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RELEVANCE OF FATIGUE TESTS TO
COLD LEG PIPING

by

M. E. Mayfield, E. C. Rodabaugh
and R. J. Eiber

|
,

1

1.0 INTRODUCTION

The " cold leg" in a PWR, for the purpose of this report, is defined
as that portion of the primary coolant loop that lays between the coolant pump
and the reactor vessel. One of the conditions which may lead to f ailure in a
cold leg consists of repeated cycles of stress. These repeated stress cycles
may cause the growth of any small def ect in the weld or base material and, if
the stress cycles are high enough and f requent enough, the defect may gr'ow
until it pe ne t rat es the wall, resulting in a leak, or under some pos tulated
conditions , a large break might occur.

Ove r the pas t 30 years, many fatigue tests have been run on piping

products.* With a few exceptions as noted later in this report, the tests
were run on products that wec; omall-scale models of components used in cold

legs. In most tests, the test specimens represent random selection of stock
items and the welding into test assemblies was not controlled to the extent
required for the cold leg in PWRs. Accordingly, the test s pec ime ns usually

represent a lower quality product than would be expected in cold legs of PWRs.
With a few exceptions, tests were run at room temperature with an external air
environment, internal ordinary tap water or air environment. The test; were
run over a relatively short period of time (days or weeks) as compared to the

pos tulated 40 year life of a PWR. Accordingly, the tests do not encompass

environmental effects.

A piping product is defined as anything in a piping system. Some examples:*

(1) A length of seamless s t rai ght pipe, remote from welds or other
discontinuities

(2) A gir th but t weld between pipe and elbow
(3) An elbow
(4) A branch connection
(5) An ANSI B16.9 tee.

_ - _ _ _ _ _ _ _ _ __
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With a few exc epti ons , the test specimens did not contain any
deliberately introduced defects. Such def ec ts as did exist can be considered
as typical of defects in the base material and weldments of piping product s,

i

At present, the fatigue tests of pi ping 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 Code *; I

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

1.1 Obiective

|

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

(1) Detennine the margin of safety of the present ASME code method
of evaluation.

(2) Determine th e leak-rupture trends of components tested with
| signi ficant internal pressures.

(3) Determine th e implications of th e tests with respect to the
cold leg piping systems in PWR' s.,

i

1.2 Background of the ASME Code i

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 , i t has been found |

|usef ul to es tablish " stress indices" and " flexibility f actors" to describe, in
a simple manner, the characteris tics of such complex produc ts; e.g. , elbows ori

1

branch connections. These stress indices are contained in Table NB-3682.2-1I

i of the Code.
s

.

>

* Code, in this report, refers to the ASME Boiler and Pressure Vessel Code,
Section III, Div. 1, " Nuclear Power Plant Components", Subsection NB,i

Reference (1)* * herein.
* * - Numbers in parentheses ( ) denote re f erences as listed in the Reference

Section of this report.
i

- . -.. - - - . - - - . _ . - - _ ., _
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A piping system analysis starts wi th an analysis of th e system

modeled as a one-d imen sional assembly of straight and curved beams with
appropriate restraints to represent anchors, guides, hange rs , snubbers , e t c .
The behavior of complex piping products such as elbows is represented by

flexibility f actors 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 carthquake induced motions. The

piping system analysis is accomplished using computer programs that have been

,

developed for that purpose. General purpose finite element computer programs
i

can be used for a piping system analysis but usually it is more economical to
f

;i use a special purpose program. The analysis is ordinarily an clastic analysis'

a limited amount of plastic response in' even though the loadings may induce
i

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

(pos tulated in the design s t age )loads on th e pi ping system trill have some

time-dependent history, hence the moments will also have a t ime- de pe ndent
history and from th i s 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 th e 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, identi fied by a
subscript "1", the pressure history can be translated into cycles of stress

d ue to cycles of pressure.

Evaluation of stresses due to thermal gradients follows f rom a " Heat

j Transfer" analysis in which the postulated cycles of fluid temperatures are
1

! A piping system analysis also gives axial forces acting on the piping and*

) piping products but the e f' ec t of these on stresses in the pi ping and
piping products are usually negliginlc.,

.-- . -_ . . - - - . . _ _ _ _ _ _ - _ _ - _ _ _ _ - _ _ - _ _ _ _ _ _ _ ________ _____ __________-__:
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translated into cycles of metal temperatures in the pressure boundary of the
piping products. This analysis involves fluid temperature change rates , fluid
velocities, film coef ficients, et c . The cycles of metal temperatures are then
c harac t e ri zed as certain types of gradients according to Code specified
procedures as indicated in NB-3653 of the Code. These gradients, when

I 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 de t e mine the acceptibility of the |

combinations of cyclic stresses due to cycles of moments, pressure, and
1

thermal gradients. In the evaluation of the f atigue characteristics of piping |
components several calculated quantities are of interest. These variables are |

|

i calculated based on the moment, pressure, and thermal stresses determined in

the stress analysis as noted earlier. The equations used in calculating these
i
1

; variables are listed below.
!

(1) Primary Plus Secondary Stress Intensity Range
4

CPD CDM.
3 2 * I

S = + +
, ,7 Ea AT g

+CE a T T (l}3 3 ab b '

.

1
|

(2) Peak Stress Intensity Range

PD D M. '

" *1 S =KC + KC +
] n 1 1 2t 22 21

,

1
KEa AT +KC E aT -aT2(1 - v) 3 1 33 ab aa bb

1
1

1

4

1+ Ea AT (2).
; I-V 2
;

-_ _. --
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(3) Alternating Stress Intensity ;

i
!

'
S

S =K l (3),

alt e2
i

f

where,
,

K = 1.0 for S < 3S I
e n- m ;

[S h~" "
|

= 1. 0 + | -1 1 for 3S <S < 3m S,n(m - 1) 3S m n m
-')| *

! .

:

| =1 for S > 3m S (4), 'n n- m

|
|

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

m
,

as given in Appendix I, Tabic l-1.1 of the Code.'

The values of the stress indices (K. and C.) are determined from
1 1

Table NH-3682.2-1 of the Code.
The values of S determined in this fashion represent an extra-

dt
polated clastic stress that should provide conservative estimates of the ,

fatigue life of the component.
,

|

This Code evaluation procedure is an clastic type analysis. Combin-
,

ations of loads that exceed the proportional limit of the com ponent are
,

treated as ficticious clastic loads (see Figure 1). Care must be taken in the
,

1

| cvaluation of experimental results. Values of extrapolated clastic loads must

compati ble wi th clastic analysis.be used to obtain evaluat ~ ons
.

The use of an clas tic analysis and extrapolated cl astic loads has

been justified in the " Criteria of the ASME Boiler and pressure Vessel Code
for Design By Analysis In Sections III and VIII, Division 2" which states:

|

|
>

-

- _____ _ __ _ _ _ _ _. _ _ _ _ _ _ _ _ _ , , , . _ . _ - - . _ . _ . . _ _ - - . ,
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NElastic Behavior

_F_icticiou_s Elastic _ Load i_ _ . _ _ _ _ _ _ _ _ _

l
;

I

Actual Load on Structure I
|

| Actual Structural
| Behavior
I

,

I '

I
i

i

I |
1 :
I |
| |

1 '

I !
l ;
I |
1t

I
|

|

l

Deflection
l

l

l
FIGURE 1. IDEALIZED LOAD-DEFLECTION CURVE

]

l
'

. 1
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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 th e f o rme r , the justification for allowing calculated

stresses higher than yield is that the limits are such as to assure

shake-down to elas tic action af ter repeated loading has es tablished !

a favorabic pattern of residual stresses. Therefore the assumption'

of elas tic behavior is justified because it really exists in all

| load cycles-subsequent to shake-down.
i 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 th es e regions are intimately connected to

larger regions of the vessel which behave elastica 11y. A typical

example is the peak stress at the root of a notch, in a fillet, or at

the e ';:e of a small hole. The material in these small regions is

strain-cycled rather th an stress-cycled and the clastic calcula-

! tions give numbers which have the dimensions of stress but are

j really proportional to th e 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 st~ esses. The curves arer

based on strain-cycling data and the strain values have been !
!

| multiplied by the modulus of elasticity. Therefore stress inten-

sities c alcul at ed from the familiar f ormul as of strength-of

ma t e ri al s texts are directly comparabic to the allowable stress

I values in the fatigue curves."
l
t

Once an appropriate value of S is determined, the evaluation ofg
the code allowable number of load cycles (N ) can he made throu;ih the use of
the S-N curves shown in Figures 2 and 3 of this report (Fipures 1.9.1 and 1.9.2

of the Code).(3)
The procedure, outlined above, f or determining the Code design lif e

" margin of safety" (N /N ), where M is thewas empl oye d 'n evaluating a

number of load cyc l es applied prior to the de t ec ti on of a leak, for the

r

<, - - . - .__ _ _ _ . _ _ _ _ _ _ . - - - - . - _ . _ . _ _ _ _ - _ _ _ _ - _ _ _ _ _ . - - . _ _
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.

f atigue tes t results given in Section 2 of this report. Following the example
give n in Reference (10) a conservative value for N /N is taken as 20 which is

t c
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 P'JR
cold leg piping.

__ _ _ _ _ . . .. - _ _ - _
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2.0 EVALUATION OF FATIGUE LIVES IN TERMS
OF N /N

t--c

2.1 Girth Butt Ucids

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 weldc are shown in Table

1. These are classified as:

Test

Identification Pipe Material Weld Temperature

llW .1 A-106-B, carbon steel Good 550 F
"

H WD-- I A-106-B, carbon steel Defective
"

HW- 3 A 304 stainless steel Good
"

HWD-3 304 stainless steel Defective

t

The " defective" welds had an intentional defect; a lack of penetration ,

produced by not completing a 1-inch section of root pass. P res tmia bly the
!

defect was aligned with the maximum bending stress during the test.
These two tests represent a significant piece of inf ormation in

that the Code analysis did not became completely nonconservative when applied
to a flawed component These tests are incorporated into Table 1. The same

I analysis technique nas used for all tests considered.i

i As will be discussed, the results of these tests, in terms of N /N
t c

,

| and the applied stress level, are someuhat erratic. However, when comparing

| results for carbon steel to those for stainless steel certain trends may be

| noted.

| It will be noted that for the 350 F tests the values of N /N for the
t C

cart >on steels ran ge f rom 14.3 to 128.4 for the unflawed test s pe c ime ns . _The

range of N /N 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

6.8 while N /N for the stainless steel test is 1.9. In both theN /N =

t c t c
flawed and unflawed condi tion, the analysis for carbon steel components (at

____ _ _ _ _ _ _ _ _ _ __ -. . _ --
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TABLE 1. EVALUATION OF FATIGUE TESTS ON GIRTH BUTT
WELDS WITil CYCLIC MOMENT LOADINGS

KS
ep

3, S, 2 N'

ImRef. Type of M/Z, n

No. Component kst ksi 3S ksi K ksi N N T
M t C t c

2,500 to 13.0 to
(6) Girth butt weld
Fig. 5 4" std. vt. 90.0 90.0 1.50 162.0 2.00 162.0 190 3,500 18.0**

(7) Girth butt veld

HW-1 6" std. ut., A-106-B 58.2 58.2 1.08 105.0 1.16 60.8 2500 35,740 14.3

(7) Girth butt veld *
ir#D-1 6" std. vt., A-106-B 59.2 59.2 1.10 107.0 1.20 64.2 2000 13,600 6.8*

U

(7) Girth butt veld

IN-3A 6" std. ut., Type 304 61.1 61.1 1.272 110.0 1.905 105.0 1100 6,950 6.3

I (7) Girth butt veld *
| IND-3 6" std. vt., Type 304 59.9 59.9 1.247 107.8 1.823 98.5 1400 2,600 1.9*

(9) Girth butt veld
CS- 160-1 ( 6" sch. 160, 101.6 101.6 1.694 182.9 3.313 303.1 55 7,456 135.6

A-106-B

6" sch. 160, 95.8 95.8 1.596 172.5 2.19 189.0 130 7,724 59.4
CC-160-1 ( } Girth butt veld
(9)

Type 304

CC-80-1 6" sch. 80, 119.4 119.4 1.99 214.9 2.98 320.3 35 71,713 >48.9(9) Girth butt weld
I)

A-106-B

19 -15 6" sch. 80, A-106-3 117.6 117.6 2.26 211.8 3.52 372.7 25 3,209 128.36(9) Girth butt weld

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ - _ _ _ _ - _ - - - _ _ _ _ _ _ _ - - _ _ _ _ _ - _ _ _ _ __ ___-_______ _ _ _ _ _ _ _ _ _ _ . - . _ _ - _ . -
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TABLE 1. (Continued)

KS
eP

Ref. Type of M/Z, S' 3 '
2 "p, Test t

n n
No. Component ksi ksi F ksi K ksi N N Nm e c t c

(9) Girth butt veld
IN-14 6" sch. 80, A-106-B 87.3 87.3 1.68 157.2 2.36 185.5 143 7,278 51.98

(9) Girth butt veld
IN-12 6" sch. 80. Type 30's 93.8 93.9 1.9 169. 3.33 281.7 70 2,894 41.3

(9) Girth butt veld
IN-11 6" sch. 80, Type 304 64.2 64.2 1.3 115.5 2.0 115.6 680 14,858 21.85

(9) Girth butt veld
IW-10 6" sch. 80, Type 304 79.0 79.0 1.6 142.4 3.0 213.5 120 9,200 76.6

Specimen had an intentional defect, see text.*

Range of N /N for three test specimens.**

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

(2) These components were tested at root temperature with a constant internal pressure of 1050 psig for
CC-80-1 and 2200 psig for CC-160-1 and CS-160-1. All other specimens were tested at 550 F with no
internal pressure.

- . _ . _
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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

Tabic 2 lists the results of f atigue 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.
|

last entry in Table 2 is the specimen ORNL-ME-2(4) This test
'

The j.

used cyclic pressure loading with no cyclic moment. The s pec imets ets l

intentionally de f ormed 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.(5) Unfortunately, the limits of the test apparatus would have been
e xc eeded 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
1

initiation. Thus, although the tes t was co.ntinued 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 i

|
!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
I equal to the ambient room temperature, the values of N /N for'

t c
s tainless steel elbows ranged f rom 47 to t 170 while the N /N
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.

- - .- -_ . _ . . __ - __ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _



EVALUATION OF FATIGUE TESTS ON SHORT-RADIUS AND LONG-PuiDIUS ELBOWSTABLE 2.

KS
*2 N

AP ' S S S p' 2' Test tM/Z, n' nRef. Type of o

No. Component psi ksi ksi 33 ksi K ksi N N N

300 to'
(6) Short-radius elbow

Fig. 6 4" std. vt. C.S. 0 100.0 554.0 9.24 554.0 5.00 1,380.0 <<10 350 >> 30

1,200 to
(6) Short-radius elbow

Fig. 6 4" std. ut. C.S. 0 56.0 310.0 5.17 310.0 5.00 775.0 < 10 3,000 >120

(6) Short-radius elbow
Fig. 6 0.072" wall C.S. 0 20.0 250.0 4.17 250.0 5.00 625.0 # 10 2,800 #280

(6) Short-radite elbow
Fig. 7 4" std. wt. C.S. 0 56.0 310.0 5.17 310.0 5.00 775.0 < 10 2,800 > 280

(6) Short-radius elbow
Fig. 7 0.072" wall C.S. 0 30.0 375.0 6.25 375.0 5.00 935.0 < 10 5,000 > 500

~
u

(6) Short-radius elbow
Fig. 7 0.07 2" wall C .S . 0 20.0 250.0 4.17 250.0 5.00 625.0 # 10 15,000 #1500

(7) Short-radius elbow
CCLS-1 6" std. ut. C.S. P=1050 0 43.6 280.0 4.67 280.0 5.00 700.0 < 10 1,176 >118

(7) Short-radius elbow
CCLS-2 6" std. vt. C.S. P=1050 0 42.6 274.0 4.57 274.0 5.00 685.0 < 10 7,899 > 790

(7) Shart-radius elbow
CSLS-2 6" st d . vt . S .S . P=1050 0 42.2 272.0 4.54 272.0 3.33 454.0 22 6,838 310

(7) Short-radius elbow
CSLS-1 6" std. wt. S.S. P=1050 0 44.2 284.0 4.75 284.0 3.33 473.0 20 907 45

( 7) Short-radius elbow
HCLS-1(1) 6" std. vt. C.S. 0 43.5 280.0 5.20 280.0 5.00 700.0 < 10 760 > 76

(7) Short-radius elbow
HCLS-2(1) 6" std. wt. C.S. 0 43.1 278.0 5.15 278.0 5.00 695.0 < 10 26.100 > 2600

. _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _____ _____

__ _

_
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TABLE 2. (Continued)

KS
ep N

N'Ref. Type of o M/Z, n' p' 2' Test

No. Ceciponent psi ksi ksi 3S ksi K ksi N N N

(7) Short-radius elbow
HSLS-1( 6" std. vt. S.S. 0 28.0 180.0 3.75 180.0 3.33 700.0 56 2,200 39

(7) Short-radius elbow
HSLS-2 6" s t d . wt. S .S . 0 42.2 271.0 5.65 271.0 3.33 452.0 22 I,870 85

2,500 to 210 to
(6) Long-radius elbow

Fig. 8 4" std. vt. C.S. 0 50.0 212.0 3.54 212.0 5.00 530.0 12 20,000 1700

(6) Long-radius elbow, 4"
Fig. 8 0.lt." wall C.S. 0 24.0 179.0 2.98 179.0 4.96 445.0 17 2,000 118

(6) Leng-radius elbow
Fig. 9 4" std . wt . C.S . 0 86.0 365.0 6.08 365.0 5.00 910.0 < 10 2,500 > 2500

5
(6) Leng-radius elbow, 4"

Fig. 9 0.101" wall C.S . 0 29.0 216.0 3.60 216.0 5.00 540.0 11 5,000 450

(7) Long-radius elbow
CSLS-3 6" std. vt. S.S. 0 44.2 217.0 3.62 217.0 3.33 362.0 35 4,469 128

(10) Leng-radius elbow, 4"
Fig. 7 std. vt. C.S.-P=2,200 0 74.0 313.0 5.21 313.0 5.00 785.0 < 10 1,300 >130

(10) Long-radius elbow, 4"
Fig. 8 std. vt. C.S. P=2,200 0 80.0 338.0 5.64 338.0 5.00 845.0 <10 700 >70

CSLS-5* 6" std. vt. S S- 1,375 49.9 266.1 5.34 266.1 3.33 443.5 25 3,990 159.6(9) Long-radius elbow

CSLS-7* 6" std. vt. S.5- 2,800 44.7 262.2 5.33 262.2 3.33 436.9 24 2,531 105.5(9) I.ong-radius elbow

Curved 0.322" wall S.S. 0 234.4 1,594.3 26.57 1594.3 3.33 2,654.6 #1 47 #47
(12) Short-radius elbow, 8"

Fipe #1***

*

. . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



TABLE 2. (Continued)

KS
eP ]ySP S S S p' 2' TestRef. Type of o' M/Z, n' n

No. Cenponent n* s i ksi ksi 3S ksi K ksi N N N
n e c t c

Curv} 2 d Short-radius elbou, 8"
c )1

Pip., #2*** 0.322" vall S.S. 0 127.5 866.9 14.45 866.9 3.33 1,444.8 r2.5 230 92

Cervek Short-radius elbow, 8"(12

e #3*** 0.322" vall S.S. 0 75.3 512.7 8.546 512.7 3.33 854.6 #7 615 87.8
PiI)(I

Curved Short-radius elbow, 8"

Pipe #4*** 0.322" wall S.S. 0 30.98 208.0 1.73 208.0 3.33 346.7 42 7,110~ 169.3

Lon~,-radius elbow, 10" -
"

(4) 0. 3 8 '," wa l l , C . S . O

CRhL-ME-2** out-of-round by 5.7% 2,200 0 38.8 .65 93.55 1 46.8 5200 >50,000** >9.6

* Elbows subjected to cyclic pressure loading and no=ent loading.
** Test stopped at N= 50,000 cycles, see text.
*** The ccaent used is an extrapolated elastic moment.

(1) These cetponents were tested at 550 F.
All others were reon temperature tests.

carbon steelC.S. =

S.S. = stainless steel

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ ____ - - -



- .. _ . . _

!

18 i

(2) For-internal pressures not equal to zero and an ambient test
1

t em pe ra t ur e , the N /N values for stainless steel ranged from '

e

45 to 310 while the carbon steci values ranged frcun 118 to 790.
These ranges imply that the analysis is again more conserva-

tive for carbon steel than for stainless steel. Ilowever, it

may be noted that the total range of N /N values for the
t C

i

carbon steel was reduced while the ran ge 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 N /N for the two

t c
cl as ses of material.

;

2.3 Forged Welding Tees '

With Cvelic Moment Loadings
|

Tabic 3 lists the results of cyclic moment f atigue tests on f orged
welding tees. All of the tests listed in this table were conducted at room
temperature.

The test parameters of interest are material type, stress icvel, and
internal pressure. The material ty pe and stress 1cvel (M/Z) a re given in |

.

1

Table 3. The internal pressures are listed below I.

Identification Pressure (psig)

CSTS-1 1050
CSTS-2 1050
CSTS-3 1050
CCTS-1 1050
CCTS-2 1050

'T-4 ' Design pressure calculated by
T-6

2S (t - a)T-7 1
,

i m m
P=D - 0.8 ( t - a) m

.

with t = 0.875> <T-8 | |
,

*T-10
T-15 times the nominal wall thickness and a=0.1 ,

T-16 300
All others 0

,

e , -, - , , -- __.



TABLE 3. EVALUATION OF FATIGUE TESTS ON FORGED WELDING TEES
WITH MOMENT LOADING

KS
'p' 2 Test t

Ref. Type of M/Z, n' n-
ksi K ksi N fiComponent (* ksi ksi 3SNo. t

(6) Forgad welding tee

Fig. 10 4" std. wt. 100.0 290.0 4.85 290.0 5.00 725.0 < 10 900 >90

1,500 to 150 to(6) Forged welding tee
Fig. 10 4" std. vt. 86.0 250.0 4.11 250.0 5.00 625.0 # 10 5,000 500

(6) Forged welding tee

Fig. 11 4" std. wt. 104.0 300.0 5.00 300.0 5.00 750.0 < 10 1,500 > 150
-
*

700 to(6) Forged welding tee
Fig. 11 4" std. wt. 86.0 250.0 4.17 250.0 5.00 625.0 < 10 4,000 to > 70

( 7) For;;ed welding tee *
CSTS-1 6" std. vt. 68.7 232.0 3.87 '232.0 3.33 580.0 # 10 4,575 #460

( 7) Forged welding tee *
CSTS-2 6" std. ut. 67.8 229.0 3.84 229.0 3.33 574.0 # 10 3,310 #330

(13) Forged welding tee
T-4 12" sch. 80 54.5 155.0 2.57 155.0 4.14 321.0 38 2,070 55

(13) Forged welding tee *
T-7 12" sch. 160 76.3 137.0 2.28 137.0 3.33 228.0 110 11,475 104

(13) Forged welding tee *
T-8 12" x 6" sch. 40 74.6 307.0 5.12 307.0 3.33 511.0 16 8.249 510

(13) Forged welding tee
T-10 24" sch. 40 44.0 194.0 3.23 194.0 5.00 485.0 15 18,532 1,200

(13) Forged welding tee *
T-15 12" x 6" sch. 40 72.3 297.0 4.95 297.0 3.33 495.0 18 11,803 660

__ _ _______________
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TABLE 3. (Continued),

|

|
i

(

KS
'

Ref. Type of M/Z, n' _n p' 2 Test t

)
No. Com ponen t ksi ksi 35 kai K kai N N N

t

(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

1

(9) Forged welding tee
CCTS-1 6" std. wt. 68.2 230.9 3.848 230.9 5.00 577.3 < 10 21,079 > 2,107.9

(9) Forged welding tee
CCTS-2 6" std. wt. 70.6 239.2 3.086 239.2 5.00 597.9 <10 9,367 > 936.7

$
(15) Forged welding tee *
T-16 24" x 24" x 24" 66.0 580.3 11.58 580.3 3.33 966.2 5 2,344 470

(13) Forged welding tee
T-6 12" x 12" x 12" 62.7 17o.9 2.982 178.9 4.96 444.2 18 1,309 72.7

All tecs were ASTM A106 Grade B carbon steel material, except those with an asterisk; these were(a)
Type 304 austenitic stainless steel material.
Z is the section modulus of the branch pipe for those tees in which the branch is smaller than the run.(b)

Note: All tests were conducted at room temperature.
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|

For both the pressurized and unpressurized conditions, the Code

analysis method is more conservative for the carbon steel specimens th an for
the stainless steel s pec imens . The range of N /N values for the carbon steel
tees was f rom 55 to 2100. The values for the stainless steel tees ranged f rom

104 to 660. There are no well defined relationships between sizes or stress

level and the N /N factor. !

t c !

2.4 Fabricated and Drawn Outlet Tees
With Cyclic Mment Loading

Table 4 lists the results of cyclic moment fatigue tests on fabri-

cated and drawn outlet tees.

In each case, the internal pressure was equal to zero and the test

temperature was room temperature .

For these components , the Code analysis technique was more conser-

vative for carbon steels than for stainless steels.

The test results fall into three groups in terms of material type

and loading t ype , i.e., (R, L , D ), (In plane 1, 2, 3, 4), and (Out-of plane 1,

2, 3, 4).

Group I (consisting of components designated R, L, and D) were all
carbon steel tees. There appears to be a relationship between the magnitude

of the M/Z term and the N /N factor. Specifically, for M/Z = 13.44 ksi the
t c

'sa f ety f ac tor ' is N /N increases to 1700, implying that the Code analysis

be c omes more co nse r va t i ve as the M/Z te m increases. Considering Group II

(In plane 1, 2, 3, and 4) and Group III (Out-of plane 1, 2, 3, and 4), it may

be noted that the opposite trend is true for stainless steels. In Group II the

M/Z term varies f rom 13 2. 9 ks i to 66.9 ksi with the corresponding N /N values
t c

changing f rom 48 to 321. 7. Similarly in Group III, M/Z varies f rom 77.8 ksi to

47.3 ksi while N /N varies from 24. 5 to 254.8.
t c

A second trend is evident in the comparisons of Groups 11 and III

for a given M/Z 1cvel. The M/Z for test designation In plane 3 is 78.8 ksi
while that for test de:ignation O ut-of plane 1 is 77.8 ksi (nearly the same

79. 7 and 24. 5, res pec t ive l y . A similar trend isvalue). The N /N va l ue s are
noted in compa ring In plane 4 and Out-of plane 2. These values indicate that

the Code analysis is sensitive to load type, i.e., the analysis is more

co ns er va t i ve for in plane loadings than f or out-of pl ane l oa d i ngs .

. _ _ __ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



TABLE 4. EVALUATION OF FATIGUE TESTS ON FABRICATED AND DRAIJN
OUTLET TEES WITH CYCLIC MOMENT LOADING

KS
P

S S s' N'

Ref. Type of M/Z, n' n p Test t

No. Component ksi ksi F ksi K ksi N N I
m e c t c

(16) Fabricated tee,,

R 20 x 12 1.44 94.0 1.5/ 94.0 2.14 100.0 650 #80,000 # 123

(16) Drawn outlet tee,

L 20 x 6 46.60 142.0 2.37 142.0 3.74 266.0 55 95,000 1,700

(16) Drawn outlet tee,

D 20 x 12 26.88 188.0 3.14 188.0 5.00 470.0 15 20,000 1,300
,

(12) Fabricated * *
'

,

In plane I tee 132.9 485.3 8.088 485.3 3.33 808.8 < 10 480 >48.0

(12) Fabricated * *
In plane 2 tee 81.7 298.4 4.97 298.4 3.33 497.3 18 840 46.6

(12) Fabricated * *
In plane 3 tee 78.8 287.6 4.79 287.6 3.33 479.3 22 1,755 79.7

(12) Fabricated *(*
In plane 4 tee 66.9 244.4 4.074 244.4 3.33 407.4 28 9,007 321.7

(12) Fabricated *(a)
! Out-of-

plane I tee 77.8 283.9 4.733 283.9 3.33 473.3 23 563 24.5

Out-c!-) Fabricated *(a)I (l'
i

f plane 2 tee 67.9 248.0 4.134 248.0 3.33 413.4 26 1,945 74.8

Fabricated * *Out-
plane 3 tee 57.1 208.5 3.475 208.5 3.33 347.5 44 5,600 127.3

| (12) Fabricated *(a)Out-of-
plane 4 tee 47.3 172.6 2.875 172.6 3.33 287.5 73 18,600 254.8'

Indicates Type 304 stainless steel.*

(a) Components are assumed to be tee sections, although the original report is not clear on this
point.All tests were conducted at room temperature.Note:

_ _ _ . _ _ _ _ _ _ _ _ _ - _ _ _ - - _ _ - - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

23

,

"#* E#"# #" ' "Y "*It should be noted that N "ct

listed in Table 4. The ' worst' case was for O ut-of plane 1, which had the

highest out-of plane loading and was made of stainless steel.

2.5 Forged Welding Tees. Fabricated Tees,
and Unreinforced Branch Connections With
Cyclic Internal Pressure Loading

Tabic 5 lists the results of internal pressure loading f atigue tests

on forged tees (B16.9 t y pe tees) fabriccred tees, and unreinforced branch
connections.

The tests may be divided into three groups. Group I (T-11,12, and

13) were f orged tees meeting the B16.9 specification.
Group II (Internal Pressure 1, 2, 3, and 4) were fabricated tees.

It h as been assumed th at these tee sections (actually they are a t y pe of
branch connection) meet the Code requirements (NB-3643). The original

ref erence indicates that the wall-thickness in the branch region was increased
but does not provide suf ficient inf ormation to make an accurate determination.
If this assumption is incorrect and the specimens in fact did not meet the
requirements of NB-3643 then the N, term would be reduced implying a l ar ge r

c.

a ' worst case' analysis.U /N Thus the assumptions made herein represent.

t c
Group III consists of tw.- inreinforced branch connections (thin and

thick branch). Because these branch connections were not reinforced, a
computed and used in evaluating the stressreduced wall-thicknes s (T ) was

r

computed f rom Equation 5.indices. T was

~

(t /T) iG ~14
'I. =T (5),

_2 + (d/D)26 _
#

where,
_

_

9

x= (d/t)/ 2(d/t - 1); ,

wi th

T = run p i pe wal l- th i ckne n s

t - branch pipe wall-thickness

D = run pi pe diameter

d = branch pi pe diameter.

_ _ _ _ _ - _ _ _ __________-__
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TABLE 5. EVALUATION OF FATIGUE TESTS ON TEES AND BRANCII
CONNECTIONS WITIl CYCLIC INTERNAL PRESSURE LOADING

-

PD FS
oo S ep

"Ref. Type of 2t n' p' 2' Test t'

No. Component ksi ksi 35, ksi K, ksi N N N

|
,c-

*
(15) Forged tee

T-11 24 x 24 x 24 35.2 53.0 0.7583 212.0 1.0 106.0 550 2,875 5.2

(15) Forged tee

T-12 24 x 24 x 10 31.5 47.2 0.6747 188.6 1.0 94.3 750 76,620 102.2

(15) Forged tee "
T-13 24 x 24 x 10 33.0 49.5 0.7074 197.8 1.0 98.9 550 15,084 27.4
(12) Fabricated tee (c),

Internal
Pressure 1 8x8x8 68.0 136.0 2.266 231.2 3.33 385.4 34 5,806 170.8;

| (12) , (c)
- Internal Fabricated tee

rressure 2 8x8x8 58.3 116.6 1.943 198.2 3.33 330.3 45 16,642 369.8
y(12) , (c) c.

Internal Fabricated tee
Pressure 3 8x8x8 54.9 109.9 1.833 186.9 3.33 311.6 53 18,206 34 3.5

(12) , (c)
Internal Fabricated tee

Pressure 4 8x 8x8 48.58 97.2 1.619 165.2 3.063 252.9 80 20,000 250.0

(17) Un-reinforced
Thin Branch Branch * (d) 48.42 96.85 1.61 164.7 2.22 182.8 120 3,543 29.5

(17) Un-reinforced
Tnick Branch Branch * (d) 41.95 83.9 1.398 142.7 1.797 128.2 330 20,678** 62.6

(a) Material used: A-105 Grade 2
(b) Material used: A-515 Crade 70
(c) Material used: AISI 304
(d) Low carbon steel (BS3601/27HFS). Assuced similar to A-106-B.

text for explanation.Calculations based on reduced thickness T , see*
intentionally flawed, see text.** Component was

Note: All tests were conducted at room temperature.'

_ _ _ _ _ _ _ - _ _ _ - - - _ _ _ _ _ _ _ _ _ - _ _ . - - - - _ _ - _ _ - - . _ _ --_
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The configuration used in testing the Thick Branch and Thin Branch connections

single run pipe. When the Thin Branchinvolved having both branch es in a

connection f ailed, it was removed and an intentional defect was introduced in

the crotch region of the Thick Branch. The test was then resumed and
,

continued until the connection failed. |

All the tests listed in Table 5 were conducted at room temperature.

The only loading applied was a cyclic internal pressure.

The general trend indicates that the analysis was more conservative

for the stainless steel specimens than for the carbon steel specimens. This
trend is opposite that observed in the previous sections. Because these

r es ul ts all c ome f r om one group of tests, it would be dangerous to place too

much emphas is on this observed trend.

The results of the T-ll test are of much greater interest. The

N /N value calculated was 5.2. This is in agreement with the analysis o'f
C

Hayes and Moore.(15) Because these tees were 'off the shelf' items, it must

be concluded that the f atigue analysis for pressure cycle loading is question-

abic. A need for review of the code d es i gn procedure for cyclic pressure

loading is indicated.

2.6 Girth Fillet Welds

This re por t includes no tests in addition to those reported in Phase
Report Number 115-10(10) for girth fillet welds. The table (Table 6) and the
analysis contained in that report are included here for the sake of complete-

ness.

Mark 1 and George give results of tests on fillet welds made

between 4-inch pipe and 300 pound ASA B16. 5 flanges. Such fillet welds are

assigned a C -index of 2.1, K -index of 2.0 by the Code. These tests, like
2 2

those of Ref erences (6) and (11), were dis pl ac emen t-con t roll ed and fatigue
f ailure was defined as the occurrence of leakage (erack through-the-wall) .

Evaluation of these tests is shown in Table 6. As indicated by the
l as t column of Tabl e 6, the ratios of N /N , with one exception, are greater

than 20. The one e xc e pt i on consisted of a " minimum" weld, described by the

authors of Reference (18) as "the welds. . were meant to represent the least.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE 6. EVALUATION OF FATIGUE TESTS ON GIRTH FILLET WELDS WITil MOMENT LOADING

KS Test t
Ref. Type of M n

E N N
No. Component Z S 3S S K, t

(18) Fillet velded 100,000 150,000 2.50 300,000 4.0 600,000 s10 87 to 8.7 to

1,200 120
Fig. 7 girth joint

(18) Fillet velded 90,000 135,000 2.25 270,000 3.50 4s2,000 16 1,200 to 190
3,000

Fig. 7 girth joint

(18) Fillet velded 116,000 174,000 2.90 348,00 4.80 835,000 <10 1,200 > 120

$
Fig. 8 girth joint

(18) Fillet velded 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) Fillet welded 116,000 174,000 2.90 348,000 4.80 835,000 <10 to > 75 -

Fig. 9 girth joint

!'

. - . ..
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weld size and quality compatible with code * requirements, were small (the weld

size on hub fillets was of the order of 5/16-inch to 3/8-inch) and of a
beadlike, un finished appearance" . One of two such s pec imens (shown in the
first line of Tabic 6) tested at a nominal stress range of 100,000 psi failed

in 87 cycles which is roughly ten times the design cycles obtained from the
Code analysis. The other of these two specimens f ailed at 1200 cycles which
is roughly equivalent to 120 times the Code design cycles .

2.7 Notched Pipe

This re por t includes two tests in addition to those re por ted in
Reference (10) f or notched pi pe . All the calculated values (M/Z, S , etc.)

p

have been corrected to be consistent with the values calculated in Reference
(7).

Reference (7) gives f atigue test results on 32 s t rai gh t pipe test

s pe cime ns containing a machined notch. These tests are principally concerned
with crack initiation and crack growth. The pertinent atpect to this report

is the cycles to through-the-wall crack. The testing arrangement is shown

schemat ically in Figure 4.
A stress concentration was provided by machining a notch, trans-

to the pipe axis , about 6 inches frcu the flanged end. The notch wasverse

made either on the outside or inside of the pipe, as identified in Table 7 by

-I (outside) or -II (ins ide ). Details of the notch are shown in Figure 5. The

theoretical stress concentration factor of the notch was 3.62. Miniature

strain gages were installed on a s pe c imen , from which the ratio of axial
strain in the notch to nominal axial s train was found to be 3.6 to 3. 7, in good

agreement with the theoretical concentration f ac tor .
The notched pipe tests involved three material types ( A- 106-II , A-

312 Ty pe 30', and A-355 Grade P22), two test t em pe r at u r es (room temperature

and 550 F), and various internal pressures. The elevated temperature tests

we re conducted without internal pressure with one exception. Tes t HS NP-1-II
was conducted at 550 F wi th 1000 psig internal precoure. The room temperat ure
tests wore conducted uith internal pressures of 1050 psin with two exceptions.

Piping Code in une around 19'49.*

_______ __ - ________ _ _ .-__-_ __ -- _ _ _ _ -
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FIGURE 4. REFERENCE (7) FATIGUE TESTS OF fl0TCHED PIPE
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TABLE 7. EVALUATION OF TESTS ON 6-INCH NOTCHED PIPE WITH A THEORETICAL
STRESS CONCENTRATION FACTOR OF 3.6, MOMENT LOADING

Material
S Sand M/Z, n p' alt,

Speci779
Schedule (2) ksi 3S ksi ksi K N N N!cNumber m e t t

CSS-3-I C.S., 40 80.1 1.338 288.5 242 1.676 66 1,085 16.5

CSS-4-II C.S., 40 67.6 1.129 243.5 154 1.258 200 4,572 22.8

CSS-5-I C.S., 40 54.1 0.901 195.0 98 1.0 640 13,398 21.0

CSS-6-II C.S., 40 77.0 1.285 277 216 1.560 90 1,453 16.1

CSS-7-I C.S., 80 90.5 1.510 326 330 2.020 34 1,302 35.4

CSS-8-II C.S., 80 53.5 0.894 192.5 96 1.0 690 12,081 17.5

CSS-9-1 C.S., 80 45.3 0.726 163 82 1.0 1050 34,426 32.8
S

CSS-10-II C.S., 80 44.0 0.735 158.5 79 1.0 1150 15,000 13

CSS-107-I C.S., 80 81.6 1.363 294 254 1.726 60 3,575 59.6

CSS-109-1 C.S., 80 80.1 1.338 288.5 242 1.676 66 4,000 60.7

CSS-11-I C.S., 160 118.6 1.980 427 632 2.960 < 10 953 > 95

CSS-13-1 C.S., 160 67.1 1.120 242 150 1.240 210 13,600 64.8

CSS-111-1 C.S., 160 97.9 1.632 352 398 2.264 22 5,150 234

HCN-1-I C.S., 40 55.6 1.032 200 106 1.064 520 19,998 38.4

HCN-2-1 C.S., 40 69.2 1.283 249 195 1.566 110 6,520 59.3

HCN-3-1 C.S., 40 48.0 0.890 173 86 1.0 940 45,237 48.2

HCN-4-I C.S., 40 78.5 1.456 282 268 1.902 50 3,800 76.0

CSS-15-1 S.S., 40 52.7 0.880 190 95 1.0 700 20,127 28.8

CSS-16-II S.S., 80 60.5 1.010 218 113 1.033 440 8,596 19.5

CSS-119-I S.S., 80 85.4 1.425 307 370 2.415 34 4,656 137

---_--

,
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TABLE 7. (Continued)
i

Material
and M/Z, n P' Salt,

Speciegg) 2)
Number Schedule ksi 3S ksi ksi K N N N /N

m e c t t c

CSS-23-I S.S., 160 105.2 1.758 379 630 3.33 10 1,735 175
'

CSS-25-I S.S., 160 77.5 1.292 279 276 1.973 70 11,883 170

CSS-124-I( S.S., 160 77.5 1.292 279 276 1.973 70 15,119 217

HSN-5-I S.S., 40 56.6 1.050 204 119 1.167 740 4,701 6.3

HSN-1-I S.S., 40 61.0 1.131 220 158 1.436 320 4,350 13.6

HSNP-1-II S.S., 80 68.2 1.265 246 224 1.820 120 4,900 40.8

|
| CSS-27-I A.S., 40 81.2 1.355 292 354 2.420 27 1,500 55.6

_

CSS-29-I A.S., 40 55.6 0.929 200 100 1.0 600 11,950 19.9

CSS-31-I A.S., 80 88.5 1.478 318 463 2.910 15 4,800 320

CSS-35-I A.S., 160 55.6 0.929 200 100 1.0 600 40,000 68.3
|

CSS-36-II A.S., 160 54.0 0.901 194 97 1.0 660 19,000 30.3

CSS-37-I A.S., 160 113.5 1.895 409 463 4.580 15 2,365 158

;

Specimens with first identification letter C were run at room temperature; H at 550 F.All 550 F tests(1)
Most room temperature tests were run with 1050 psi internal pressure.for which the internal pressure

zero internal pressure, except HSNP-1-II,were run at -1 indicates outside notch, -II indicates inside notch.was 1000 psi.'

)

(2) Material identification:'

,

A-106 Grade B carbon steelC.S. =

A-312 Type 304 stainless steelS.S. =

A-355 Crade P22, 2-1/4 Cr - 1 Mo steel.A.S. =

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

- _ _ _ _ __ _ _ _ - _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ - - _ . .- -_
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Type I notch, Type E notch,
outer surface inner surface

g_ _ 'g ,

,,

'
L L,| L ,)

bM + ,-

/N
'

b-- +

b = 0.16 T
T = pipe wall thickness

= 0.280 (Sch 40), 0.432 (Sc h 80), 0.718 (Sch 160)

FIGURE 5. DETAIL: OF 0Tcli USED It: Rcrcati:CE (7) I;0TCHED PIPC TESTS

.

_ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _
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Tests CSS-Ill-I and CSS-124-1 were conducted with internal pressures of 2200
psig.

The loading for the notched pipe tests was provided by a controlled
d is pl ac emen t of the end of the test pipe. It should be noted that as cracks

initiated and grew from th e notches the effective stiffness of th e pipe !

decreased resulting in a changing stress state at the crack. This changing

stress state is characteristic of constant amplitude deflection controlled '

tests. i
|

There are, of course, no stress indices for " notches" given in the |
1Code. However, following the spirit of the Code, a C -index of unity and a K ~ j

2 2
index of 3.6 would be assigned on the assumption that stresses due to the

notch were highly localized. The evaluation of these data follows the same!

i

general procedure used previously, i

The last column of Table 7 gives ratios of test cycles N to design
cycles, N . These vary f rom 6.3 to 320; the overall average of N /N is 74.1. |

c t c
1 In general, these results indicate satisfactory conservatism of the Code

evaluation method. The values of N shown in Tabic 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
4

This section is essentially the satta as th e " Pressure Loading"
section of Phase Report Number 115-10. The information is included 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 f abricated tee. In most cases, the analysis was

carried out as if the Code reinforecaent 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.
1

- _ _ _ _ _ - _ . _ - _ . . _ _ . _ _ _ _ _ - _ - _ _ _ - _ - _ _ . _ - _ . _ - - _ _ - _ - _ _ - _ - - . .- . - - , - - - . -
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The evaluation of these tests involve the first term of Equations
(1) and (2); these are:

PD
S =C (6)

n 1 2t

PD
S =CK (7)

p 11 2t

2.8.1 Nozzles in Pressure Ves sels-I. Pickett and Grigory(19) give

results of cyclic pressure tests on a series of eight cylindrical pressure
vessels containing various types of nozzles . The cylinders were 40-inch 0.D.

x 2-inch-wall-thickness . The vessel material is indicated in Tabic 8 along

with pertinent parameters f or comparison of the test data with the Code design

procedure.
cycled from zero to the maximumIn th es e tests, pressure was

pressure shown in Table 8. The corresponding maximum hoop stress is shown in

the f ourth column of Table 8. The hoop stress is , of course, a primary stress

and is limited by the Code to S ; i .e . , to 20,000 psi for 201-B and 2-1/4 Cr-
IMo; to 26,700 psi for A-302-B. This limit is exceeded in all these tests by

factors ranging from 1.3 to 2.2.

Reference (19) tests include ei gh t pressure vessels, six of which

are listed in Table 8. The other two vessels were made of "T-1" material f or
which the Code does not give allowable stresses. Also, in these two vessels,

only one nozzle leakage f ailure occurred; the other leakage f ailures occurred
in the longitudinal seam weld of the vessel shell or in the vessel shell.

The comparisons shown in Table 8 are for failures at nozzl es where
the crack penetrated through-the-wall to produce leakage. The nozzles

involved in these f ailures are identified in Ref erence (19) and Tabic 8 by the

Numbers 1, 2, 6, 93, and 11. These nozzles, as well as other nozzles, were

placed in one or more of the eight vessels tested. Some comment s concerning

these nozzl e des i gns are given below.

__ _ _ _ _ _ _ __ _ _ ___
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Nozzle 1. The branch pipe was 10. 75-inch 0. D. by 0. 59 3-inch-wall-
thickness. Reinforcing consisted of a weld-on ring. The ring dimensions are
not given in Reference (19); however, by scaling f roa the drawings , it appears
that the noz zl e h as close to 100 percent area re pl ac emen t reinforcement.
However, this would not be an acceptable nozzle under the Code. This type of
nozzle was used in Vessels 1, 3, 5, and the 2-1/4 Cr-lMo vessel .

Nozzles 2 and 2N. The branch pipe was 10. 7 5-inci 0. D. x 0. 593-inch-

wall-thickness. The nozzle is of the t y pe shown in the Code, Figure NS-
14 degrees. The reinforcement used does gi ve 1003643.3(a)-1(a) with 9 =

pe rc en t area re pl ac emen t . However, because of the limit to the reinforcing
zone give n in the Code, the reinf orcing considered as effective is only 36
pe rc en t of th at required. Accordingly, this model does not meet Code

requirements. Nozzles of Type 2 were used in Vessels 1 through 6 and the 2-1/4
Cr-Mo vessel. Nozzles 2 and 2N differ only in that Nozzle 2 was a " set-on"
t ype , while Nozzle 2N was a " set-in" type.

Nozzle _6. The branch pi pe was 10.75-inch 0.D. x 0.593-inch-wall-

thickness. The nozzle is of the type shown in the Code, Figure NB-364 3. 3(a )-
37 degrees. The reinforcement used is about 80 percent area1(c ) wi th A =

re pl ac emen t . Accordingly, it does not meet Code re qui remen t s . Noz zl es of

this type were included in all vessels except Vessel 7.

Nozzle 9B. The branch pipe was 15.84-inch 0.D. x 0.806-inch-wall-
thickness. This nozzle was placed in one of the heads of test vessel NJ. 7.

The head was a s ph e r i cal shell with 18-inch inside radius x 1-inch-wall-
thickness. This is essentially an unreinforced branch connection in the head.
The Code does not give stress indices f or such no zzles .

No zz l e 11. The branch pi pe was 2.3 75-inch 0. D. x 0.187 5-inch-wall-

thickness. This is essentially an unreinforced no z zl e . The Code pe rm i t s

certain small nozzles to be ent einf orced; however, one of the restrictions is

that

__ - - _ - _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _
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d < 0.2 /R T ,= mr

where,

d = opening size

run pipe mean radiusR =

m
thicknes of run pipe.T '=

r

For this model, d = 2 inches and 0. 2 / R T = 0.2 /19 x 2 = 1.23 inches.'

mr
Accordingly, d is not less than 0. 2 .'R T and the nozzle does not meet themr

srequirements of the Code. I

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: C = 2. 0, K = 1. 7. Tabic 8 shows the naximum test pressure P and3 g

the nominal stress P D /2t. Because the pressure was cycled from 0 to Po, theoo
secondary stress range is C P D /2t, or simply twice the nominal stress. The1oo

, peak stress range is 1.7 times the secondary stress range. Three tests where
l

S < 3S are also included in Table 7 for general interest,*

n m

The last colunn of Tabic 8 shows that the value of N /N is always
t C I

greater than 14 despi.te the significant violation of primary stress limits and
branch connections which do not f ully neet Code requirements , l

,

al.,( }2.8.2 Nozzles in Pressure Vessels-II. K ameoka , et give,

results of tests on the six nozzles in cylindrical vessels listed in Table 9.
|

I

Nozzle Types (a) T13 and T*13 failed in the longitudinal seam in the vessel, i

these will be discussed lat cr. Results for nozzle Types F13, F*13, T20, and
i

F20 are semnarized in Table 10.

The Code requires 100 percent area replacement for these nozzles.
!.

j The approximat e percentage of area repl acement is:

i
a

i

W

(a) These are identifications used in Ref erence (20).

I
a

. .- - . . - - - . _ . . - _ - , , _ - , ._ ._. _ _ _ _ _ _ _ _ _ _ __
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TABLE 9. DIMENSIONS AND MATERIAL DATA, REFERENCE (20)
N0ZZLES IN CYLINDRICAL VESSELS

Vessel
Nozzle D T Nozzles |

Type in. in. D/T d /D t/T r /T r /T 6/T
g

T13 11.63 0.512 22.7 0.152 0.815 1.82 0.231 0.915
F13 11.63 0.512 22.7 0.152 1.00 0.5 0.315 -0-

T*13 11.63 0.512 22.7 0.233 1.815 1.82 0.231 0.915
F*13 11.63 0.512 22.7 0.233 1.00 0.5 0.314 -0-

T20 11.60 0.788 14.7 0.233 1.04 0.435 0.33 -0-

F20 11.60 0.788 14.7 0.233 1.04 0.435 0.33 -0-

Chemical Analysis (%)
_

Material C Si Mn P S Ni Cr Mo V

ASTM A302B 0.20 0.42 1.15 0.016 0.10 0.65 0.38 0.50 --

JIS. SF60 0.40 0.28 0.68 0.012 0.622 - - - -- -- --

FTW60 0.17 0.27 1.18 0.014 0.011 -- -- -- 0.072

_

' Tensile Test Data (Average as Tested) Nozzle
Yield, U.T.S., Elong. Ked. in

Material psi psi % Area, %

. _ .

+t+
ASTM A302B 72,000 94,000 26.0 62.0

JIS. SF60 51,200 86,700 26.0 35.0
FTW 60 89,600 99,600 32.0 69.0 [i *

_ _ _ _ __

Vessel ro
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Nozzle
Type Percent of Area Repl acement

T13 145. Failure in longitudinal

T*13 094. butt weld

F13 052.

F*13 035. Failure at inside corner

T20 067. of nozzle

F20 050.

Accordingly, none of the nozzles listed in Table 10 meet Code requirements.
However, the evaluation is based on C = 2.0, K = 1.7 ; i .e. , the Code indices

y

for branch connections per NB-3643.

The material used for th e nozzles was either ASTM A-302-B or
JIS.SF60; the reference does not i nd i.c a t e which nozzle was made from which
material. The evaluation is based on ASTM A-302-B, S = 26,700 ps i, m = 2.0, n

= 0.2 (lou-alloy steel).

The data in Table 10 is analogous to that of Table 8. The tabulated

values under P D /2t show that the membrane atress was higher than the primary
oo

stress limit of S = 26,700 psi. Despite the violation of the primary stress

limit and nozzles which did not fully meet requirements, the value of N /N in
t c

Table 10 is always greater than 10.

It can be seen in Table 10 that there is a consistent relationship

between S /3S and N /N within any one type of nozzle. This suggests that
n m t c

the K -factor may be over-compensating for the ef fect of plastic straining.
e

Table 11 lists four cyclic pressure fatigue tests on nozzles. In

each case, the nozzles were considered to be without reinforcement. For th is
reason, the reduced thickness value was calculated (as in Section 2.5). As

may be noted f rom Table 11, the N /N values range f rom 98.8 to 403. Clearly,
the use of the reduced thickness in the Code analysis results in conservative
results. The K f actor may be responsible for the very large values of N /N
in this group of tests but it would be dif ficul t to separate the K influencep

from the reduced thickness influence. Therefore, suffice it to note that

the use of the reduced th i ckne s s calculation and the correction for stress
intensities above 3S results in a very conservative analysis,

m

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _
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2.8.3 Longi tudinal But t Welds in pressure vessels. As noted in the

al.,'20)(
vessels withpreceding discussions of the results by Kameoka, et ,

nozzle Types T13 and T*13 did not f ail in the nozzles but in the longitudinal
butt welds. There are a number of other literature references (including

Reference (19), in which longitudinal weld failures have occurred prior to

failure of a nozzle in a vessel undergoing a cyclic pressure test.

The Cede gives stress indices for longitudinal butt welds in

straight pipe. For Class I piping with sur f aces "as welded", these are: C =
y

1.2. Ilowe ve r , th e re is an impor tan t restriction to the K -index;1.1, K =
y 3

i.e., it is only applicable to pipe with a circular cross section. Unfortun-

ately, Re f e renc e (20) does not give any s igni fic an t details as to the

longitudinal butt welds or the out-of-roundness of the vessel. Table 12 gives

an evaluation of the tes ts under three separate as sumptions :

(1) The vessel cross section was circular, C 1.1, K 1.2==

(2) The vessel cross section was out-of-round such that D -D .
max min

= 0.St. The equation shown in Table NB-3682.2-1 of the Code
was used to determine th e additional stress due to out-of-

roundness. The value of C is still 1.1, but

'
_ _

D -D .
"'* *" *

1.2 1+ (8)K =
I t 3

D P j

1 + 0.455
t E

* - -

7
The nodulus of elasticity, E, was taken as 3x 10 and D /t =

o
22.7 for the vessels , f rom which

0.9
K =1'9'+

1 1 + 0.000177 p
o

(3) The vessel cross section was out-of-round such that D -D.
max m l.n

- 0.08 D The e qu at ion shown in footnote (l.C), Table NB-<
.

o
3682.2-1 of the Code was used to determine the peak stress due

. _ _ _ _ _ _ _ _ _ _ _ _ ____________________-_
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,

to out-of-roundnes s. The C value remains unchanged but the K
y 3

value is computed by ;

~

MS
~

YK = (K ) 1+ (9)'
1 1 round PD /2t

_ o _

,

i

t
where

2.0 for ferritic steels and nonferrous materials exc ep tM =

nickel-chrome-iron alloys and nickel-iron-chroa alloys

2.7 for austentic s teels , nickel-chromium-iron and nickel-M =

,

iron-chromium alloys

yield strength at design temperature, psiS =

design pressure. P =

Assuming PD /2t = S then for A-302-B at room temperature:
'.

4

o m,

t . _

2 x 50,000 7,K = 1.2 ,
,

1 26,700 _
._

|

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

ties similar to ASTM A-302-B; hence, the values of S , S , m, and n for A-302-B
: a y
;

were used in the evaluation shown in Table 12.
i

| The las t column of Table 12 shows N /N values approaching unity if
L c;

the vessels were actually round and had high-quality welds. However, even a
| small amount of assumed out-of-roundness brings N /N up significantly. The
' t C

apparently fo rmed in halves with two longitudinal butt welds.I vessels were
I 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 " fl at 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 !
l

applicable to any cross section shape (up to an out-of-roundness of 0.08 D ,g
which the model vessel shells presumably met) and, as shown in Table 12, this ;

analysis gives N /N values well above 20.
!

i

l

I
1

-_, _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _. . . . _ . .-
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The purpose of including the data on longitudinal but t welds is to ;

point out that such welds, in c onj unc t i on with out-of-roundness, can be a |
s ign i f ican t sourc e of high stres ses ; a source recognized in the Code. Ilow-

1

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 des ign pressure for this vessel (of A-302-D, S = 26,700 psi) is

; about 2300 psi.
|

|

2.9 Thermal Gradient Loading

This report includes no test results in addition to those reported
in Phast Report Number 115-10 for thermal gradient loading. This section
is the same as the.section in Report 115-10 and is included here for the sake
of completeness.

: The th i r d type of loading considered by the Code is that arising I

f rom themal gradients. While a fair number of thermal fatigue tests on bar
s pe c imens are availabic in th e literature, very littic has been done on
th e rmal cycling tests of piping components. Stewart and Schreitz give i

results of thermal shock tests on 6-inch Schedule 80 and Schedule 160 pipe and |
!
I valves th e re i n . Weisberg and Soldan(2'3) gi ve results of tests on pipe and

girth butt welds therein as do Tidball and Shrut(24) and Gysel, Werner, and
, Gut (25) These tests and results are not in suf ficiently quantitative form to |

.

4

; permit meaningful comparisons with the Code f atigue approach. Further, these
i

! tests involve tempe ra t ur en 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 evaluntion of the renults are discussed
; in the following.
.

{ Thermal gradient tests were conducted on a piping system made up of
| 1-inch Schedule 80 (1.315-inch-0.D. x 0.179-inch nominal wall) piping and
;

tees. The mat eri al was Ni-Cr-Fe Alloy 600. The fluid entrance to the section

consisted of a butt welding tee; the but t welds between it and the pipe are the!

l

" components" of interest herein.
i
1

!

.n ., . _ - . ,- w..--, - _ , , - - - . , . - ., , , - _ _ _ _ _ . _ - _ . . -__ _ - - _ _ - _ . - - - - - - - - - -
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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 th e rmal
cycle was initiated by circulating hot water through the test section for 2

minutes; the fluid temperature near the inlet increasing f rom 70 F to 595 F in
2 seconds. Circulation of water was then stopped and the test section was

J

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

i 3.5 minutes; the fluid temperature 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 surf ace

after the hydrostatic test did not indicate any c ra cks . The inlet tee andj

girth but t welds between it and the pipe were then cut out of the test section
and sectioned for internal surface inspection. The tee, flow direction, and4

'

welds are identified in the following sketch. Liquid penetrant inspection of
the inside indicated a crack in the hea t-a f f ec ted zone of weld Number 10.;

Fur th e r examination of th e 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, af ter 2206 cycles of thermal gradients, girth butt weld

| Humber 12 had no detectable c ra ck s , girth butt weld Number 10 had a small

crack, the entrance tee had no detectabic 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 themal 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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,

-Co p

4-Weld 11
L

4 Inletnt -. --

I \ eld 12' W
I Weld 10

Flowy

The value of S for the therm al gradient tests of girth butt wcld
n

Number 10 is given by

PD
+ Ea "a T (10)S .= C 2t 2(1-9) 1

.

n
3

The M. t e r.n is not included in Equation (10) on the assumption that the test
1

section was supported so that it was free to expand. The value of S is given
by

PD K
+ Ea AT (l1}S =KC + E ct '. T *y_ y 2

In the above e qu at i ons
*

1
| Per Table Nn-368 2. 2- 1 "as wel ded"*

K = 1.2 '

I girth butt weld
.

1: 3 "
*

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - __
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P = pressure range = 2900 - 60 = 2840 psi
D = pi pe 0. D . = 1. 315 in ,
o

t = pipe nominal wall thickness = 0.179 in.
V = Poisson's ratio = 0.3

Ea = modulus times coef ficient of thenaal expansion ( = 226 for
3

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

The procedure for obtaining AT and AT is given in the Code. The data given
g 2

by Schneider(26) 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 t emperat ure response of a plate insulated on one side after

sudden expos ure to a unifonn t empe ra t ure convective environment on the

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

Bi = h6/K
Fo = a

d
where,

h = film coefficient, Btu /hr-ft - F
,

6 = plate thickness, ft

thermal conductivity of plate material, Btu /hr-f t - F ;K =+

a = thermal diffusivity of plate material, f t /hr
d

time, hrs.0 =

!

For the 1-inch Schedule 40 pipe , S = 0.179/12 = 0.0149 f t , 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-f t - 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 AT b '"I'"I#'*d I" *
3 2

'#"

Figure 6 by use of the equations:

t/2g

_T=7 T(y)dy (12),

-t/2

|
|

|

,_ . . _ .
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t/23 ,, '

= j' y T(y)dy (13)AT ,

3

-t/2

AT = Max ( T, - T - AT /2, T -T - AT /2, 0) (14),

2 3 3 3

i

where T = outside surface t empe ra t ur e , F; T. = inside surf ace temperature,
o 1

F. Nuncrical integration was used to evaluate Eauations (23) and (24); the
| results are shown in Figure 7 where oT) and AT are p1 tted against time, 9.2

y #0.62 T,,AT2"$The maximum during the heat-up side of the cycle are T =

0.23 T .
a

Analysis of th e cool-down side of th e cycle would give graphs
'

I similar to Figures 6 and 7; with the sign of T, reversed. The range of 6T) and
AT during the cycle would be 0.23 T and 0.62 Ta, where T is the sum of the -

2 a a

step change in fluid temperature on the heat-up side of the cycle plus the
step change on th e cool-down side of the cycle. Nominally, T is equal to

1050 F. Howeve r , the " soak" period reduced the cool-down step2(595-70) =

change by 100 F, and other effects may have reduced the effective T byI

1 a

another 100 F. Accordingly, an es timate of T = 800 F will be used; AT' =

a 1

0.62 x 800 = 496 F, and AT = 0. 23 x 800 = 184 F.
2

Equations (10) and (11) give

2840 x 1.315 1

S = 1.1 x + x 226 x 496
n 2 x 0.179 1.4

i

|

|
*

1

| = 11,4 75 + 80,070 = 91,545 ps i ,

984 0 x 1.315 1.7 1

x 226 x 496 + 0.7 x 226 x 184
'

S = 1.2 x 1.1 x - +
2 x 0.179 1.4 -

p

= 13,770 + 136,110 + 59,400 = 209,280 psi.

_ __._________ _ _ _ _ . . _ _ _ _ _ _ _ _ - - - . . -
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*

For Ni-Cr-Fe alloy 600 (SB163, annealed) at 600 F, S = 23,300 psi . The value
of K , by Equation (4) herein,* is

-

. 91,545
K = 1 + 3. 33 - 1 ,

e 3 x 23,300_
,

and, by Equation (3)

2.032 x 209,280 = 212,630 psi.g =

alt 2

From Figure 3, the calculated cycles , N , is 140. The ratio N ./N > 2200/140 =
C t C~

16. Accordingly, the i ndic es method is conservative as compared to this
single set of test data on thermal gradient loading; particularly considering
that girth butt wcld Number 10 had a crack depth of only 17 percent of the wall
thickness, and girth-butt weld Number 12 had no crack indications af ter 2.200
thermal gradient cycles .;

It is of some interest to note that if K were to be taken as unity,
e

1100, N /N > 2200/1100 = 2.0.the S = 105,000; N =
g

| While details of the geometry of the entrance tee are not known,

calculations based on scue rough asstenptions lead to the conclusion that the
indices method woul d give about the same value of N as obtained for the

c

| girth butt weld. No cracks were found in the entrance tee af ter 2200 thermal

( gradient cycles .
,

l

2.10 Summary

In general, the comparison of Code predicted f atigue life and test
life indicales that the Code nethod gives conserva tive results , where conser-

vative is interpreted as N /N > 20.

Values of m and n for Monel are the name as for austenitic stainless steel .*

|
'

. - - - . . . , _ _ _ . ._.
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Girth butt welds in austenitic s;ainless steci pipe were noted as a
possible exception to this conclusion in Phase Report Number 115-10(10) The.

additional test results reported in section 2.1 of this re po r t reject this
e xc e p t i on . Although the analysis procedure is not as conservative for the
stainless steel pipe as for the carbon steel, it does generally meet the N /N
> 20 re quirement . 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 115-10(10) f or the K
,

e
factor to ove rcompens at e when S > 3S with cyclic internal pressure. This '

n m
ove rcompen s a t i on was observed for the pre s s u re 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,

tha stainless s t ee'l test s pe c imens all had S > 3S by a factor of not less
n m

than 1.6. This observed overcompensation could account for the trend;

'

reversal noted earlier, i.e., that the analysis in Section 2.5 was more

c ons e rva t ive for stainless steel specimens than for carbon steel specimens,
j Perhaps the single most important re s ul t of this analysis is for

s pec imen T-11 in Section 2.5. The value of N /N = 5.2 clearly implies a

; pro bl em area in the Code analysis techniques for internal pressure loading i1

with S < 3S A testing program to assess, (1) what changes should be made in.

n m

the analysis procedure, or (2) if any changes are needed, would be well 1

advised. '

1

No implication is intended that the test data are suf ficiently broad
in scope to confirn the validity of the indices method for all combinations of
piping components, mat e ri al s , t em pe ra t ur es , and l oa d i.ngs . Test data with

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

in these cases.

j

.

J

_ . - -n,.c , , - . , ,



n. . . - - - - - -- . - - - - . . . - - . . -

53

3.0 SIGNIFICANCE 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

penetration, i.e., a stable leak or a rupture.

This section presents an attempt to delineate the Icak-rupture,

tendencies of the f atigue 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
j involved burst characteristics (pressure and flaw geometries) of the pipe

s pec imens .

The key results of these investigations, as relat ed to this report,

are the appearance of the fracture and the determination ef critical flaw

sizes for a given pressure level. '

The remainder of this section deals with a brief summary of th e
i 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 Strainht Pipe

| 3.1.1 Background. The ultimate- f ailure of st raight pipe sections
with flaws has been studied in considerable detail ( ' Two classes of.

fl aws have been investigated, i.e., circumferential and axial.

The Battelle investigation 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 he ating the water
to 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 t y pe of defect, the results of testing through-the-

thickness flaws serve to predict the behavior of surf ace flaws once they grow

-.
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th r ou gh- th e- t h ick ne s s .

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 stable leak type

of failure, th e flaw penetrates 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 un t i l 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 arres ted 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.
i

, For a test conducted at room temperature with water or oil as the 1

!
i

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 flaw 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, thereby maintaining internal
pressure. For many 'real' piping systems, pressure would be maintained in the

1

| event that a flaw grows through-the-wall by additional flow provided from a I

system ' reservoir'. For example, in a nuclear ywer plant (PWR) the coolant I

in the primary system may be replaced at approximately 50 gpm thereby
maintaining system pressure.

Testing at elevated tempe ra tu res with a fixed volume of water

presents some interesting results. As with the low temperature testing, once
th e wall is penetrated th e pressure begins to drop. Iloweve r , for elevated

temperatures the pressure does not go to zero but rather to the saturation,

pressure of th e 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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FI GURE 8. LEAK IN EXPERIMENT 9 (24-INCH x 1.7-INCH A-106-B)

The pipe contained a 24.5-in. surface fl aw that
had a depth of 1.45-in. The saturation stress
level was 8.53 ksi. Failure occurred at 584 F
under a hoop stress of 8.53 ksi and a preerure
of 1360 psig.
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F IGURE 9. FRACTURE IN EXPERDIENT 5 (24-INCH x 1. 7-INCH A-10 6-B)

The pipe contained an 18.5-inch through-wall fl aw.
The s at u ra ti on stress level was 16.5 ksi. Failure
occurred at 675 F under a hoop stress of 16.5 ksi
and a pressure of 2610 psig.
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FIGURE 10. FRACTURE IN EXPERIMENT 4 (24-INCH x 1.7-INCH A-106-B)
The pipe <:ont ained a 28.4-in. surface flaw that had
a depth of 1.30-in. The saturation stress level was
8.96 ksi. Failure occurred at 596 F under a hoop
stress of 15.1 ksi and a pressure of 2500 psig.
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vessel. If the flaw is of a length critical for propagation it will start to

run. If the saturation pressure is sufficient to sustain propagation an end-
to-end rupture will res ul t . If the saturation pressure is below the val ue

re qui red to pro pa gat e the crack it will arrest and appear as a stable Icak
(Figure 10).

A sur f ac e flaw will re s ul t in a rupture (assuming pressure is
maintained) if its length upon penetrating the wall is the same or longer than
the cri tical length f or a through-the-wall axial crack. This critical length *|

may be es timat ed by use of the K-solution developed by Maxey, et al., ,
,

1Equation 15.
1

2 8 C (c) *"f
K = In sec (15),
' *

20

| where, |

K = plane strain fracture toughness

C = critical half crack length
\-

flow stress =r (0 + 10) ksic =
.

yield
failure stresso =

f

, M = Folias correction f actor given by,
1

2 4
| (1 + 1.255 C - 0.0135 )

C

Rt
Rt

t = wall thickness

I 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.
|

I

I

3.1.2 Ex pe rimen t a l Res ul t s . The te-ts conducted by General ;

Electric (31) invol ve d pi pe diameters ranging from 4- to 12-inches. P~th
!

t hr ou gh- t h e-wal l and part-through flaws were ccmside red . All tests were |

conducted at room t empe ra t ure with internal seals installed for the through
wall fl aws . The authors noted that some of the cracks extended beyond the,

'

machined size while others did not. 11ecause of the limi ted infonaation given

. , - , . - . - . . . - -. - .- -
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I

in Reference 31, a detailed assessment of leak rupture behavior for these

tests is not possible.

Circumferentially-oriented fl aws are of particular interest.

Several investigations into the behavior of circumferential1y flawed pipes
,35),with internal pressure and/or bending loadings have been conducted.

Some conclusions about pipe with circumferential flaws may be made

based on these investigations. These are:

(1) Short flaws ( 0.5 d in length) have virtually no effect on the

burst strength of pipe. In fact, the pipe may t'a i l with a

l on gi t ud inal fracture starting at the tip of the circumferen-

tial flaw.(31).

(2) For circumf erential flaws, some type of secondary load (in this
case a bending load) is needed to cause failure in the circum-

ferential direction. For long flaws, this secondary load is a

result of the nonsynmetrical cross-section and eccentric load-
ing, at least for capped pipe sec tions. This type of loading

could also be due to external bending loads imposed on the pipe.

This cxternally induced bending is particularly s igni ficar.t to

piping systems. Some experimental work has been done on this
( 31 )

effect.

(3) A pipe can tolerate a substantially longer circumf erential flaw

than axial flaw when subjec ted to only a pressure loading.
(4) There is some indication from one group of tests that only the

long circumferential surface fl aws tend to rupture. There

is by no means conclusive evidence that this trend is generally
true although it does not seem an unreasonable result.

(5) At the present time, there is no criterion to evaluate whether a

circumferential flaw will leak or rupture at failure.

In general, it may be stated that pipe, subjected to a pressure

loading only, is less sensitive to circumferential fl aws than to axial fl aws
and that there is some crit ical combination of flaw geomet ry and pressure that

will result in the rupture of the pipe. From an experimental standpoint,

_ _ _ _ _ _ _ _ _ _ _ -
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unl es s provisions have been made to maintain pressure once the wall is :

pe n e t r at ed , the results of the test (in terms of Icak or rupt ure ) may be
in co n cl u si ve .

Analytical approaches to predicting the failure pressure for cir-
c um f e re n ti a l flaws are not as clearly defined as for axial flaws. Some

attempts have been made with varying degrees of success. However, as

noted earlier, a c ompl e t ely acceptabic solution for circumferential flaws

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. Figure 11

shows the flaw geometries used for these tests.
|

,

|

Photographs of the f ailed specimena were included in Reference (36) '
1

!

and are reproduced herc to illustrate the appearance of the f ailures. Figures
12 and 13 show the results of the elbow and tee tests, re s pe c t i ve l y . ' $

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

;

l

"Only in those cases in which the pressure load limit was greater
than 60 percent of that for an unflawed fit ting did the fracture

| propagate beyond the ends of the original flaw. Review of the load
2

limit data for axial part-through flaws in straight pipe s e gmen ts
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

i

! pipe segment. The limited number of fittings experiments done
j indicates that , as was the case with straight pipe segaents, elbows
'

and tees are most s ens i ti ve to flava if the plane of the flaw is
perpendicular to the maximum principal stress. In elbows, flaws of

Types A and C behave much the same as axial part-through flaws of
) similar length in pi pe segments, if corrections are made for

differences in principal stress ratios at the flaw location.

1

, . - - ._ _ _ _ _ _ __ ---_____-_-_---_-___--_-O
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Variations in wall thickness and stress gradients in tecs 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 inves tigated, Types J and K cause the

greatest reduction in strength when considered on a basis of flaw

size (i.e., depth and lengt h ) . In the absence of bending loads,

tees are very insensitive to flaws of Type L."

Fi gur es 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 st raight pi pe . |
|

3.3 Fatigue Fracture

|
.

Assessment of the leak rupture trends for the variety of fatigue

tests tabulated in Section 2 of this report is limited by the in f o nr a t ion |

gi ve n in the cited references and adequate analytical techniques for the

compl ex geomet ri es involved.

The majority of the tests that were internally pressurized were

the pressurizing mediumconduc t ed at. rocrn temperat ure with various liquids as

(water and transformer oil were the most econon). A few of the General

Elec t ri c tests were laternally scaled so as to prevent pressure loss once the

wall was penetrated. Unfortunately, none of the elbows or tee sections were

sealed.

Very f ew of the papers considered herein provided photographs of the
failed test s pe c ime ns . Only three groups af experiments provided such

ph o t ogra ph s (References 7, 13, and 15). Unfortunately, the quality of some

photographs appea ri ng in the referenced articles was such that reptoduction
for thin 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-ll , and T-13 were provided by S. E. Moore of Oak*

Ridge National Laboratories. llis assistance in this matter is greatly
appreelated.

- - - - - - - - - - - - - - - - - - - - - ----- .
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some of the General Elect ric tes t component s are also included. The remainder
of this section describes the a p pe a rance of the failed test components and
attempts to relate the appearance of the f rac ture to the leak-rupt ure tendency
of the conpanen t . |

were reported by Weed andThe first group of experiments

Johnson Fi ve 12-inch ANSI S tandard B16.9 tecs were tested. In all five.

cases the tee was subjected to a constant internal pressure, at r o om t em pe r a-
ture, with water as the pres s uri zing; medium. Tee s T-4, 6, 8, and 15 we re also

subjected to f ully reversed , out-of-plane moment loading applied to the branch
p i pe . Tee T-7 was loaded in-pl ane . Table 3 gives a more detailed account of
the load values. Unfortunately, only pho to gra phs of T-4 and T-6 were

available. The remaining discussion is limited to these two components.

No provision was made to maintain the internal pressure in these
tests. The fact th at the crack driving f orce was lost is con fi rmed by the

author's remarks for tee T-4 ; "The internal pressure in the tee was at 1925

psig at the time of f ailure and a high pressure stream was expected. However,
the water poured out much like water flowing f rom a f aucet when the pressure

is low."( Because the internal pressure was lost, the possibility of a

rupture in these tests was also lost .

Although tle internal pressure was lost, the ge n e ra l appearance of
the cracked tees is interesting. All the tees f ailed in the region of maximum
st res s as determined by expe rimental s t res s analysis . In each case the cracks
initiated on the outer surface and grew through- the wall .

As noted earlier, T-4 was loaded out of plane with the load applied

to the branch pipe. A constant internal pressure was maintained until the

crack grew through- the wall thickness. As shown in Figure 14, the crack

initiated on the side of the tee and propagated well around the circumference
of the tee (in the crotch region).

In th e presence of the bending l oa d this crack orientation and

l en gt h mi gh t be considered critical.* It is interesting to note that

* The word ' critical', used in this context, impl i en a flaw geomet ry t hat
woul d result in a reduction of the burst strength of the c om pon e n t . This
is not necessarily the same as the ' critical size' discussed earlier.

_. _ _ _ _ _ _ _ ____ __ ._
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|

exami nation of the interior of the tee re ve a l ed several cracks normal to the
plane of the crack that caused the f ailure and growing outward f rtrn the inside

surface. T-4 was the only s pec imen in this group to indicate the presence of
such cracks.

Figure 15 shows the appearance of T-6 at the conclusion of the test.
Although some discre pancies exist between the di rec tion of maximum stress and

the direction of crack pro pa ga t i on , c om pa r i s on of T-4 (Figure 14) and T-6

i n d i c a t'es that the cracks are similar in size, location, and orientation. As

for T-4, this crack orientation might be considered critical in the presence
o f out-of plane bending loads .

The second group of experiments were reported by llayes and

M oo re . Four 24-inch ANSI Standard B16.9 tees were tested. Tees T-ll, T-

12, and T-13, we re subjected to a cyclic internal pressure with transformer

oil as the pressurizing medium. The fourth test, T-16, had a constant

internal pressure (300 psig) with the cyclic stress due to fully reversed "in-

plane" moment loading applied to the branch pipe. Photographs for T-11 and T-
13 are the only ones included here.

Figures 16 and 17 show the appearance of the crack on the outside
and inside surf aces , res pec tively , of T-ll . The crack initiated on the inner

surface in th e crotch region and pro pa ga t ed in a direction normal to the

applied hoop stress. Comparing Figures 16 and 17 shows that the crack was

substantially longer on the ins ide surf ace than it appeared to be on the outer
surface.

Figure 18 depi ct s the crack in the inside crotch region of T-13. T-

12 appeared very similiar to T-ll and T-13 al though T-12 is not included here.

The internal pressure was lost for these specimens once the wall was

pe n e t r a t ed . }|owever, the longitudinal orientation of the cracks was shown to
reduce the burst strength of too sections in the G.E. burst tests. T-12

and T-13 both had cracks of this orientation and of a similiar length.

Al though i t is not pos sibl e to state conclusively whether the cracks

were of a critical sizo, it is important to note that a cyclic internal

pressure cause.9 cracks that are of a critical orientation (in terms of burs t

test r es ul t s ) . Further , these cracks may be substanti ally longer on the inner
surface than they are on the outer sur f ace

. _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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The thiro 'up of experiments were those conducted by General
(15,36,37)

. ..
Electric. ;roup of cr.periments is impor t ant for two reasons.

First, some of the stt )ipe tests with circumferential finws were sealed

so as to maintain presstu , once the wall was penetrated. Second, the moment '

loading was continued af ter 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 es timate of the number of cycles required to
achieve substantial crack lengths. Two specific examples are used herein to I

illustrate the results of these tests. Three other photographs are included

to illustrate the appearance of the cracks for various loading conditions.
I

Figure 19 shows the appearance of one circumferential1y notched I

pi pe 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 I

applied to the specimen af ter the wall was penetrated. However, the authors

note, " extremely large (>60 percent of the pipe circumf erence) circumf erential
cracks have been produced in the laboratory of SWR operating pressure and no
sudden fracture occurred". 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 how a crack may extend if the bending
i

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 pe ne t r a t ed the wall had a

surface length slightly greater than 1-inch. The wall of CCTS-2 was pene-

trated at 9367 load cycl en . 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 compl et i on of testing. A

total of 10449 load cycles had been imposed on the tee. Based on the results

of the burst tes ts, 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 bef ore such a flaw grew to a
{

size that would res ul t in a rupture.* |

Frca an operational viewpoint , it is impo r tant to note that moment
,

loadings are not necessarily lost once a leak has been detected in a nuclear

piping systen. Even if a flaw is not large enough to present a threat of '

I

rupture once it grows t hrough - th e - wall , continued moment loading may well j

extend the flau icngth 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 ge ome t ri es 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 veld 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 s ome thin g like an axial fl aw in
]

s t rai gh t pi pe . The flaw depicted in Figure 22 lies es sentially perpendicular
i to the direction of the principal stress for a pressure loading and thus may I

substantially reduce the pressure carrying capacity of the cibow.
Figure 23 shows a 6-inch tee that was loaded in plane with the load

applied to the run pipe. The fl aw ext ends along the axis of the branch pipe
well into the body of the tee. As may be noted in Figure 23, the flaw has

j extended past the weld .line for the branch connection and into the branch

pi pe . Even if this flaw ge ocet ry did not reduce the pressure carrying <

'

l

capacity of the tee, the extension of the flaw into the branch pipe in an axial I

!

orientation may re s ul t in a rupture of the pipe before the tee. This j

, possibility depends on the fa: tors discussed in Section 3.1. |
|

! Figure 24 shows a 6-inch tee that was leaded in plane with the load i

I
applied to the branch pipe. The tee was cracked well around the circumference'

in the crotch region. Additional cracks may be observed in the ' run' section
i

of the tee. These cracks are essentially at L5 degrees to the run pipe axis.
One of these flaws joins the circumf erential flaw on the crotch region and )
extends into the run pipe weld line.

__

* This discussion assu=es that operating pressure is somehow maint ained in
the operating reactor even af ter the wall has been penetrated.

I

!
,
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3.4 Sumarv'

Although it in inpas s ibl e to nake de fini ti ve statements re ga r d i n r,
the leak rupture evaluation for most of the tests noted i n Sec tion 2 of this

;

j report, scoe important pc i nt s h ave been noted. i

'(1) Circumferential flaws in s t rai gh t pi pe attain a sub s t ant i al
'

L

j length (>60 percent of the circucif erence ) without rupturing at ;
i ,

BWR condi tions . From this it may be inf erred that a leak could
'

!

be detected and a safe shut down perf ormed at PWR pre s s ures .,

! (2) Cyclic pressure loading on tees produces cracks that are of a
r

i, critical orientation (in terms of the burst test results ) and t

j that are quite long on the inner surf ace bef ore they penetrate

; the f ull wall thickness.
:

,

(3) Out-o f-pl ane coment loading on tees produces cracks that are
|

| of a critical o rient a tion and th at might grow to a cri tic al
i

! size in a f ew loading cycles once the wall has been penetrated.

! (4) In plane moment loading on tees produces cracks that are not of

a particularly critical orientation (in terms of burst test

i results). However, these cracks may extend well around the

; circumference of the crotch region before they penetrate the

| full wall thickness .
1

! (5) In plane moment loading on elbow sections produces cracks that
lie essentially perpendicular to the direction of the princi-

1

) pal stress for a pressure loading and may reduce the pressure
;

! carrying capacity of the elbow. The cracks generated by such
i

j loadings tend to propagate across the weld line and into the

| attached straight pipe se c ti ons the"cby raising the possi-
:
i bility of a longitudinal rupture in the straight pi pe section

(see Figure 22).

(6) O th e r component t ype s have not been considered in this
1

i analysis simply due to a lack of pho to gr a phs of such test

com ponen t s .,

|
*

i
9

1
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A better assessment of the leak rupture t e nd en c i es of pi pi ng and

pi ping components coul d be made if expe riments we re conducted in which the
pressure was maintained and the test tempe rat ure was above room temp 3rature,

i.e., 550 F.

|
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4.0 IMPLICATIO!!S ON COLD LEC PIPING
,

The tests discussed in Sections 2 and 3 of this re por t all dealt

with pi pe d G t t o ns that were substantially smaller in size than typical

sections of the cold leg piping system. The l ar ge s t tecs examined we re the

24-inch-diameter tees examined by llayes and Moore (15) The other sizes ranged
.

.

between 4- and 12-inch-diameter.
The Code procedures for analyzing f at i gue life shoul d provide

nominal stress values that are insensitive to size variations. Ilowever, the

!differences between small com ponen t s (4-inch) and the full-scale structure,
in terms of geometric similarities, rel a t i ve sizes, and envconmental

considerations, gi ve s rise to the issue of similitude, i.e., are the t =s ul ts

for small-scale tests truly comparable to f ull-scal e 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 reac tor 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 co nnec ti ons along the length of the pipe. Elbow sections are
I utilized as necessary to complete the system.

The piping system may be made from ' clad' pi ping (ferritic steel

pi pe with stainless steel cladding) or in some cases the piping is all

s t ai nl es s steel. ]

The cold leg is exposed to a water environment with a ncminal

t em pe rat u re of 550 F. The nominal internal pre s s u re is 2,500 psig. The

stress level will vary depending on the power level fluctuations the pl ant j

e xpe ri ences .

Cumul at i ve f at i gue damage is evaluated using a linear damage con-

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

]
d eve l oped techniques for evaluating f at i gue crack growth rates when a l oa d

.
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s pe c t rum is imposed, the linear damage concept should provide co ns e r va t i ve
res ul t s for the f at i gue lif e evaluation of piping ccmponent s.

'

4.2 The Ques tion of simili' ends

The concept of using 'small-scale' tests in the evaluation of large

systems is a standard practice empl o yed in virtually all sciences. The

benefits of such tests are directly related to how well the test simul at es

f ull-scale behavior. If similitude does not exist between the test structure
and the f ull-s cal e structure then the value of the test re s ul t s will be
questionable.

Several questions arise in trying to establish whether or not

similitude exists for the piping component f atigue tests considered herein and
the cold leg piping. Several areas of concern are listed below;

(1) Geometric similitude
(2) ' Size' effect
(3) Test environment versus operating environment

(4) Effect of accelerated testing.

Each of these items vill be discussed in the following subsections.

4.2.1 G eom e t ri c Similitude. There are essentially three types of

c om ponen t s to be considered as important to the cold leg; (1) girth butt
welds, (2) c1 bows, and (3) branch connections. The girth but t welds in the

test components were ' field welds', i.e., welds made by hand empl o ying a

se ri es of wel d ' pa s s e s ' that serve to bor.J the two components t o ge t he r .
However. most df the velds in the cold leg are of the doubic submerged arc-

weld type made in a much more controlled fashion and should re pre s en t a
s u pe ri or quality band. Even the field welds that are necessary to com pl e t e

the cold leg should represent a band of at least similar quality to those in
the test s pe c ime ns . Thus, it is a safe assumption that ge an e t ric similitude
exists for girth butt welds.

The elbow sections used in the col d Icg pi ping are manuf ac tured by

process that is very similiar to the one used to manuf acture small-scale
components. The ratios of diamet er to thickness and bend radius to cross-

.______________ __ _ _ _ --
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'

sectional radius are quite similar f or the small- and l arge-scale componen t s .
Thus , to assume that geonetric similitude exists for the elbow sections is not

un re a li s t i c .

The branch connections tested may not be exactly similar to thos a in
the cold leg. However, the additional reinforcement re qui red for branch

connections in the cold leg should make the cold leg behavior conservative

wi th re s pec t to the f atigue test re s ul t s ,

i
,

4.2.2 ' Size' Effect. It may be pos tulated that a l ar ge component

will have a longer f atigue life than a small component when both are subjected
to the same stress level, all other f actors being equal . This effect ir due to

the f act 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 re quired to
propagate the crack to f ailure for the large component than f or the small one,
i .e . , the crack must extend further by virtue of the increased wall thickness.

Although this argument is re as ona bl e , comparisons of the tests reviewed in

Section 2 of this report do not indicate that such an effect is a reality. If

I such an effect is not observed when comparing 4-inch components to 24-inch

components, there is no reason to expect any appreciable ef f ect in the 30-inch
components.,

4.2.3 Tes t Environment Vers us Operating Environment .' As noted in

Section 4.1, the cold leg piping is exposed to a water environment , a nominal

t empe ra t ure of 550 F and a nominal pressure of 2500 psig. The test s pe c imens
were subjected to a variety of environments although none of them were as

t
' severe as the PWR environment.

Based on the compa ri s ons of test environments to the actual PWR

environment, the test results may be nonconservative with respect to the cold

icg piping.

I 4.2.4 Effect of Accelerated Testing. The effect of accelerated

t es ting i.s most noticeabic when considering the time-dependent factors that
may alter the f atigue li fe 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 f atigue crack growth, the

. _ _ _ . _ _ . _ _
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lower the cyclic f requency the more noticeable the ef f ect of the environment.

Stress-corrosion cracking is also a time-dependent process. It is highly

unlikely that a stress-corrosion crack could he a f ac tor in the fatigue test

results due to the short duration of the tests. Ilowever, in the projected 40

year life of a PWR power plant, stress-corrosion cracking could become a

s ign i fi cant f ac tor .

Because of the tine-dependent factors involved, such as corrosion-

stress interactions, the accelerated f atigue test results may be nonconserva-

ti ve wi th res pec t to the cold leg piping,
i

4.3 Additional Considerations and Res ults

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 at tack than the

base metal (ferritic steel).
|

|

| In general, the cladding should have no detrimental ef fects on the
|

| behavior of the piping and may retard environmental attack.

Another point not to be overlooked is that the fatigue tests

evaluated in Section 2 of this report generally involved tests where S /3S >
n m

1. As noted previously, as this ratio increases the K factor tends to over
e

c ompens a t e re s ul t i ng in very high N /N ratios, i.e., the Code conservatism
inc re as es . However, cold leg piping stress levels will generally be below 3

,

S This implies that the factor of safety for ' normal' cycles will not be.

m
overly conservative and that the post ulated large amplitude cycles will not bc

| 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 N /N ratio for
t c

this test was 5.2, well less than the value of 20 established as the minimum

conse rva t i ve val ue . Although f orged welding tees are not employed in the cold

|
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'
leg piping system, this test illustrates a po t ent i al problem in the Code

analysis for cyclic pressure loadings. It appears th at the Code analysis is

at least co t.s e rva t i ve for other load t y pe s . In fact, the analysis may be |
,

overly conservative in some instances.

Saae general conclusions raay be reached af ter considering the above
discussion and the results of the fatigue tests.

(1) The Code analysis is very conservative for stress intensities

e xc eeding 3 S This will be true re ga r dl es s of the other.

m

f actors involved, implying that the postulated large amplitude
'

events will not be as damaging as the analysis predicts.
t

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

(3) S tra i gh t 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 f ac tors are not considered in the Code analysis .
This point is perceived as a short coming of the Code approach !

1

and may well result in unacceptable behavior of the cold leg ;

pi ping 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 f atigue tests on piping components indicate
that the f atigue analysis of the cold leg piping system should

be conservative. However, this result could be changed due to
environnental f ac tors. The impact of such f actors on the Code

analysis cannot be assessed at the present time, ,

1
i

Clearly, the analysis of the f atigue life of the cold leg piping
I

system is a c om plex problem. The complete solution of this problem may well
require more than a simplified analysis technique .

_ _ _ _ . _ - _ . _ __ _ - . - _.
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|
5.0 SlHMARY AND CONCLUSIONS

This report sought to evaluate th e results of f at i gue tests on

iping components in an effort to;

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

of evaluation.

(2) Detemine the leak-rupture trends of components tes ted with
significant internal pressures.

(3) Determine th e impl ic at ions of th e tests with respect to the
cold leg piping systens in PWR's.

Section 2 of this report dealt with the evaluation of the margin of

safety (N /N ) for th e fatigue tests. The majority of th es e tests were

conducted with S > 3S This section of the report is basically an extension.

n m
of Phase Report 115-10(10) ,and as such includes some sections of that report
es senti ally unchanged.

The four main conclusions of Section 2 are:
(1) In ge ne ral , the conservatism of th e ASME code evaluation

procedure is acceptable with S > 35 .

n m

(2) The Code evaluation procedures for cyclic pressure loadings
should be reviewed. This conclusion is based on the results of
the cyclic pressure tes t of T-11 (Table 5).

(3) The K factor tends to overcompensate as S goes well above 3S
e

resulting in margins of saf ety two orders of magnitude greater
than the as sumed value of 20 in some cases.

(4) The Code analysis is generally more conservative for ferritic

s teel than for stainles s steel.

Section 3 of this repott sought to evaluate the leak-rupture trends

of the various components tested in terms of the appearance of the fractures.

The appearance of components f racture in burst tes ts were reviewed. Then, the

appearances of the fractured fatigue test components were compared to the

burst tes t components. Although no definitive assessment of the leak-rupture
trends was possible, seve ral conclus ions were made. These are:

.________ _____ _. . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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(1) Circumferential flaw s in straight pi pe attain a subs tantial

length ( > 60 percent of the circumference) without r u pt urin g-
at BWR conditions. From this it may be inferred that a leak

could be detected and a safe shut down performed at PWR

pr es sur es .

(2) 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 surf ace before they penetrate

the f ull wall thicknes s.

(3) Out-of plane moment loading of tecs 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 been penetrated.

(4) 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

circumf erence of the crotch region before they penetrate the

full wall thicknes s.

(5) 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 th e re by raising the possi-

bili.ty of a longitudinal rupture in the straight pipe section.

(See Figure 22). |

(6) 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 f atigue tests and the
full-scale cold leg piping. Geomet ric similit ude , size e f f ect , test environ-
ment, and effect of accelerated testing were examined in detail.

- __ _ _ _ _ _ - .- .- - - . .
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The ge ne ral conclusions were that the behavior of the cold leg

piping would be conservative with respect tc the fatigue test results. The

most important discrepancy exists in assessing the effect of the environ:ient

over the 40 years of Ph'R plant life. If the environmental attack is

s i gn i f ic a n t , the cold leg behavior may not be conservative with respect to the
f ati gue tes t resul ts . To accurately evaluate the margin of safety inherent in

the cold leg piping, an analysis technique that accounts for the environmental

factors must be employed.

.
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