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hour, rose to about fifty liters per hour as of 11 a.m. on June 6. Although
the amount of leakage was below Kyushu Electric's safety regulation leve!, the
power company shut down the reactor a:s a precaution to investigate the source
of the leakage. The amour’ of coolant that leaked out ultimately reached
about 1,100 liters, but there was no outside radicactivity, The leakage
occurred in the RMR and S! 1ines attached to loop A. The plant started
initial commercial cperation in October 1975,

Results of the inspection conducted by Kyushu Electric Power Company showed
that the point of leskage was in the unisolable section of the branch line
from the main primary coolant piping as shown schematically in figure 1-1, It
wias confirmed that the coolant leaked from a pinhole with a diameter of about
one millimeter, near the welded section (elbow to straight horizonta) pipe) of
the stainless pipe (S5 316TP), which has an outer diameter of F.6 inches and
thickness of 0.8] inches.

The cause of cracking was determined to be high cycle thermal fatigue
resulting from valve leakage. The section of the pipe was replaced and the
plant was returned to power.

The cyclic leading which caused the cracking is believed to have occurred in
the following way:

The isolation valve developed a packing leak, which a1lowed hot water from the
main Toop to flow down the vertical leg, and through the valve. lhe actua)
leakage flow was small, and stratified at the top of the horizontal pipe,
since 1t was holter than the bulk water in the horizontal section of the pipe
between the elbow and isolation valve. The hot water reached the valve,
werming 1t, and when the valve reached about 385°F the leakage flow stopped.
Once the stratified flow was cut off, the valve temperature again cooled down
and the leak recurred. As the stratified hot water reached the valve agein
the cycle repeated. This led to a severe fatigue cycling which initiated and
propegated the crack. This scenario was simulatea in laboratory tests.
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1.2 Comparison of Genkal and the Byron and Braidwood Units

Although there are similarities between the Genkal and the Byron and Braidwood
RMR suction Tines, there are differences which support the conclusion that a
Genkai-type transient 1s unlikely to occur at Byron and Braidwood, (A
tomparison is provided in table 1 1),

The study of the Genkail cracking incident showed that without leskage the hot
water from the main ioop was unable to reach the bottom of the vertica) pipe
because turbulence was limited to about five feet from the main loop
Junction, For Byron and Brafdwood, the hot water is expected to reach the
bottom of the vertica) pipe, because the pipe i larger in diameter (12 vs. 8
inches) and the vertical distance s much shorter (4 vs. 9 feet). The
isolation valves in the Byron and Braidwood RHR lires are about 4 feot and 9
feet away from the vertica) leg for loop 1 and loop 3, respectively, as
compared to 2-3 feet at Genkai. The schematic layouts for RMR 1ines at Byron
and Bratdwood are shown in figures 1-2 through 1-8,

When a pipe (such as the RMR suction line) is connected to & larger diameter
pipe (in this case the hot leg) with high velocity turbulent flow, the
turbulerce will penatrate into the smaller pipe. The distance of penetration
depends on the flow velocity (Reyrclds number) in the larger pipe, the
relative pipe inside diameters and the relative angle between the pipes, A
number of exper iments have been performed at Westinghouse and Mitsubishi Heavy
Industries to obtain this information, and the results are summarized in
figure 1-10,

l‘qc"
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[ 1.9C® Foen though siratification and cycling are
unlikely at Byron and Braidwood, an assessmen® was carried out to quantify and
evaluate the effects of postulated stratification on pipe integrity,

1.3 Development of Postulated Transient

The development of 2 stratification transient for RHR suction lines began with
the temperature profile enplicable to the Genkad plant, as obtained
saperimentally by Mitsubishi Heavy Induitries. The transient at Genkai was
due to intermittent valve leakage, which provided & path for hot water to be
drawn into the RHR line from the mein loop. At the bottom of the vertical
pipe, a stratified flow was establisred, with hot water fi11ing the top 10
percent of the horizontal piping.

To establish a stratified flon transient for the Byron and Braidwood Units, a
simplified, yet conservative, representation of the Genkai temperasture profile
was assumed to exist in the horizonta) portion of each 1ine. The same portion
of the pipe as at Genkai was aysumed to be filled with leakage flow at Byron
and Braidwood. The water from the loop connection to the horizontal piping
was assumed to be at hot leg temperature due to loup flow turbulence, since
this distance s about six pipe diameters. The water was assumed to stratify
in the horizontal piping. The water in the bottom of the pipe was stagnant,
and was assumed to cool by & conduction-limited mechanism. The stratified
Tlow at the top of the pipe does not cool! as quickly because of its flow, as
shown in figure 1-1l. This creates a rather large temperature difference
between the top and bottom of the pipz, «hich is maximized at about four feet
from the start of stratification. As the flow continues, it gradually loses
heat to the stagnant bulk fluid, and the top to bottom of pipe temperature
difference diminishes, The development of this temperature profile is
provided in detail in Appendix A,
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TABLE 1-)
COMPARISON OF GENKAI, AND BYRON AND BRA!IDWOOD

BYRON AND ERAIDWOOD®

GENKA] LOOP 1 LOOP 3
Line Size 8 inch 12 inch 12 inch
Vertical Drop from RCS 9 feet 4 feet 4 feet
Distance to lsolatior “alve 2-3 feet § feet 9 feot
From Vertical Drop
Total Length of Pipe, RCS to 14-1% feet 8 feet 13 feet

First Isolation Valve

*All pipe lengths are approximate since this is a compilation of eight lines
for the Byron and Braidwood Units; however, the lengths are correct to about
one foot.
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WELD FAILURE LOCATION - GENKAI UNIT 1

RC LOOP A HOT LEG

LEAK LOCATION

TO RHR PUMP

Figure 1-1. Sketch of the Cracking Location in the Genkai Unit 1

RHR Suctian Line
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Figure 1-10. Experimenta! Results of Turbulent Penetration in a Pipe
Connectea tec a High Flow Largsr Diameter Pipe
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2.2 Local Stress Due to Non-Linear Therma) Gradient

2.2.1 Explanation of Local Stress

nonlinear meta) temperature g-adient., Loca) axial stresies develnp due to the
restraint of axial expansion or contraction. This restraint is providad by
the material in the adjacent beam cross section. For a linear top-to-boltom
temperature gradient, the local axial stress would not exist. |

]‘.C..

€.2.2 Superposition of Locu) and Structural Stresses

For the purpose of this discussion, the stress resulting from the structural
analysis (sention 2.1) wili be referred to as “structural stress.” |

12+ ozal ard structural
siresses may be superimposed to obtain the total strecs. This is true bacause
linear elastic analyses are performed and the two stresses are independent of
one another,

Figure 2-4 precents the results of a test case that was werformed to

demonstrate the validity of superposition. As .hown in the figure, the super-
position of loca) ard strictural stress is valid, | ) Akt

I DY TARE 0 2 - 3






! , |




'r.-.._r_,..,..——:..qw TR A i i AT = i R e e ) e e e

— i 5T P

|

i

|

| Figure 2-2. | 12:%:® profile
|

!

T 3§25:/09) 488 10 2-6

|



o'y v

UOLIRILJLIRAYS (Puaay) 0] ang Buidig vt sS4 (029

g2 danby 4

D1 G216 5560






















31 el TaiE e e

T T —— T A N P pr— - - -y - L. - ad

).,Cg‘

Peak stresses, including the total surface stress from all loadings -
pressure, moment, stratification -~ were calculated for the transient. |

]..C..

The fatigue evaluation includes:

1) Calculating the S, and Sp ranges, K., and Sa!t for the
stratified/no load and stratified/unstratified load stress ranges.

2) For each value of Sa1t‘ use the dasign fatigue curve to determine
the maximum number of cycles which would be allowable if this type
of cycle were the only one acting. These values, Nl. NZ"'Nn'
were determined from Code figures 1-9.2.1 and 1-9,2.2, for
austenitic stainless steels,

3) For the stratified/no load case, calculate the contribution to the
usage factor based on 200 design cycles.

4) For the stratified/unstratified loag case, calculate the time
required for crack initiation (usage factor = 1.0) based on the
assumed cy:lic period.

3.4 Fatigue Usage Results

A stress analysis was completed for the stratified flow condition, including
local therma) stresses and structural piping stresses resulting from the

WML i8E 0 3_4
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postulated stratification. Deadweight stresses were constant, so they were
not included since they would not contribute to the alternating stress. The
transients analyzed alternated from stratified flow to an unstratified
stagnant condition, and from stratified flow to no load condition, For
stratified flow, the two curves of figure 1-11 were used, while the unstrati-
fied stagnant condition only the bottom curve was used for the bulk
temperature. The criteria used are shown in table 3-1. The fatigue results
are shown in table 3-2 for the critical locations.

for stresses cycling between the stratified and no load cases, the contribu-
tion to the cumulative usage factor is negligible (0.02), since only 200
eycles will occur over tha design life of t e plant, Tor the stratified/
unstratified ca.e, a usage factor of 1.0 would be obtained within the plant
design life assuming continuous cycling at the geverning location, and a short
cyclic period (e.g. five minutes). This assumes that the fu!l range of
thermal and moment stresses occurs over the five minute period, which is
conservative since the heat transfer over five minutes will not render the
pipe completely unstratified. Because ASMt fatigue usage factor requirements
cou'd potentialiy be exceeded, fatigue crack growth analysis (section 4) will
be used to determine inservice inspection frequency.

In addition to the usage tactor determination, a check was made for ASME
Section 11! equation 12. The maximum equation 12 stress for the stratified/no
Toad ard stratified/unstratified ranges is 30.5 ksi, which is wel) within the
equation 12 limit of 3 Sm (or 50 ksi),

W00 888 10 3,3



e T Ty T T T ——

e

0

6800 045 1

TABLE 3-1
CODE/CRITERIA

ASME BLPV Code, Sec. I!1

NB3800
NB3200

Leve! A/B Service Limits

Primary Plus Secondary Stress Intensity < 3Sm (Eq. 10)
Simplified Elastic-Plastic Analysis (when Eg. 10 > 3 Sm)

. Expansion Stress, S. < 35m (Eq. 12) - Global Analysis

. Primary Plus Secondary Excluding Thermal Bending < 3Sm
(Eq. 13) '

= Elastic-Plastic Penalty Factoer 1.0 < Ke « 3.333

Feak Stress (Eq. 11)/Cumulative Uszge Factor (Ucum)
. Stit = x.sp/z (Eq. 14)

” Design Fatigue Curve
= ol B
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TABI ¢ 3-2
FATIGUE RESULTS - BYRON UN'T 1, LOOP 3 RHR

Stratified/No Load Case (200 design zycles):

R T A © R S g —— P P P S .

COMPONENT ALTERNATING STRESS .ksi) INCREMENTAL USAGE FACiQkK
Long Radius Elbow 35.4 ,0C!
Valve weld 4.7 005
Elbow Weld §1.2 002
Tee 5.5 .Cel

Stratified/Unstratified fase:

COMPONENT ALTERNATING STRESS (ksi)
' Long Radiuz Elbow 22.5
| : Valve weld 3l.8

Elbow Weld 29.2

lee 20.2

IS 081088 10 3_ 5
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ALLOWABLE CYCLES

108
10°
10°
10°
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SECTION 4.0
FATIGUE CRACK GROWTH EVALUATION

Per the previous section, 1t was shown that should valve leakage and
steatification occur in the RHR piping, withoui & mechanism to induca
continuous cycling during power operaticy, 200 ¢ycles would occur over the
1413 o the unit, and tracks would not initiate. However, should a mechanism
eris. to induce cysling, crack initiation could occur., This section deals
wit!i the time reguired for crack propagation, and consequently, the
dutermination of inservice inspection freguency.

4.1 Method Description

The ALME Section XI method 1s based on stress analysis results and wateria)
crack growth laws. The stress intensity factor (K‘) required for the
“atigue crack growth caleulations is obtained from the Ky expression given
i1 reference 2 for an aspect ratio (2a/1) of 1:6, The fatigue crack growth
law for stainless stee! in & pressurized water environment was obtained from
retarencd 3. The crack growth per cycle da/dN s

dasay = (6)(F)(S)(E) ax®+30 |

darer Cn 2.42 x 10720
F e froquency factor (F = 1.0 for temperatures below =00°F) |
S+  minimum K to maximum K ratio correction (S # 1,0 for R = 0; S =
14 1.8R for 0 « R« 0.B; and § = -43,35 + 57,978 for R »
0.8)
£ =  environmenta) factor. £ = 2.0 (conservative recommendation -
from ASME Section X1 task group for PWR environment)
sk = range of stress intensity factor, psi v in

Tre 1irecs intensity range input to the fatigue crac: growth analysis is a
function of the assumed cyclic period. For short cyclic periods, the stress .
fntensity rangs is smaller, but the numher of cycles is higher than for long -

%03k /083108 10 -1 |




eyclic periods, The reason for this is that the piping requires tine to cool
since it is well insulated, Stresses were obtrined from transient thermal and
stress analyses of a 2-D WECAN finite element model.

| 4,2 fatigue Crack Growth Resyults

| For the fatigue crack growth calculation, a number of cases wore analyzed
corresponding to various assumed cyclic periods, Table 4.] summarizes the
assumed periods, stress renges, and periods of time required for the initially
assumed flaws to propegate to 60 percent >f the wal) depth. Based on these

| calculations, tie minimum time required for the flaw size to reach 60 percent
of the wal) inickness is about four years,
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TABLE 4.1

e FATIGUE CRACK GROWTH RESULTS SUMMARY AT GOVERNING LOCATION(1)

_STRESS RANGE (ksi)

MAX [MUM MINIMUM

INSIDE

28.1
28.1
8.1

OUTSIDE  INSIDE OUTSIDE

29.% 20.3 21,2 95
29.5 1.5 1nJg 4.1
29.5 8.4 9.5 4.6

(1) Initia) flaw size (a/t) of 15% conservatively selected.
(2) Assuming propagation to 60% of wal) depth.

4-3

CROPAGATION
TIME(?) (Years)
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SECTION §
SUMMARY AND CONCLUSIONS

A deteiled evaluation of the residual heat remova) lines for the Ryron and
Braidwood Units 1| and 2 has been completed in response to conterns raised by a
pipe crack incident which occurred at Genkai Unit 1 in Japan. Although
geometrical differences exist between the Byron and Braidwood Units and the
Genkal =%, which would make such a cracking incident very unlikely at the
tormer ueiif. the stratification tiansient was postulated for completeness.

After a detailed structural and finite element stress analysis was completed
for the system, an ASME section 1il fatigue analysis showed that crack
initiation 15 possible should continuous cycling occur during power operation.

Fatigue crack growth analysis was then perfrrmed to determine the time
required for o 60 percent through wall crack to occur based on the postulated
transient stratification loading, using a range of assumed cyclic periods from
10 to 60 minutes. Results of this analysis indicate that a minimum of four
years of oparation is reguired for an initia) fiaw of 15 percent wal)l
thickress to grow to 60 percent wall thickness., Therefore, inservice
inspection frequency should be every other refueling outage, or about three
years of operation,

BR8N 0 5.1
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APPENDIX A
THERMAL STRATIFICATION ANALYSIS

. It is of interest Lo estimate maximum temperature differences between
| stratified layers of fluid in horizonta) piping layouts for the purpose of
Y studying the propersity of a given configuration for developing high stresses

| at the inner radii of the pipes.
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