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With a few exceptions, the test specimens did not contain any
deliberately introduced defects. Such defects as did exist can be considered
as typical of defects in the base material and weldments of piping products.

At present, the fatigue tests of piping products form the most

important basis and justification for the fatigue evaluation procedures used

today in the evaluation of cold legs in PWRs, as well as other nuclear power
plant and industrial piping. The evaluation method is contained in the Codek;

a discussion of the background of that method is included later herein.

1.1 Objective

The objective of this report is to present an evaluation of avail-
able fatigue test data on piping products to!

(1) Determine the margin of safety of the present ASME code method
of evaluation,

(2) Determine the leak-rupture trends of components tested with
significant internal pressures.
(3) Determine the implications of the tests with respect to the

cold leg piping systems in PWR's.

S8 Background of the ASME Code
Fatigue Evaluation Method

Piping in nuclear power plants is designed in accordance with the

Code. Piping which constitutes portions of the primary coolant pressure

boundary are designed by Class 1 rules of the Code; specifically under NB-3600

of the Code. Because of the complexity of piping products, it has been found

useful to establish "stress indices" and “flexibility factors" to describe, in
a8 simple manner, the characteristics of such complex products; e.g., elbows or
branch connections.

of the Code.

These stress indices are contained in Table NB-3682.2-1

* Code, in this report, refers to the ASME Boiler and Pressure Vessel Code,

Section 111, Div. 1, "Nuclear Power Plant Components", Subsection NB,
Reference (1)** herein,

** Numbers in parentheses ( ) denote references as listed in the Reference
Section of this report.
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A piping system analysis starts with an analysis of the system
modeled as a one-dimensional assembly of straight and curved beams with
appropriate restraints to represent anchors, guides, hangers, snubbers, etc.
The behavior of complex piping products such as elbows is represented by
flexibility factors incorporated into the system analysis model. Flexibility
factors are given in NB-3687 of the Code. The piping system model is then
"loaded" by the weight of piping, contents and insulation, by displacements
representing the relative motion between restraints and by dynamic loadings
induced by such effects as relief valve and earthquake induced motions. The
piping system analysis is accomplished using computer programs that have been
developed for that purpose. General purpose finite element computer programs
can be useg for a piping system analysis but usually it is more economical to
use a special purpose program. The analysis is ordinarily an elastic analysis
even though the loadings may induce a limited amount of plastic response in
portions of the piping.

From the piping system analysis, one obtains loads at each restraint
(e.g., the load on a pressure vessel nozzle or pump nozzle) and, of particular
significance in this report, the moments* acting on the piping products. The
loads on the piping system will have some (postulated in the design stage)
time-dependent history, hence the moments will also have a time- dependent
history and from this we can obtain the number of cycles of moments and

magnitude of these moments., The cycles of moments are translated into cycles
of stress by use of the Code stress indices, specifically those indices
identified with a subscript "2" are for moment loading.

There are two other loadings which can produce significant cycles of
stress in the piping; (1) internal pressure, and (2) thermal gradiants.

The history of pressure is normally postulated in the design stage,
and by usiug the Code stress indices for pressure loading, identified by a
subscript "1", the pressure history can be translated into cycles of stress
due to cycles of pressure.

Evaluation of stresses due to thermal gradients follows from a "Heat

Transfer" analysis in which the postulated cycles of fluid temperatures are

* A piping system analysis also gives axial forces acting on the piping and
piping products but the ef ect of these on stresses in the piping and
piping products are usually negligibple.



translated into cycles of metal temperatures in the pressure boundary of the
piping products. This analysis involves fluid temperature change rates, fluid
velocities, film coefficients, etc, The cycles of metal temperatures are then
characterized as certain types of gradients according to Code specified
procedures as indicated in NB-3653 of the Code. These gradients, when
multiplied by the thermal gradient stress indices (identified by a subscript
"3") give the cycles of stresses due to thermal gradients.

The Code gives criteria to determine the acceptibility of the
combinations of cyclic stresses due to cycles of moments, pressure, and
thermal gradients. In the evaluation of the fatigue characteristics of piping
components several calculated quantities are of interest. These variables are
calculated based on the moment, pressure, and thermal stresses determined in

the stress analysis as noted earlier. The equations used in calculating these

variables are listed below.

(1) Primary Plus Secondary Stress Intensity Range

ClPoDo CZDoMi

]
R mnSikd i | sl 5 e HERLE | aTy ‘

+C3Eab uaTa -QbTbI ? ()

(2) Peak Stress Intensity Range

¥ oro »hy
Tl b W el A T
Sbtiesio 3 lAT + XKC. E |q T ~a.T
2(1 - ) 3 1 3’3 "abl "aa “b'bd
1 |
*y== gular,]. (2)
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(3) Alternating Stress Intensity
S
0, "% & , (3)

where,
¥ - =1.0%Ter 8 = 38
e %= "m

. 1.0 ¢ SboB) s“-l for 38 <8 < 3m S
y n(m - 1) 38m ' m n m
sd Yoo ® P Anki . (4)
n g - m

with m and n being material parameters as given in NB-3228.3(b) of
the Code and Sm the design stress intensity value for the material

as given in Appendix I, Table 1-1.1 of the Code,.

The values of the stress indices (Ki and Ci) are determined from
Table NB-3682.2~1 of the Code.

The values of Sa determined in this fashion represent an extra-

polated elastic stress th;: should provide conservative estimates of the
fatigue life of the component,

This Code evaluation procedure is an elastic type analysis. Combin-
ations of loads that exceed the proportional limit of the component are
treated as ficticious elastic loads (see Figure 1). Care must be taken in the
evaluation of experimental results. Values of extrapolated elastic loads must
be used to obtain evaluations compatible with elastic analysis.

The use of an elastic analysis and extrapolated elastic loads has
been justified in the "Criteria of the ASME Boiler and Pressure Vessel Code

for Design By Analysis Tn Sections 111 and VII1, Division 2"(2) which states:



6

~Elastic Behavior

Ficticious Elastic Load
Logd J* == == S -=mSE

N
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"Allowable stresses higher than yield appear in the values for
primary-plus-secondary stress and in the fatigue curves. In the
case of the former, the justification for allowing calculated
stresses higher than yield is that the limits are such as to assure
shake-down to elastic action after repeated loading has established
a favorable pattern of residual stresses. Therefore the assumption
of elastic behavior is justified because it really exists in all
load cycles-subsequent to shake-down.

In the case of fatigue analysis, plastic action can actually
persist throughout the life of the vessel, and the justification for
the specified procedure is somewhat different. Repetitive plastic
action occurs only as the result of peak stresses in relatively
localized regions and these regions are intimately connected to
larger regions of the vessel which behave elastically. A typical
example is the peak stress at the root of a notch, in a fillet, or at
the e 'ze of a emall hole. The material in these small regions is

strain-cycled rather than stress-cycled and the elastic calcula-
tions give numbers which have the dimcnsions of stress but are
really proportional to the strain. The factor of proportionality
for uniaxial stress is, of course, the modulus of elasticity. The
fatigue design curves have been specially designed to give numbers
comparable to these fictitious calculated stiesses, 7The curves are
based on strain-cycling data and the strain values have been
multiplied by the modulus of elasticity. Therefore stress inten-
sities calculated from the familiar formulas of strength-of
materials texts are directly comparable to the allowable stress

values in the fatigue curves."

Once an appropriate value of Salt is determined, the evaluation of
the code allowable number of load cycles (Nc) can be made through the use of
the S$-N curves shown in Figures 2 and 3 of this report (Figures 1,9.]1 and 1.9.2
of the Code).(3)

The procedure, outlined above, for determining the Code design life
was employed in evaluating a “"margin of safety" (Nt/Nc)’ where M_ is the

number of load cycles applied prior to the detection of a leak, for the

T T P S ———

i e e e e
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fatigue test results given in Section 2 of this report. Following the example
given in Reference (10) a conservative value for Nt/Nc is taken as 20 which is
the Code safety factor incorporated into Figures 2 and 3.

Reference (10) gives an analysis of the test fatigue lives of piping
cumponents as compared to the Code methods in use at the time they were
prepared. This report expands that analysis to correspond to the Code (1977)
method and to include recent test data (when possible) and attempts to make

some assessment of the implications such small-scale tests may have on the PWR

cold leg piping.
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2.0 EVALUATION OF FATIGUE LIVES IN TERMS
OF N /N
e o -

2.1 Girth Butt Welds

Evaluation of tests on girth butt wel s are summarized in Table 1.
With the following exceptions, all welds are assured to have been made by a
'good' welder and are thereby comparable.

Four tests from Reference (7) on girth butt weld: are shown in Table

1. These are classified as:

Identification Pipe Material Weld Tem;:::ture
HW-1 A-106-B, carbon steel Good 550 F
HWD-- 1 A-106-B, carbon stecl Defective L
HW-3A 304 stainless steel Good s
HWD-3 304 stainless steel Defective #

The "defective" welds had an intentional defect; a lack of penetration
produced by not complating a l-inch section of root pass. Presumably the
defect was aligned with the maximum bending stress during the test,

These two tests represent a sigunificant piece of information in
that the Code analysis did not becamc completely nonconservative when applied
to a flawed component These tests are incorporated into Table 1. The same
analysis technique r.as used for all tests considered,

As will be discussed, the results of these tests, in terms of Ht/Nc
and the applied stress level, are somevhat erratic, However, when comparing
results for carbon steel to those for stainless steel certain trends may be
noted,

1t will be noted that for the 550 F tests the values of NL/Nc for the
carbon steels range from 14.3 to 128.4 for the unflawed test specimens, The
range of Nt/Nc for the stainless steel tests is from 6.3 to 76.6 again for
unflawed test specimens, For the flawed specimen tests, the carbon steel

Nt/Nc = 6.8 while Nt/Nc for the stainless steel test is 1.9. 1In both the

flawed and unflawed condition, the analysis for carbon steel components (at



TABLE 1. I"\":’\L{‘:‘\TIO;\' OF FATIGUE TESTS ON GIRTH BUTT
WELDS WITH CYCLIC MOMENT LOADINGS
K S
P
Ref. Type of M/z, Sa® _Eg sp' B fest t
No. Component ksi ksi 3s ksi K ®si N N N
m o c t Te
(.6) m Cir‘t'h butt weld 2,500 to 13.0 to
rig. 3 4" std. wt. Q0.0 9.0 1.50 162.0 2.60 162.0 190 3,500 18.0%*
{(7) Cirth butt weld
HW-1 6" std. wt., A-106-B 58.2 58.2 1.08 125.0 1.16 60.8 2500 35,740 14.3
(7 Girth butt weid*
HWD-1 6" std. wt., A-106-B 59.2 59.2 1.19 107.0 1.20 65.2 2000 13,600 6.8*%
{7) Girth butt weld
HW-3A 6" std. wt., Type 304 51.1 61.1 1.272 110.0 1.905 105.0 1100 6,950 6.3
(7) Girth bhutt weld¥
HWD-3 &" std. wt., Type 306 59.9 59.9 1.247 107.8 1.823 98.5 1400 2,600 1.9%
(%) (Z)Gi!th hutt weld
CS- 160-1 6" sch. 1860, 101.6 101.6 1.694 182.9 3.313 303.1 55 7,456 135.6
A~106-B
(?) (2 Girth butt weid
cCc-160-1 6" sch. 160, 95.8 95.8 1.596 172.5 2.19 189.0 130 7,724 59.4
Type 304
(%) 2 Girth butt weld
CC-BO-I( 6" =zch. 80, 119.4 119.4 1.99 214.9 2.98 320.3 35 1,713 >48.9
A-106-B
(%) Girth butt weld
EW-15 6" sch. 80, A-106-B 117.6 117.6 2.26 211.8 3.52 372.27 25 3,209 128.36

(A



TABLE 1. (Continued)
KQS
Ref. Type of M/z, 5 Sn sp' : Test ut
No. Component ksi ks 35 i i N
si Sm ksi Ke ksi Nc “t Nc
(9) Girth butt weld
HW- 14 6" sch. B0, A-106-B 87.3 87.3 1.68 157.2 2.36 185.5 142 7,278 51.98
(2) Girth butt weld
Hw-12 6" sch. 80, Type 304 93.8 93.9 1.9 169, 3.5 281.7 70 2,89 41.3
(9) Girth butt weld
RW-11 6" sch. 80, Type 304 4.2 64.2 1.3 115.5 2.0 115.6 680 14,858 21.85
{(9) Girth butt weld
HW-10 6" sch. 80, Type 304 78.0 73.0 1.6 142.4 3.0 213.5 120 9,200 76.6

*

Specimen had an intentional defect, see text.

*% Range of Nt/Nc for three test specimens.

(1) These components were tested at room temperature with no internal pressure.

(2) These components were tested at vroom temperature with a constant internal pressure of 1050 psig for
CC-80-1 and 2200 psig for CC-160-1 and CS-160-1.
internal pressure.

All other specimens were tested at 550 F with no

el
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550 F) is more conservative than the analysis for the stainless steel
components.,

Although the data presented for the room temperature tests is
insufficient to allow any valid comparisons, it may be that the trend is
reversed, i.e., that the analysis for stainless steel is more conservative at

room temperature than is the analysis for carbon steel.

2.2 Short-Radius and Long-Radius Elbows

Table 2 lists the results of fatigue tests on short-radius and long-
radius elbows. The pertinent test parameters for each component are shown in
the table.

The majority of the tests used cyclic moment loadings. A few tests
also employed a constant internal pressure (the pressure is noted in Table 2).

Two tests (CSLS-5 and CSLS-7) used a combined cyclic moment load and a cyclic
pressure load.

The last entry in Table 2 is the specimen ORNL-ME-Z(Q). This test

used cyclic pressure loading with no cyclic moment. The specimen wns
intentionally deformed so that it was 5.7 percent out-of-round. The Code
allowable number of cycles was determined considering the out-of-round condi-
tions.(S\ Unfortunately, the limits of the test apparatus would have been
exceeded if the test went past 100,000 cycles, Therefore, the test was
terminated at 50,000 cycles. Strain gage data indicated that the code stress
analysis was conservative. The authors note; "A careful post-test examination
of the elbow did not reveal any cracks or any indication of fatigue crack
initiation. Thus, although the test was continued only long enough to prove a
safety factor of 10 rather than 20, we feel that the test results confirm the
adequacy of the present Code rule". (4) Because this elbow was pressure cycled
only, it will not be considered in the following analysis,

In examining Table 2 the following trends are noted.

(1) For an internal pressure equal to zero and a test temperature
equal to the ambient room temperature, the values of Nt/Nc for
stainless steel elbows ranged from 47 tov 170 while the Nt/Nc
values for carbon steel ranged from 118 to 2500. These ranges
imply that the analysis is more conservative for carbon steel

than for stainless steel.






TABLE 2. (Continued)
Kesg X
Ref. Type of 8Py M/z, S ___s_g Sp' - Wi Test .
No. Component psi kg1 ksi 3Sm ksi Ke ksi N. N, i:
(7 (n Short-radius elhow
HSLS~-1 6" std. wt. 5.5. 0 28.0 180.0 375 180.0 3.33 700.9 56 2,200 39
(7 (1) Short-radius elbow
HSLS-2 6" std. wt. S.S. 0 62.2 271.0 5.65 271.0 3.33 452.0 22 1,870 85
(8) Long-radius elbow 2,500 to 210 to
Fig. 8 4" std. wt. C.S. 0 50.0 212.0 3.54 212.0 5.00 530.0 i2 20,000 1700
(6) Long-radius elbow, 4"
Fig. 8§ 0.1t" wall C.S. 0 24.0 179.0 2.98 179.0 4.96 445.0 17 2,000 118
(%) Long-radius elbow
Fig. 9 4" std. wt. C.S. 0 86.0 365.0 6.08 365.0 5.70 910.0 <10 2,500 > 2500
(6) Long-radius elbow, &"
Fig. 9 0.101" wall C.S. 0 29.0 216.0 3.60 216.0 5.00 540.0 11 5,000 450
N Long-radius elbow
CSLS-3 6" std. wt. S.S. 0 44.2 217.0 3.62 212.0 3.3 362.0 35 4,469 128
(10) Long-radius elbow, 4"
Fig. 7 std. wt. C.5.-P=2,200 0O 74.0 313.0 5.21 313.0 5.00 785.0 <10 1,300 >130
(19) Long-radius elbow, 4"
Fig. 8 std. wt., C.S. P=2,200 O 80.0 338.0 5.64 338.0 5.00 845.0 <10 700 >70
(%) Long-radius elbow
CSLS-5* 6" std. wt. S5.S. 3,375 49.9 266.1 5.34 266.1 3.33 443.5 25 3,9%0 159.6
(9) Long-radius elbow
CSLS-7* 6" std. wt. S.S. 2,800 4.7 262.2 $.33 262:2 3.33 436.9 24 2,531 105.5
(12) Short-radius elbow, 8" > a? 47
Curved . 0.322" wall S.S. 0 234.6 1,59.3 26.57 1594.3 3.33 2,654.6 1
Pipe #ldw*
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(2) For internal pressures not equal to zero and an ambient test
temperature, the Nt/Nc values for stainless steel ranged from
45 to 310 while the carbon steel values ranged from 118 to 790.
These ranges imply that the analysis is again more conserva-
tive for carbon steel than for stainless steel. However, it
may be noted that the total range of Nt/Nc values for the
carbon steel was reduced while the range for the stainless
steel tests was increased.

(3) There is insufficient data to make a valid assessment of the

effect of elevated test temperature on Nt/Nc for the two

2.3 Forpged Welding Tees
With Cyclic Moment Loadings

Table 3 lists the results of cyclic moment fatigue tests on forged
welding tees. All of the tests listed in this table were conducted at room

|

'

|

!

classes of material. l

l

i

temperature.,

The test parameters of interest are material type, stress level, and

internal pressure. The material type and stress level (M/2) are given in
Table 3., The internal pressures are listed below.
|

Identification Pressure (psig)

CSTS-1 1050 |
CSTS-2 1050 i
CSTS-3 1050 |
CCTS~-1 ' 1050 |
CCTS-2 1050 |
T-4 Design pressure calculated by |
i:? 28 1t =3 |
T-8 { P = Do o (tm oy YR with L 0.875

T-10

7~15 times the nominal wall thickness and a=0.

T-16 300

All others 0






TABLE 3. (Continued)
KCS
Ref. Type of( ) H/z,(b) Sn' S Sp' 2 Test Nt
No. Component kst ksi 35 ksi i N
o 81 Ke ksi 'c Nt Nc
(9) Forged welding tee¥
CSTS-3 6" std. wt. 72.7 246.3 5.0 246.3 3.33 410.5 27 3,675 136.1
(9 Forged welding tee
cCIs~1 6" std. wt. 68.2 230.9 3.848 230.9 500 5717.3 W 21,079 >2,107.9
(9) Forged welding tee
CCT8~2 6" std. wt. 70.6 239.2 3.986 239.2 5.00 597.9 <10 9,367 >936.7
(15 Forged welding tee¥
T-16 26" x 24" x 28" 66.0 580.3 11.58 580.3 3.33 966.2 5 2,344 470
(13) Forged welding tee
-6 12" x 12" = 12° 62.7 170.9 2.982 178.9 6.96 444.2 18 1,309 2.7

(a) All tees were ASTM A106 Grade B carbon steel

Type 304 austenitic stainless steel material.

(b) Z is the section modulus of the branch pipe for those tees in

Note:

All tests were conducted at room temperature.

material, except those with an asterisk; these were

which th. branch is smaller than the run.

0z






TABLE 4. JALU
Ek%tLATIOT OF FATIGUE TESTS ON FABRICATED AND DRAWN
OUTLET TEES WITH CYCLIC MOMENT LOADING
KeS
Ref. Tvpe of M/Z, Sn' Sn Sp' -—52' Test "t
No. . * . » e ——
0 Component ksi ksi 3§; ksi Ke ksl Nc Nt NC
(16) Fabricated tee,
R 20 x 12 > 44 94.0 1.57 94.0 2.14 100.0 650 80,000 v 123
(1%) Drawn outlet tee,
L 20 x 6 45.60 M0 257 142.0 3.74 266.0 55 95,000 1,700
(16) Drawn outlet tee,
D 20 = 12 26.88 188.0 3.1& 188.0 5.00 470.0 15 20,000 1,300
(12) Fabticatod*(.)
In-plane 1 tee 132.9 485.3 B8.088 485.3 3.33 808.8 <10 480 >48.0
(12) Fabri:ated*(a)
In-plane 2 toe 81.7 298.4 4.97 298.4 3.33 4A97.3 18 840  46.6
(12) gabricateds'
In-plane 3 tee 78.8 287.6 &4.79 7.5 333 &M 22 E,95% T
(12) Fahricated*(‘)
In-fiﬁﬂe 4 tee 66.9 264.6 4.074 244 .4 3.33 4A07.% 28 9,007 321.7
Out-of- Fabricated*(.’
plane 1 tee 77.8 B39 &K.793 139 333 4183 23 563 24.5
(13)
Out-ég- Fnbricatod'(a)
plane 2 tee 67.9 248.0 4.136 248.0 3.33 413.4 26 1,945 74.8
12) ‘
Outsof- Fabricated".)
plane 3 tee 57.1 208.5 3.475 208.5 3.33 347.5 44 5,600 127.3
12
OUtinf2 FahricaIOd*(‘)
plans 4 tee 47.3 172:6 2.815 172.6 333 281.5 73 18,600 254.8
* Indicates Type 304 stainless steel.

(a) Components are assumed to be tee sections, although the ori

int.
Note:

po
All tests were conducted at room temperature.

ginal report is not clear on this

A4






EVALUATION OF FATIGUE TESTS ON TEES AND BRANCH

CONNECTIONS WITH CYCLIC INTERNAL PRESSURE LOADING

Povo s K s
. 45, 4 e
Ref. Type of - St o Sp’ -—EE' Test -
No. Component ksi ksi 38 i i N
: si 3Sm ksi Ke ksi Nc Nt Nc
¢

(15) Forged tee‘a)
=11 24 x 26 x 24 35:2 53.0 0.7583 212.0 1.0 106.0 550 2,875 5.2
(15) Forged tep(b)
T-12 246 x 25 x 10 315 47.2 0.6747 188.6 1.0 94.3 750 76,620 102.2
(15) Ferged tee(a)
%;x} 24 x 24 x 10 33.0 49.5 0.7074 197.8 1.0 98.9 550 15,084 27.4
Internal Fabricated tee(C)
(.Qfoqsure 1 BxB8Bxb 68.0 136.0 2.266 231.2 33 385.4 34 5,806 170.8

12)
Internal Fabricated tee(C)
(liacssure 2 B x8x8 58.3 116.6 1.943 198.2 - 3.33 330.3 45 16,642 369.8
Internal Fabricated tee(C)
(lgressure 3 8 x8x8 54.9 109.9 1.833 186.9 3.33 311.6 53 18,206 343.5
In{grnal Fabricated tee(C)

Pressure & 8 x8x38 48.58 97.2 1.619 165.2  3.883 2.9 80 20,000 250.0
(17) Un-reinforced
i Bentth Beabeh® L) 48.42  96.85 1.61 164.7 2.22 182.8 120 3,543 29.5
(17) Un-reinforced
Thick Branch Branch* (d) 41.95 83.9 1.398 142.7 1992 2782 330 - 206700 62.6
(a) Material used: A-105 Grade 2.
(b} Material used: A-515 Crade 70-

(c) Materia

(d) Low carbon steel (BS3601/27HFS)- Assumed similar to A-106-B.

tions based on reduced thickness Tr’ see text for explanation.
awed, see text.

* Calcula

%%  Component was intentionally fl

1 used: AISI 304.

Note: All tests were conducted at room temperature.

7e






EVALUAT1ON OF FATIGUE TESTS ON GIRTH FILLET WELDS WITH MOMENT LOADING

TABLE 6.
Ref. Type of M fg_ K SR Test N
No. Component z S e_4 N
po A 38 s, K, 3 _HRSE N_
(18) Fillet welded 100,000 150,000 2.50 300,000 4.0 600,000 ~10 87 to 8.7 to
¥ig. 7 girth jofnt 1,200 120
(18) Fillet welded 90,000 135,000 2.25 270,000 3.50 412,000 16 1,200 to 130
Fig. 7 girth joint 3,000
(18) Fillet welded 116,000 174,000 2.90 348,00 4.80 835,000 <10 1,200 > 120
Fig. 8 girth joint
(18) Fillet welded 90,000 135,000 2.25 270,000 3.50 472,000 16 339 to 21 to
Fig. 8 girth joint , 2,800 170
(18) Filiet welded 116,000 174,000 2.90 348,000 4 .80 835,000 <10 750 to > 73
830

Fig. 9

girth joint

9¢
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TABLE 7. (Continued)

Material
S B

gsiii:??) Schegzie(Z) :i%, §—2 # Salf.
- Sm ksi ksi Ke NC Nt Nt/Nc
C55-23-1 5:8.; 160 105.2 1.758 379 630 3.33 10 1,735 175
C85-25-1 B.8.y 160 F§ % 1.292 279 276 1.973 70 11,883 170
CSS-125-1(3) $.8., 160 77.5 1.292 279 276 1.973 0. 1501y Ay
HSN-5-1 S.S., 40 56.6 1.050 204 119 1.167 740 4,701 6.3
HSN-1-1 $.5., 40 61.0 }.131 220 158 1.436 320 4,350 13.6
HSNP-1-11I $.S5., 80 68.2 1.265 246 224 1.820 120 4,900 40.8
C85~-27<1 A.S., 40 81.2 3.35% 292 354 2.420 27 1,500 55.6
C88-29-1 A.S., 40 55.6 0.929 200 100 1.6 600 11,950 19.9
€58-31~1 A:S., B0 88.5 1.478 318 463 2.910 15 4,800 320
€88-35~1 A.S., 160 5.6 0.929 200 100 1.0 600 40,000 68.3
CSS-36-11 A.S., 160 54.0 0.901 194 97 1.0 660 19,000 30.3
CS5~37=% A.S., 160 113.5 1.895 409 463 4.580 15 2,365 158

e run at room temperature; H at 550 F.

identification letter C wer
run with 1050 psi internal pre

ure, except HSNP-1-11, for whic
-1 indicates inside notch.

(1) Specimens with first
tost room temperature tests were
were run at zero internal press
was 1000 psi. -1 indicates outside notch,

ssure. All 550 F tests
h the internal pressure

(2) Material identification:
A-106 Grade B carbon steel

Bals:. =
§.8. = A-312 Type 304 stainless steel
A.S. = A-355 Grade p22, 2-1/4 Cr - 1 Mo steel.

(3) Specimens tested at constant PWR pressure of 2200 psi.

0¢
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Tests C8S8~111-1 and CSS-124-1 were conducted with internal pressures of 2200
psig. |

The loading for the notched pipe tests was provided by a controlled |
displacement of the end of the test pipe. It should be noted that as cracks
initiated and grew from the notches the effective stiffness of the pipe
decreased resulting in a changing stress state at the crack. This changing %
stress state is characteristic of constant amplitude deflection controlled ‘
tests.,

There are, of course, no stress indices for "notches" given in the

Code. However, following the spirit of the Code, a C_-index of unity and a K_~

2
index of 3.6 would be assigned on the assumption that stres:es due to the

2

|
|
1
notch were highly localized. The evaluation of these data fo'lows the same
general procedure used previously, |

The last column of Table 7 gives ratios of test cycles Nt to design
cycles, Nc. These vary from 6.3 to 320; the overall average of Nt/Nc is Mh.l.
In general, these results indicate satisfactory conservatism of the Code
evaluation method. The values of Nt shown in Table 7 are the number of full-
range cycles applied to produce a crack through-the-wall. In addition,
subsequent to crack initiation, a variable number of cycles of less-than-full-
range were applied; these were probably of the order of one-half of the full

range.

2.8 Pressurized Vessels

This section is essentially the sare as the "Pressure Loading"

section of Phase Report Number 115-10.(10)

The information is incluaded here
because these vessels are perhaps a closer representation of the cold leg
piping than any of the small-scale components. The nozzles discussed in this
section represent a type of fabricated tee. In most cases, the analysis was
carried out as if the Code reinforcement requirements were met,

Data from cyclic pressure tests on nozzles in cylindrical pressure
vessels, and one set of cyclic pressure test data on longitudinal welds in

cylindrical pressure vessels are discussed in this section. The latter were

an unintended but informative by-product of tests on nozzles in the vessels.
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d<0.2 /RT

mr

vhere,
d = opening size
Rm = run pipe mean radius

Tr = thicknes of run pipe.

For this model, d = 2 inches and 0.2 JE;T:— = 0.2 V19 x 2 = 1.23 inches.
Accordingly, d is not less than 0.2 /E;T:-and the nozzle does not meet the
requirements of the Code.

While none of the nozzles are in strict accordance with Code
requirements, we will nevertheless use the C and K indices listed in the Code.
They are: C1 - 2.0, Kl = 1.7. Table 8 shows the maximum test pressure Po and
the nominal stress PODO/ZL. Because the pressure was cycled from 9 to Po, the
secondary stress range is ClPODo/2L, or simply twice the nominal stress. The
peak stress range is 1.7 times the secondary stress range. Three tests where
Sn < BSm are also included in Table 7 for general interest.

The last column of Table 8 shows that the value of Nt/Nc is always
greater than 14 despite the significant violation of primary strees limits and

branch connections which do not fully meet Code requirements,

2.8.2 Nozzles in Pressure Vessels-11. Kameoka, et al.,(20)

give
results of tests on the six nozzles in cylindrical vessels listed in Table 9.
Nozzle Types(a) T13 and T*13 failed in the longitudinal seam in the vessel;

these will be discussed later. Results for nozzle Types F13, P13, T20, and

F20 are summarized in Table 10.

The Code requires 100 percent area replacement for these nozzles.

The approximate percentage of area replacement is:

(a) These are identifications used in Reference (20),
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SEe L el Sl st

to out-of-roundness. The C1 value remains unchanged but the Kl

value is computed by

| M
| Kl v (Kl)round [l = PDO72t] $ (9)

where .

M = 2.0 for ferritic steels and nonferrous materials except ‘
nickel=chrome~iron alloys and nickel-iron-chrom alloys '
' M - 2.7 for austentic steels, nickel-chromium~iron and nickel~
iron-chromium alloys
= yield strength at design temperature, psi

P = design pressure

» Assuming PDO/Zt = Sm’ then for A-302~B at room temperature:

l
| g 2 x 50,000] _

The material used in the vessel shells (FIW 60) had tensile proper-

ties similar to ASTM A-302-B; hence, the values of Sm’ Sy, m, and n for A-302-B

were used in the evaluation shown in Table 12.
The last column of Table 12 shows Nt/Nc values approaching unity if
the vessels were actually round and had high-quality welds. However, even a

small amount of assumed out-of=-roundness brings Nt/Nc up significantly. The

vessels were apparently formed in halves with two longitudinal butt welds.
The abutting plate edges, particularly in experimental models, often are not
rolled to the same radius as the body of the plate, leaving either a "peak" or
a "flat spot" at the weld. For a given amount of out-of-roundness, these
kinds of local irregularities give higher stresses than indicated by Equation
(8) which is for an elliptical out-of-round shape. The "limit" analysis is
applicable to any cross section shape (up to an out-of-roundness of 0.08 Do’
which the model vessel shells presumably met) and, as shown in Table 12, this

analysis gives Nt/Nc values well above 20.
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The purpose of including the data on longitudinal butt welds is to
point out that such welds, in conjunction with out-of-roundness, can be a
significant source of high stresses; a source recognized in the Code. How-
ever, to bring the test results into perspective, it should be noted that the
lowest number of cycles was 4360; this for a pressure range of zero to 7100

psi. The design pressure for this vessel (of A-302-p, Sm = 26,700 psi) is
about 2300 psi.

2.9 Thermal Gradient Loading

This report includes no test results in addition to those reported
in Phas¢ Report Number llS-lO(IO) for thermal gradieut loading. This section
is the same as the .section in Report 115-10 and is included here for the sake
of completeness.

The third type of loading considered by the Code is that arising
from thermal gradients. While a fair number of thermal fatigue tests on bar
specimens are available in the literature, very little has been done on
thermal cycling tests of piping components., Stewart and Schteitz(ZZ) give
results of thermal shock tests on 6—inig;?ﬂuuhde 80 and Schedule 160 pipe and

valves therein, Weisberg and Soldan give results of tests on pipe and

girth butt welds therein as do Tidball and Shrut(2h) and Gysel, Werver, and

Gut(25). These tests and results are not in sufficiently quantitative form to
permit meaningful comparisons with the Code fatigue approach. Further, these
tests involve temperatures above that covered by the Code and therefore were
not included in this study,

The writer obtained (from a source that cannot be referenced at this
time) results of thermal gradient tests which are pertinent to this report,
These tests, their results and a Code cvaluation of the results are discussed
in the following.

Thermal gradient tests were conducted on a piping system made up of
I-inch Schedule 80 (1.315-inch-0.D. % 0.179-inch nominal wall) piping and
tees. The material was Ni-Cr-Pe Alloy 600, The fluid entrance to the section
consisted of a butt welding tee; the butt welds between it and the pipe are the

"components" of interest herein.

A P Ly

T A - AR N S A A S it N B TR 0 S e



45

Thermal gradients were created by circulating hot water at 595 F + 5
F and 2900 + 100 psi through the test section at the rate of 35 gpm, followed
by circulating cold water at 70 + 10 F and 60 + 10 psi. A typical thermal
cycle was initiated by circulating hot water through the test sectizn for 2
minutes; the fluid temperature near the inlet increasing from 70 F to 595 F in
2 seconds, Circulation of water was then stopped and the test section was
allowed to "soak" at high temperature for 1.5 minutes in order to thoroughly
heat the entire test section, During this period, the fluid temperature
decreased 100 F. Cold water was then circulated through the test section for
3.5 minutes; the fluid tempcrature near the inlet decreasing from about 470 F
to 70 F in 2 seconds. The total length of time for a complete cycle was 7
minutes.

At the completion of 2206 cycles, the test section was hydrostatic-
ally tested at a pressure of 4750 psi at 80 F for 15 minutes. There was no
indication of leakage. A liquid penetrant inspection of the outside surface
after the hydrostatic test did not indicate any cracks. The inlet tee and
girth butt welds between it and the pipe were then cut out of the test section
and sectioned for internal surface inspection. The tee, flow direction, and
welde are identified in the following sketch. Liquid penetrant inspection of
the inside indicated a crack in the heat-affected zone of weld Number 10,
Further examination of the crack indicated it was about 0,30-inch deep (17
percent of the wall thickness) and had propagated in both a transgranular and
intergranular pattern., The source of the test results was of the opinion that
the crack pattern could have been aused by fatigue.

In summary, after 2206 cycles of thermal gradients, girth butt weld
Number 12 had no detectable cracks, girth butt weld Number 10 had a small
crack, the entrance tee had no detectable cracks. It is pertinent to note
that girth butt weld Number 12 would nominally undergo the highest thermal
gradients; girth butt weld Number 10 very slightly lower gradients and girth
butt weld Number 11, much lower thermal gradients. Details of the butt welds,
or the relationship (if any) of the crack to root irregularities of weld
Number 10 are not known at this time. The following Code evaluation is based
on the assumption that girth butt weld Number 10 was "as-welded", as classi-
fied in the Code, Table NB3682.21.
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Po = pressure range = 2900 - 60 = 2840 psi
L pipe 0.D, = 1,315 in.

t = pipe nominal wall thickness = 0,179 in.
v = Poisson's ratio = 0.3

Ex = modulus times coefficient of thermal expansion ( = 226 for

Ni-Cr-Fe Alloy 600 at 70 F).

The procedure for obtaining ATl and AT2 is given in the Code. The data given
by Schneider(ZB) will be used as being sufficiently accurate., Specifically,
for a step change in fluid temperature, Schneider's Chart 23 was used, This
chart gives the temperature response of a plate insulated on one side after
sudden exposurec to a uniform temperature convective environment on the

opposite side, The chart is given in terms of the parameters:

Bi = hd/K
g
= a/8
Fo ay /
where,

£ils cosfiiclant. Btulbe-ts'~ 2

-
]

plate thickness, ft
K = thermal conductivity of plate material, Btu/hr-ft - F
a, = thermal diffusivity of plate material, ftz/hr

@ = time, hrs.

For the l-inch Schedule 40 pipe, 5 = 0,179/12 = 0.0149 ft, K =~ 0.15. For the
heat-up side of the cycle, the flow rate of 35 gpm leads to a value of h of
about 2500 Btu/hr—ft2 - F. Accordingly: Bi = 4,13, Schneider's Chart 23
then can be used to construct the temperature variation through the wall of
the pipe as shown Figure 6, Values of AT] and AT2 can be calculated from

Figure 6 by use of the equations:

Gl t/2
T = -3 J[ T(y)dy , (12)
-t/2



/‘P‘pe Qutside Surface
[
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12 t/2
AT, = —;-J[ y Ty)dy . (12)
¥ -t/2
AT, = Max (|7, - T |- |ar, |r2,|7, - T|-]aT, |2, © (14)

where To = outside surface temperature, F; Ti = inside surface temperature,
F. Numerical integration was used to evaluate Eauations (23) and (24); the
results are shown in Figure 7 where ATl and AT2 are plotted against time, 9.

The maximum during the heat—up side of the cycle are T1 = 0,62 Ta’A1E . &
+23 Ta'

Analysis of the cool-down side of the cycle would give graphs
similar to Figures 6 and 7; with the sign of Ta reversed. The range ofBXH and
AT2 during the cycle would be 0.23 Ta and 0.62 Ta’ where Tn is the sum of the
step change in fluid temperature on the heat-up side cf the cycle plus the
step change on the cool-down side of the cycle. Nominally, Ta is equal to
2(595-70) = 1050 F. However, the "soak" period reduced the cool-down step
change by 100 F, and other effects may have reduced the effective Ta by
another 100 F. Accordingly, an estimate of 'I'a = 800 F will be used; lﬁTll =

0.62 x 800 = 496 F, and l AT:‘ = 0.23 x 800 = 184 F.

Equations (10) and (11) give

2860 x 1.315 . 1 a05 s 496

2 x 0.179 1.4

g8 =1,1 x
n
= 11,475 + 80,070 = 91,545 psi,

i 2840 % 1.315 1.7 " Pl 4
Sp o f 08 Rl ™ 7 % 0.179 + e x 226 x 496 + 07 x 226 x 18

= 13,770 + 136,110 + 59,400 = 209,280 psi.
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For Ni-Cr-Fe alloy 600 (SB163, anncaled) at 600 F, Sm = 23,300 psi. The value

of Ko by Equation (4) herein,* is
91,545
= anpiialsessiomyemes 4 o
Ke i 3:29 [3 X 23,300] 1 '

and, by Equation (3)

_ 2.032 x 209,280
alt 2

8 = 212,630 psi.

From Figure 3, the calculated cycles, Nc’ is 140. The ratio Nt/Nc > 2200/140 =
16. Accerdingly, the indices method is conservative as compared to this
single set of test data on thermal gradient loading; particularly considering
that girth butt weld Number 10 had a crack depth of only 17 percent of the wall
thickness, and girth-butt weld Number 12 had no crack indications after 2200
thermal gradient cycles.

It is of some interest to note that if Ke were to be taken as unity,
= 105,000; N, = 1100, Nt/Nc > 2200/1100 = 2.0,

While details of the gcometry of the entrance tee are not known,

the Salt

calculations based on some rough assumptions lead to the conclusion that the
indices method would give about the same value of Nc as obtained for the
girthbutt weld, No cracks were found in the entrance tee after 2200 thermal

gradient cycles,

2.10 Summary

In general, the comparison of Code predicted fatigue life and test
life indicates that the Code method gives conservative results, where conser-

vative is interpreted as NL/Nc » 20,

* Values of m and n for Monel are the same as for austenitic stainless steel.
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Girth butt welds in austenitic s:ainless steel pipe were noted as a
possible exception to this conclusion in Phase Report Number 115~ 1(10{ The
additional test results reported in section 2.1 of this report reject this
exception. Although the analysis procedure is not as conservative for the
stainless steel pipe as for the carbon steel, it does generally mecet the N /N
> 20 requirement. This trend is noted in Sections 2. 1, 2.2, 2.3 and 2.4, The
reverse trend was observed in Section 2.5 (Branch Connections and B16.9 Tees ).

There was a trend noted in Phase Report Number 115-1 (101 for the Ke
factor to overcompensate when Sn > SSm with eyclic internal pressure, This
overcompensation was observed for the pressure vessel tests, A similiar
trend may be found in examining the results of the cyclic internal pressure
tests on Branch Connections and B16,9 Tees (Table 5). As noted in the table,
th> stainless steel test specimens all had Sn > BSm by a factor of not less
than 1.6. This observed overcompensation could account for the trend
reversal noted earlier, i.e., that the analysis in Section 2.5 vas more
conservative for stainless steel specimens than for carbon steel specimens.

Perhaps the single most important result of this analysis is for
specimen T-1l in Section 2.5. The value of Nt/Nc = 5.2 clearly implies a
problem area in the Code analysis techniques for internal pressure loading
with Sn < 3Sm. A testing program to assess, (1) what changes should be made in
the analysis procedure, or (2) if any changes are needed, would be well
advised,

No implication is intended that the test data are sufficiently broad
in scope to confirm the validity of the indices method for all combinations of
piping components, materials, temperatures, and loadings. Test data with

combined loadings would be most helpful in assessing the Code's conservatism

in these cases.
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3.0 SIGNIFICARCE OF THE FAILURE MODE

The fatigue tests considered in Section 2 of this report represent
an analysis of the behavior of piping components subjected to cyclic loadings.
This analysis is in terms of the number of cycles imposed before a crack
initiates and propagates through the wall thickness. Unfortunately, these
tests do not describe the behavior of the component subsequent to wall
penctration, i.e., a stable leak or a rupture.

This section presents an attempt to delineate the leak-rupture
tendencies of the fatigue tests by comparing the appearance of the fracture to
that of components used in 'burst' tests.

Several experimental programs have been conducted to determine the
behavior of pipe and pipe components with through wall flaws. These programs
involved burst characteristics (pressure and flaw geometries) of the pipe
specimens.

The key results of these investigations, as rela.ed to this report,
are the appecarance of the fracture and the determination of critical flaw
sizes for a given pressure level.

The remainder of this section deals with a brief summary of the
burst test results and how these results pertain to the fatigue test results.
A more thorough review of the burst test results and implications thereof may

be found in Reference (29).

3.1 Failures in Straight Pipe

3.1.1 Background. The ultimate failure of straight pipe sections

with flaws has been studied in considerable detai1(30’3l). Two classes of

flaws have been investigated, i.e., circumferential and axial.

The Battelle invnstigation(30) dealt with failure pressures and
modes at elevated temperatures. The test procedure consisted of filling a
test vessel (pipe section with end caps) with water and then heating the water
te increase the internal presrure. Part-through flaws (surface flaws) and
through-the~thickness flaws were examined. Although the part-through flaw is
the more realistic type of defect, the results of testing through-the-

thickness flaws serve to predict the behavior of surface flaws once they grow

B T e
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through-the~thickness,

As surface flaws grow through the pipe wall they result in one of
two types of failure, i.e., stable leak or a rupture. For a stahble leak type
of failure, the flaw penctrates the wall without any sudden increase in
length., Figure 8 shows such a failure.

A rupture is denoted by a sudden increase in the flaw length as the
wall is penetrated. This extension may continue until tne flaw 'runs' the
full length of the pipe or it may arrest due to changes in the load or pipe
toughness. Figure 9 shows a full end-to-end rupture. Figure 10, on the other
hand, depicts an arrested rupture.

As noted earlier, the arrest of propagating flaws can be due to
several factors or some combination therrof. Perhaps the most important
cause, for the purposes of this report, is the loss in driving force (stress),
In a case where the only stresses on the component are due to internal
pressure, loss of that pressure or a substantial reduction in pressure will
cause the flaw to arrest.

For a test conducted at room temperature with water or oil as the
pressurizing medium, it is unlikely that an end-to-end rupture (as depicted in
Figure 9) will occur. This is simply due to the fact that once a flawv grows
through~the-wall and the vessel begins to decompress, the decompression wave
velocity is faster than the fracture speed. Thus, the pressure falls to near
zero before the fracture can propagate an appreciable distance. This experi-
mental problem may be overcome by installing a 'boot' or patch over the area
where the flaw is expected to penetrate the wall, therehy mairtaining internal
pressure, For many 'real' piping systems, pressure would be maintained in the
event that a flaw grows through-the-wall by additional flow provided from a
system 'reservoir', For example, in a nuclear r-wer plant (PWR) the coolant
in the primary system may be replaced at approximately 50 gpm thereby

maintaining system pressure.

Testing at elevated temperatures with a fixed volume of water
presents some interesting results, As with the low temperature testing, once
the wall is penetrated the pressure begins to drop. However, for elevated
temperatures the pressure does not go to zero but rather to the saturation
pressure of the water for the test temperature, This pressure remains

sensibly constant for the time required for the flaw to propagate along the
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vessel, 1f the flaw is of a length critical for propagation it will start to
run, If the saturation pressure is sufficient to sustain propagation .n end-
to-end rupture will result. 1If the saturation pressure is below the value
required to propagate the crack it will arrest and appear as a stable leak
(Figure 10).

A surface flaw will result in a rupture (assuming pressure is
maintained) if its length upon penetrating the wall is the same or longer than
the critical length for a through-the-wall axial crack. This critical length
may be estimated by use of the K-solution developed by Maxey, et al.,(Bl),
Equation 15,

1n sec , (15)

where,
= plane strain fracture toughness
= critical half crack length

N .
flow stress = (Oyi + 10) ksi

eld
£ = failure stress

= Q9 ai o =
#

= Folias correction factor given by,

2 4
(1 # 1.255 & = 0.0138 ~5e )
Rt 33

= wall thickness

R = pipe radius .

The use of this equation and the implications thereof are discussed in detail

in references (32) and (33) and will not be reviewed here.

3:1,2 Experimental Results. The te-<ts conducted by General

Electric 33 involved pipe diameters ranging from 4- to 12-inches. P-th
through-the-wall and part-through flaws were considered. All tests were
conducted at room temperature with internal seals installed for the through
wall flaws. The authors noted that some of the cracks extended beyond the

machined size while others did not. Because of the limited information given
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unless provisions have been made to maintain pressure once the wall is
penetrated, the results of the test (in terms of leak or rupture) may be
inconclusive.,

Analytical approaches to predicting the failure pressure for cir-
cumferential flaws are not as clearly defined as for axial flaws. Some
attempts have been made(38) with varying degrees of success., However, as
noted earlier, a completely acceptable solution for circumferential f£laws

does not exist at this time.

3.2 Failure in Elbows and Tees

General Electric has conducted a series of burst tests on elbows and
tees that contained surface flaws of various orientations.(36) Figure 11
shows the flaw geometries used for these tests.

Photographs of the failed specimens were included in Reference (36)
and are reproduced herc to illustrate the appearance of the failures. Figures
12 and 13 show the results of the elbow and tee tests, respectively,’

The results of these tests can best be described by the G.E.
analysis.

"Only in those cases in which the pressure load limit was greater
than 60 percent of that for an unflawed fitting did the fracture
propagate beyond the ends of the original flaw. Review of the load
limit data for axial part-through flaws in straight pipe segments
shows that to produce a given reduction in pressure load limit, a
more severe flaw is required in a tee or elbow than in a straight
pipe segment. The limited number of fittings experiments done
indicates that, as was the case with straight pipe segments, elbows
and tees are most sensitive to flaws if the plane of the flaw is
perpendicular to the maximum principal stress. 1In elbows, flaws of
Types A and C behave much the same as axial part-through flaws of
similar length in pipe segments, if corrections are made for

differences in principal stress ratios at the flaw location.






See Detall P

TYPES OF ELBOW FLAWS

See Detail P
TYPES OF TEE FLAWS

FIGURE 11, MACHINED FLAWS TN ELBOWS AND TEES
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Variations in wall thickness and stress gradients in tees render
mathematical treatment of the effect of flaw size on load limit
exceedingly difficult on anything more than a very rough basis, Of
the three flaw configurations investigated, Types J and K cause the
greatest reduction in strength when considered on a basis of flaw
size (i.e., depth and length). 1In the absence of bending loads,

tees are very insensitive to flaws of Type L."(36)

Figures 12 and 13 along with Figures 8, 9, and 10 depict the
appearance of typical fractures for leak and rupture conditions. Unfortun-
ately, the only reliable mathematical model for predicting burst pressure is

for axial flaws in straight pipe.

3.3 Fatipue Fracture

Assessment of the leak rupture trends for the variety of fatigue
tests tabulated in Section 2 of this report is limited by the inforration
given in the cited references and adequate analytical techniques for the
complex geometries involved.

The majority of the tests that were internally pressurized were
conducted at room temperature with various liquids as the pressurizing medium
(water and transformer oil were the most common). A few of the General
Electric tests were internally secaled so as to prevent pressure loss once the
wall was penetrated. Unfortunately, none of the elbows or tee sections were
sealed.

Very few of the papers considered herein provided photographs of the
failed test specimens. Only three groups of experiments provided such
photographs (References 7, 13, and 15). Unfortunately, the quality of some
photographs appearing in the referenced articles was such that reproduction
for this report would have been worthless. Copies of some key photographs

were obtained* and are included in this section. In addition, photographs of

*

Photographs of T-4, T-6, T-11, and T-13 were provided by S. E. Moore of Oak
Ridge National Laboratories. His assistance in this matter is greatly
appreciated.
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FIGURE 15. CRACK IN T-6 AFTER A LEAK FAILURE AT

(
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FIGURE 17. VIEW OF FATIGUE CRACK ON THE INSIDY
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The third wp of experiments were those conducted by Ceneral
i X158, 56:37) ; it
Electric. iroup of crperiments is important for two reasons.
First, some of the sta ripe tests with circumferential flaws were scaled

so as to maintain pressw.. once the wall was penetrated. Second, the moment
loading was continued after the leak was observed. Because the moment loading
was continued, the manner in which the flaw continues to grow may be
established as well as a rough estimate of the number of cycles required to
achieve substantial crack lengths. Two specific examples are used herein to
illustrate the results of these tests. Three other photographs are included
to illustrate the appearance of the cracks for various loading conditions.

Figure 19 shows the appearance of one circumferentially notched
pipe section at the completition of the cyclic moment load test. The crack
penetrated the wall at 11883 cycles. It is not clear how many cycles were
applied to the specimen after the wall was penetrated. However, the authors
note, "extremely large (>60 percent of the pipe circumference) circumferential
cracks have been produced in the laboratory of BWR operating pressure and no
sudden fracture occurted".(37) Although the PWR pressure is greater than the
BWR pressure, the stress level allowed in the piping is the same for both
systems. Consequently, it is not likely that a rupture would result upon wall
penetration at the PWR operating conditions assuming that pressure and bending
loads are the primary loadings.

Figures 20 and 21 illustrate now a crack may extend if the bending
loads are not removed once the wall is penetrated. The tee section shown is
CCTS-2, a 6-inch tee loaded out-of-plane with the load applied to the branch
pipe.

As shown in Figure 20, the flaw that penetrated the wall had a
surface length slightly greater than l-inch. The wall of CCTS-2 was pene-
trated at 9367 load cycles, An additional 1082 load cycles caused the crack
to extend several inches along the length of the "run" section of the tee,.
Figure 21 shows the appearance of CCTS-2 at the completion of testing. A
total of 10449 load cycles had been imposed on the tee. Based on the results
of the burst tests, a flaw in this orientation will reduce the burst strength
(pressure) of a tee section. Because of the rapid rate of flaw extension once

the wall has been penetrated, it is not possible to state conclusively that a
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leak could be detected and the reactor shut~down before such a flaw grew to a
size that would result in a rupture.¥

From an operational viewpoint, it is important to note that moment
loadings are not necessarily lost once a leak has been detected in a nuclear
piping system. Even if a flaw is not large enough to present a threat of
rupture once it grows through-the-wall, continued moment loading may well
extend the flaw length to the point where rupture is a very real possibility.

Figures 22, 23, and 24 illustrate how flaws may continue to grow for
a variety of component geometries and load types.

Figure 22 shows a 6~inch elbow that was loaded in-plane. The flaw
extends the full length of the side of the elbow, through the weld line on each
end, and into the pipe sections attached to the elbow. As was noted in Section
3.1.2, a flaw in this orientation behaves something like an axial flaw in
straight pipe. The flaw depicted in Figure 22 lies essentially perpendicular
to the direction of the principal stress for a pressure loading and thus cay
substantially reduce the pressure carrying capacity of the elbow.

Figure 23 shows a 6~inch tee that was loaded in-plane with the load
applied to the run pipe. The flaw extends along the axis of the branch pipe
well into the body of the tee. As may be noted in Figure 23, the flaw has
extended past the weld line for the branch connection and into the branch
pipe. Even if this flaw geometry did not reduce the pressure carrying
capacity of the tee, the extension of the flaw inte the branch pipe in an axial
orientation may result in a rupture of the pipe before the tee. This
possibility depends on the factors discussed in Section 3.1.

Figure 24 shows a 6-inch tee that was loaded in-plane with the load
applied to the branch pipe. The tee was cracked well around the circumfarence
in the crotch region. Additional cracks may be observed in the 'run' section
of the tee. These cracks are essentially at &5 degrees to the run pipe axis.
Une of these flaws joins the circumferential flaw on the crotch region and

extends into the run pipe weld line.

* This discussion assumes that operating pressure is somehow maintained in
the operating reactor even after the wall has been penetrated.
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Although it is impossible to make definitive statements regarding

the leak rupture evaluation for most of the tests noted in Section 2 of this

report, some important pcints have been noted.

(1)

(2)

(3)

(4)

(5)

(6)

e L P ATy P W TP T2 Sy O

Circumferential flaws in straight pipe attain a substantial
length (260 percent of the circumference) without rupturing at
BWR conditions. From this it may be inferred that a leak could
be detected and a safe shut down performed at PWR pressures.
Cyclic pressure loading on tees produces cracks that are of a
critical orientation (in terms of the burst test results) and
that are quite long on the inner surface before they penetrate
the full wall thickness.

Out-of~-plane moment loading on tees produces cracks that are
of a critical orientation and that might grow to a critical
size in a few loading cycles once the wall has beeu penetrated,
In-plane moment loading on tees produces cracks that are not of
a particularly critical orientation (in :erms of burst test
results)., However, these cracks may extend well around the
circumference of the crotch region before they penetrate the
full wall thickness.

In-plane moment loading on elbow sections produces cracks that
lie essentially perpendicular to the direction of the princi-
pal stress for a pressure loading and may reduce the pressure
carrying capacity of the elbow. The cracks generated by such
loadings tend to propagate across the weld line and into the
attached straight pipe sections thereby raising the possi-
bility of a longitudinal rupture in the straight pipe section
(see Figure 22).

Other component types have not been considered in this

analysis simply due to a lack of photographs of such test
components.
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4.0 TMPLICATIONS ON COLD LEG PIPING

The tests discussaed in Sections 2 and 3 of this report all dealt
with pipe s..tions that were substantially smaller in size than typical
sections of the cold leg piping system. The largest tees examined were the
24-inch~-diameter tees examined by Hayes and Moore(IS). The other sizes ranged
between 4~ and 12-inch-diameter.

The Code procedures for analyzing fatigue life should provide
nominal stress values that are insensitive to size variations. However, the
differences between small components (4~inch) and the full-scale structure,
in terms of geometric similarities, relative sizes, and envivonmental
considerations, gives rise to the issuc of similitude, i.e., are the (=sults
for small-scale tésts truly comparable to full-scale behavior.

The remainder of this section considers to what extent the results

of these small-scale tests may be applied to the cold leg piping system.

4.1 Description of the Cold Leg Piping System

The cold leg piping system may be defined as the group of piping
components installed between the outlet nozzel of the main coolant pump and
the inlet nozzel of the reactor vessel. Typically, the cold leg consists of a
length of 30-inch-diameter pipe (2.5-inch nominal wall thickness) with one or
more branch connections along the length of the pipe. Elbow sections are
utilized as necessary to complete the system.

The piping system may be made from 'clad' piping (ferritic steel
pipe with stainless stec! cladding) or in some cases the piping is all
stainless steel.

The cold leg is exposed to a water environment with a nominal
temperature of 550 F. The nominal internal pressure is 2,500 psig. The
stress level will vary depending on the power level fluctuations the plant

experiences.

Cumulative fatigue damage is evaluated using a linear damage con- |

cept. Although this technique is not as sophisticated as some of the recently

developed techniques for evaluating fatigue crack growth rates when a load
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sectional radius are quite similar for the small- and large-scale components,
Thus, to assume that geometric similitude exists for the elbow sections is not
unrealistic.

The branch connections tested may not be exactly similar to thoss in
the cold leg. However, the additional reinforcement required for branch
connections in the cold leg should make the cold leg behavior conservative

with respect to the fatigue test results,

4.2.2 'Size' Effect. It may be postulated that a large component

will have a longer fatigue life than a small component when both are subjected
to the same stress level, all other factors being equal. This effect ie due to
the fact that a similar number of cycles would be required to initiate a crack
in both components but that a greater number of cycles would be required to
propagate the crack to failure for the large component than for the small one,
i.e., the crack must extend further by virtue of the increased wall thickness.
Although this argument is reasonable, comparisons of the tests reviewed in
Section 2 of this report dc not indicate that such an effect is a reality., 1f
such an effect is not observed when comparing 4~inch components to 24-inch

components, there is no reason to expect any appreciable effect in the 30-inch

components.

4.2.3 Test Environment Versus Operating Environment. As noted in

Section 4.1, the cold leg piping i1s exposed to a water enviromment, a nominal
temperature of 550 F and a nominal pressure of 2500 psig. The test specimens
were subjected to a variety of enviromments although none of them were as
severe as the PWR environment.

Based on the comparisons of test environments to the actual PWR
environment, the test results may be nonconservative with respect to the cold

leg piping.

4.2.4 Effect of Accelerated Testing. The effect of acceierated

testing is most noticeable when considering the time-dependent factors that
may alter the fatigue life of a component., Perhaps the most obvious of such
factors is corrosion. Both corrosion assisted fatigue and stress-corrosion

cracking are time-dependent. For corrosion assisted fatigue crack growth, the
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lower the cyclic frequency the more noticeable the effect of the environment.,
Stress-corrosion cracking is also a time-dependent process., It is highly
unlikely that a stress-corrosion crack could he a factor in the fatigue test
results due to the short duration of the tests. However, in the projected 40
year life of a PWR power plant, stress-corrosion cracking could become a
significant factor.

Because of the time-dependent factors involved, such as corrosion-
stress interactions, the accelerated fatigue test results may be nonconserva-

tive with respect to the cold leg piping.

4.3 Additional Considerations and Results

One point that was not discussed in the previous section is the
influence of the stainless steel cladding on ferritic steel pipe. It is the
contention of this report that the cladding

(1) Does not affect the geometric similarities discussed,

(2) Has no bearing on any size effects, and

(3) Will be more resistant to the environmental attack than the

base metal (ferritic steel).

In general, the cladding should have no detrimental effects on the
behavior of the piping and may retard env.ronmental attack.

Another point not to be overlooked is that the fatigue tests
evaluated in Section 2 of this report generally involved tests where Sn/BSm P
1. As noted previously, as this ratio increases the K, factor tends to over
compensate resulting in very high Nt/Nc ratios, i.e., the Code conservatism
increases. However, cold leg piping stress levels will generally be below 3
Sm. This implies that the factor of safety for 'mormal' cycles will not be
overly conservative and that the postulated large amplitude cycles will not be
as damaging as predicted,

Loading type is another point., The pressure cycle test on the
forged welding tee, T-11 (Table 5), indicate that the results for cyclic
pressure loadings may not be conservative. Specifically, the Nt/Nc ratio for
this test was 5.2, well less than the value of 20 established as the minimum

conservative value. Although forged welding tees are not employed in the cold

Siivstame i1y
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leg piping system, this test illustrates a potential problem in the Code
analysis for cyclic pressure loadings. 1t appears that the Code analysis is
at least conservative for other load types. 1In fact, the analysis may be
overly conservative in some instances.

Some general conclusions may be reached after considering the above

discussion and the results of the fatigue tests.

(1) The Code analysis is very conservative for stress intensities
exceeding 3 Sm' This will be true regardless of the other
factors involved, implying that the postulated large amplitude
events will not be as damaging as the analysis predicts.

(2) The Code analysis for pressure loadings should be reviewed.

(3) Straight piping sections can tolerate long circumferential
cracks so long as pressure is the only loading. This charac-
teristic should be true regardless of the pipe size.

(4) Environmental factors are not considered in the Code analysis.
This point is perceived as a short coming of the Code approach
and may well result in unacceptable behavior of the cold leg
piping system. This behavior might be in the form of premature
crack . .itiation (due to stress-corrosion cracking or simply
general corrosion) and accelerated rates of crack growth,

(5) The results of the fatigue tests on piping components indicate
that the fatigue analysis of the cold leg piping system should
be conservative. However, this result could be changed due to
enviromental factors. The impact of such factors on the Code

analysis cannot be assessed at the present time.

Clearly, the analysis of the fatigue life of the cold leg piping
system is a complex problem. The complete solution of this problem may well

require more than a simplified analysis technique,
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Circumferential flaws in straight pipe attain a substantial
length (> 60 percent of the circumference) without rupturing
at BWR conditions. From this it may be inferred that a leak

could be detected and a safe shut down performed at PWR
pressures.

Cyclic pressure loading on tees produces cracks that are of a
critical orientation (in terms of the burst test results) and

that are quite long on the inner surface before they penetrate
the full wall thickness,

Out~-of-plane moment loading of tees produces cracks that are
of a critical orientation and that might grow to a critical
size in a few loading cvcles once the wall has been penetrated.
In-plane moment loading on tees produces cracks that are not of
a particularly critical orientation (in terms of burst test
results). However, these cracks may extend well around the
circumference of the crotch region before they penetrate the
full wall thickness.

In-plane moment loading on elbow sections produces cracks that
lie essentially perpendicular to the direction of the princi-
pal stress for a pressure loading and may reduce the pressure
carrying capacity of the elbow., The cracks generated by such
loaiings tend to propagate across the weld line and into the
attached straight pipe sections thereby raising the possi-
bility of a longitudinal rupture in the straight pipe section.
(See Figure 22).

Other component types have not been considered in this

analysis simply due to a lack of photographs of such test

components.

Section 4 of this report attempted to evaluate the implications of

the fatigue test results on the cold leg piping system,

A key point in that

section involved the similitude between the small-scale fatigue tests and the

full-scale cold leg piping.

Geometric similitude, size effect, test environ-

ment, and effect of accelerated testing were examined in detail.
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