'eld during Steady-State Stratification.
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Figure 5. Axi 1 Stress Variation Near the Weld for
Various Local Properties.

Property

Young's Modulus

Poisson's Ratio

Coefficient of
thermal exp.

Base metal

28.62x10"
(197)

0.3

7.64xlO-«
(1.37x10-*)

lb/in2

(GPa)

Weld metal Units

30.0x10*
(207)

0.3

9.16x10-' in/in-°F
(1.64xlO-5) (mm/mm-°C)

Since no "global" action was considered, the loadings were
symmetric with respect to the vertical plane and apparently dis-
placements normal to that plane at the cross-sections vanished.
The model was rigidly fixed by the safety valve, while the end
of the downsomer by the cold leg assumed only radial expansion
(being at uniform cold-leg temperature).

Figure 6. Finite Element Model of a Line Connected to
Cold Leg at a 3C-degree Angle.



The first variation of the above case considers no reduction
in base-metal thickness around the weld. The resultant reduc-
tion oi stress is shown ia Figure 5. Also shown in Figure 5 is the
effect of the thermal expansion coefficient a on the stress level in
the region where the different materials are joined. It is apparent
from Figure 5 that the while the stress field in the weid vicinity
is affected greatly by the local geometric discontinuity, the ef-
fect of thermal expansion differential does not lead to significant

,' stress field differences. The stress differences obtained with the
\ introduction of the local geometric discontinuity provide enough
' evidence that it is the most likely responsible parameter for the
, failure. Further, in order to assess the "bowing' effect of the
j downcomer. a partial elbow was used to connect the horizontal
: pipe section with a straight pipe run which is at a 30-degree angle
, with the horizontal, see Figure 6. The axial stress comparison
, between the two downcomer orientations is depicted in Figure 4.

Finally, the circumferential conduction in the pipe metal was
studied by performing similar evaluations on a 1 |-inch. schedule-
160 pipe that has greater thickness-to-radius ratio than the 6-
inch pipe. The circumferential temperature and stress distribu-
tion comparisons of the 6-inch and the 1 j-inch pipes are shown
in Figures 3 & 4 respectively. Table 1 below lists the maximum
and minimum stress points for various safety injection lines that

. have been evaluated through this analysis. These values are ac-
companied by the corresponding temperature differential that
existed between the distinct instances during the thermal cycle.

Table 1
"mm Location ATmct<li

6-inch with 88.6 ksi 49.8 ksi inside
reduction (610 MPa) (343 MPa) bottom

6-inch 58.3 ksi 31.4 ksi inside
no reduction (401.6 MPa)(216 MPa) bottom

6-inch with 89.50 kai 50.7 kai inside
<*„«« = a»..« (618.3 MPa) (349.3 MPa) bottom

6-inch with 65.3 ksi 40.0 ksi inside
nozzle at 30° (450 MPa) (275.6 MPa)bottom
with horizontal

lj-inch 54.2 ksi 19.6 ksi inside
(373.4 MPa) (135 MPa) bottom

127 "F
(52.7 °C)

127 "F
(52.7 °C)

127 °F
(52.7 "C)

114 °F
(45.5 °C)

192 °F
(88.8 °C)

FATIGUE CRACK INITIATION ANALYSIS
The structural integrity of the component under study can

be evaluated through fatigue analysis. Such an analysis, while
it cannot precisely define crack initiation, can provide informa-
tion as to which sections of the component are most suscepti-
ble to failure due to cracking. Conservative analyses, in gen-
eral, assume that an initial surface flaw exists and they evaluate
structural integrity based on the subsequent crack propagation.
In this analysis we attempted, using the bending action of the
transient thermal stresses and the operational pressure, to locate
critical sections along the typical safety injection line. From the
fatigue standpoint cracks are expected to initiate when the fa-
tigue usage factor exceeds the allowable value of one.

Siace other types of loading act on the member and since
every loading is expected to contribute to the fatigue usage, ef-
fort must be made for all loadings to participate in the process.

It should also be noted, however, that since fatigue is a function
of cyclic stress, the impact of the different loadings can be de-
lineated. For example, it is reasonable to consider that residual
stresses exist in the vicinity of the weld. While the level of such
stresses is difficult to define precisely, their effect on the fatigue
damage of the critical section is minimal since they are not cyclic.
Consideration must be given, on the <ither hand, to the fact that
due to the welding, the structural behavior of the base metal,
which is adjacent to the weld, changes. The fatigue behavior of
the base metal (low alloy steel) and of the weld metal is shown in
Figure 7. In evaluating the fatigue damage of the base metal near
the weld, the fatigue curves which govern the weld material will
be more representative. Further, since "global" piping stresses
are not cyclic (at least not of the same order as the transient
stratification thermal stresses), their impact on the high cycle
thermal fatigue of the critical cross section can be assumed as
minimal also. The stripping loads, however, which are the result
of the rapid temperature fluctuations at the interface of the two
fluid layers, have not been considered due to lack of any sort of
information regarding their frequency and value. The thermal
stripping stresses are much lower than the stratification stresses
but because they occur with high frequency they can contribute
to crack initiation at the interface location.

The fatigue calculations were performed using the ANSYS
program by evaluating the alternating stress 5O;« at chosen loca-
tions on the model. In evaluating San, consideration was given
to the stress intensity ranges in order to determine whether sim-
plified plastic analysis was required. As specified by Section NB-
3228.5 of the ASME Section III code, the factor A', by which the
alternating stress must be multiplied before entering the design
fatigue curve is:

Kt = 1.0 for Sn< 3Sm

= 1.0 + [(1 ~'n)/n(m - l ) | ( 5 n / 3 5 m - 1),

for 3Sm < 2mSm

= 1/n for Sn > 3mSm

where Sn is the range of primary plus secondary stress intensity,
5 m is the membrane stress while m and n are material parame-
ters provided in the ASME code. The fatigue curves used were
obtained from the ASME Section III code as well as Reference
8.

Alternating stresses are deduced from a complex stress state
that exists in a particular cross section. It is important to note
here that, along with the stresses that attenuate toward the out-
side pipe surface, the alternating stresses also decrease. That of
course is in accordance with the assumption that crack initiation
will occur at the inside surface. Estimates of the level of alter-
nating stress can be obtained under the assumption that metal
stress variations are proportional to the temperature variations
and the product Ea. Using the equation:

Salt = —^- (2)

alternating stresses can be approximated (equation applies best
in plane stress conditions) on the !oca! level (not taking into
account the deformations of the line). Equation (2) also shows
the dependence of Sau on the value of Ea which is expected to
be different for the weld and base materials.
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Figure 7. Fatigue Data for Low Alloy Steel and Weld
Metal (Ref. 8 ) .
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Figure 8. Fatigue Crack In i t ia t ion for Various
Notch Geometries (Ref. 7) .

--.C8

The fatigue calculations revealed the following: (a) In the
absence of any form of geometric discontinuities, which would
exclude any stress concentration, the fatigue damage of the weld
vicinity is minimal under the action of the assumed stratification
loads. Under such condition the cumulative fatigue usage (CFU)
remains several orders of magnitude below the allowable value
of 1.0. (I)) The existence of thickness reduction near the weld
increases the futigue damage potential. In Figure 9 the compar-
ison of the axial variation of cumulative fatigue usage for the
grooved and ungrooved 6-inch pipe is depicted. The impact of
the discontinuity on the fatigue usage is apparent. The grooved
6-inch pipe reached the critical value of 1.0 for the usage factor
at approximately 200000 cycles. Figure 10 shows the axial vari-
ation of the alternating stress on both sides of the weld. Since
the geometric form of the discontinuity is expected to play dom-
inant role, estimates of the stress cycles to crack initiation can
be deduced from figures similar to Figure 8, Reference 7, where
the dependence of fatigue-crack initiation for HY-130 steel on
nominal-stress fluctuations for various notch geometries is de-
picted. The application of stress concentration factors on the
stresses, or use of Figure 8, reduce the cycles to crack initia-
tion drastically, (c) Figures 11 & 12 show the circumferential
variation of the fatigue usage factor and of the corresponding
alternating stress near the weld. The excessive fatigue damage
that seems to take place even at some distance from the bottom
corresponds with the observation of long circumferential cracks
in actual safety injection lines.

Figure 10. Axial Variation of Alternating Stress
at Botcon of a 6-inch Pipe.
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Figure 11. Circumferential Variation of CFl
in the Weld Vicinity.
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SUMMARY
The results of the 3-D analysis on typical safety injection

lines can be summarized as follows: Injection lines with short
horizontal runs following a taking valve are expected to experi-
ence cyclic thermal stratification which will lead to cyclic thermal
stresses. The severity of the thermal stresses, which at times ex-
ceed the tensile strength of the material, and their impact on
the integrity of the pipe appears to be a function of specific local
parameters, such as stress concentration and material behavior
at critical locations. Global stresses and residual stresses tend
to increase the mean stress level at such location but because
of their non-cyclic nature are not expected to contribute to the
surface flaw initiation. Residual stressas, however, may alter the
mechanical behavior of the base material near the weld and thus
contribute to the susceptibility of that section. Corrosion fa-
tigue due to the oxygen and temperature may also be considered
as a possible contributor to the mechanism of crack initiation.
Lastly, it should be noted that better coaduction ^use of smaller
diameter pipe schedule) leads to lower mean stress levels but the
alternating stress levels remain high. Reduction of the "bowing"'
effect in the elbow can help reduce both the stress levels as well
as the alternating stress levels at the junction of the horizontal
section and the elbow.
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