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Houston Lighting & Power

May 12, 1988
ST-HL-AE-2652
File No.: G25

U. S. Nuclear Regulatory Commission
Attention: Document Control Desk
Washington, DC 20555

South Texas Project Electric Generating Station
Units 1 & 2
Docket Nos. STN 50-498 and STN 50-499
Leakage of Aluminum-Bronze Essential Cooling Water System

On April i, 1988 Houston Lighting & Power Company (HL&P) operations
personnel at the South Texas Project Electric Generating Station (STPEGS) Unit
1 observed slight leakage occurring at a number of locations in the
aluminum-bronze Essential Cooling Water (ECW) system. This discovery has
resulted in an intensive effort to determine the scope of the problem, its
root cause and the necessary corrective actions.

Some small bore (2 inch and under) fittings and valves in the ECW system
at STPEGS Unit 1 have undergone crevice corrosion (dealloying) extens.ve
enough to have resulted in through wall seepage. Leaking components found
prior to the beginning of the current outage and certain of the higher
stressed small bore fittings and valves will have been replaced before
resumption of operation,

Although destructive examinations have shown that small bore fittings and
valves that had shown no sign of seepage have experienced varying degrees of
crevice corrosion, data from extensive metallographic examinations have been
combined with s*ress analyses, structural evaluations and estimates of the
rate of dealloying to provide confidence that these components have
substantial margins and will not fail as the result of postulated load
combinations.

Failure analyses have shown that due to its ductile behavior and the
low design stresses, aluminum-bronze will not undergo brittle failure.
Furthermore, the components have substantial margins on a plastic limit load
basis. Safety analyses demonstrate that the effects of leakage associated
with the dealloying will not compromise the ability of the Essential Cooling
Water system to accomplish its safety function. Further, the consequences of
assumed failures have been found to be bounded by design basis calculations
previously performed to evaluate postulated flooding and spray effects.
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Houston Lighting & Power Company ST-HL~AE-7553

File Mo.: G25
Page 2 of 2

Although there is no evidence of any leakage from aluminum-bronze
components larger than 2 inches, a destructive examination of an 8 inch cast
aluminum bronze butterfly valve and an in-place examination of the crevice
area behind a backing ring on an 8 inch cast weld n.ck flange have heen
couducted. The destructive examination on the butterfly valve co-!irmed that
the depth of crevice corrosion is similar to that observed on the small bore
components. The in-place examination in the crevice area behird the backing
ring on the 8 inch weld neck flange showed only shallow deallcying.

Taken together, these examinations and analyses provide the basis for our
confidence that STPEGS Unit 1 can be ope¢rated without undue risk to the health
and safety of the public. Nevertheless YL&P is working towards a more
permanent solution for small bore fittings and valves. HL&P will have this
solution in hand in time to be implemented prior to fuel loading in Unit 2.
This schedule would support implementation of the more permanent corrective
action prior to the return to service of Unit 1 after its first refueling
outage.

If you should have any questions on this matter, please contact me at

(512)972-7138.

S.L. Rosen
General Manager
Operations Support

MAM/ jks

Attachments: 1. HL&P Report on Evaluation of the ECW System at STPEGS
2. Bechtel Report on Failure Analysis and Structural Integrity
Evaluation of Leaking Aluminum-Bronze Cast Valve Bodies and
Fittings ‘n the ECW System

L3/GT/NL
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Evaluation of the Emergency Cooling Water System
at the South Texas Project

I.  INTRODUCTION

On April 1, 1988, several small bore socket connections in the ECW were
observed to te leaking in a seepage fashion. Corrosion products and wetness
were found on the surface. This discovery resvited in an intensive effort to
determine the scope of the problem, its root cause and the neceussary corrective
actions,

A letter including an Ac*ion Plan was submitted to the NRC on
April 21, 1988 (ST-HL-AE-2632). This plan included investigations into cause of
corrosion, sampling of components by metallurgical sectioning, a review of the
feasibility of non-destructive examination, stress and struccural integrity
analysis, on-going monitoring and the development of a replacement program for
susceptible components in the small bore piping system.

The following is z summary of actions that have been taken to date and those
planned.

II. NATURE AND CAUSE OF CORROSION

On April 11, 1988 three (3) components were removed from the system and
examined for material condition and nalure of the corrosion. The results of
this diagnostic investigation are included in the Bechtel report (Attachment 2).
The following conclusions were reached.

° The nature or corrosior is "dealloying", a phenomenon in wh..h the
aluminum in one ot the micrustructural phases selectively corroded,
leaving the balance of the matrix intact,

0 The material of the cast valves (ASME SB148 Grade CA954) and fittinps
ftypically ASME SB148 G.ade CA952) cortained the Gamma-2 phase. This
condition lends itself to selective corrosion of the Gamma-2 phase,
causing deulleoyiug, in severe corrosive environments.

o The attack was significant at crevices, tapering off in parts away
from the crevice.

0 The chemistrv of the water in the socket crevices as significantly
more acidic than the bulk woter chemistry, thus causing the severe
condition which, in combination with the metallurgical condition of
the materials, resulted in the selective corrosion.

0 Pip‘ng and weld metal had suffered nu corrosion, demonstrated that
alloy CAS14 was not subj2ct to the observed phenomenon.

I11. IMMEDIATE ACTIONS

A program of walkdowns was immediately instituted, which resulted in the
detection of more indications of seepage. The seepages in many cases are
difficult to identify because of the extremely low seepage rates, As a resuit
it took several cycles of inspaction to identify all eaking components. The
baselile has now been establ’shed and the rate ot ~ccurrence of new leaks is low
(See Figure 1). The maximw: leak rate was estimated to be 10 ml/day.

DO8/A3 l




Leaking components were removed from the system and sectioned to
characterize the degree of corrosion and the structural integrity of the system.
Additionally, fittings which had less than 702 margin in design wall thickness
to meet Code stress allowables (under all loading conditions) were replaced to
improve the structural integrity margins of the system. Fittings that were
removed were replaced with spare aluminum bronze fittings or pipe. Replaced
fittings (except the first four removed) were re-heat-treated by annealing and
w ter quenching. Valves were replaced by available spare aluminum bronze
valves. W.en the spare valves were depleted, carbon steel valves (N-stamped in
accordance with ASME Code, Section III, Class 3) were installed.

These replacements restored the small bore system to a leak tight condition
with improved structuril integrity margins. The remaining partially dealloyed
components in the sys.em were analyzed as described below for structural
integrity. The intent is to implement permanent corrective action prior to
startup following the first refue’ing outage for Unit 1 and prior to fuel load
on Unit 2.

IV. EVALUATION Of AREA OF DEALLOYING OF SAMPLES

Removed components were sent to Bechtel Materials & Quality Services for
evaluation of area of dealloying. While most of the components removed had at
least one socket end leaking, the sample included some components which had
neither side leaking, as a result of the location cf the cuts in the piping
system. The sample was thus rardomly selected.

The socket ends were examined for area of dealloying by cutting, polishing
and etching. Tle worst case total area of dealloying was estimated by an
iterative process or progressive slicing and etching. Figure 2 shows, in
summary, the distribution of socket ends that were cut and evaluated in this
fashion,

It has been observed that fittings were, in general, l:ss dealloyed than
valves, which is attributed to the lower aluminum content of the CA952 alloy
vsed in small bore fittings. The total sample of susceptible cast aterials,
contai.ec mostly leaking valves of the CA954 alluy and is thus biased in the
conservative direction,.

V. STATISTICAL ANALYSIS

The results of the measurement of dealloyed area in the sample of 24
leaking and 41 non-leaking socket ends were statistically analyzed to project
the worst case dealloyed area in a previously leaking (replaced) socket end, and
in a non-leaking socket end. It was determined with 95% probability and 957
confidenc leve. that a socket ead in the present non-leaking population has no
more than 557 area dealloyed. The mean area dealloyed is 207 as shown in
Figure 3.

VI, EVALUATION OF STRUCTURAL INTEGRITY

The worst case dealloyed cross section in the curreut population (with
"leakers" and high stress points eliminated) was evaluated for structural
integrity as follows,

Stress Evaluation

Stress analyses wer: performed cn the components conservatively assuming
them to be 100% dealloyed (although the 95X probable worst Ccase is 552
dealloyed). The strength of dealloyed materials was established by tensile

DO8/A3 2




tests as 30 ksi, Calculations were performed with this strength for the
sustained and secondary loeds in accordance with the ASME Code, Section I1II, and
were found to be within Code allowables with significant margin.

Fracture Evaluation and Limit Load Analysis

Additionally, a linear elastic fracture mechanics screening analysis was
performed. The fracture analysis treated the dealloying as a planar flaw which
is highly conservative since there is actually no discontinuity. Brittle
fracture was demonstrated not to be the controlling mechanism.

A limit load analysis fo: plastic collapse was then performed using two
bounding cases: dealloying uniformly distributed in a circumferential plane,
and dealloying concentrated in a worst case bending plane. In &'dition, the
increase in the extent of dealloying three years into the future was also
evaluated, The composite sections, allowing for the specification properties for
aluminum brenze and 30 ksi for the dealloyed section, showed good margins to
failure.

Rate of Corrosion

Attachme ¢ 2 establishes the rate of corrosion based on standard corrosion
models, with the parameters based on observations at the South Texas Project.
It {s assumed conservatively, that the observed corrosion occurred over a 3 year
period, though parts of the system may have been wetted earlier. It is also
assumed, for tne purposes of this projection, that in the worst case, 1007
dealloying occurs over 3 years, although the mean area of dealloying fer the
leaking connections was 48%. This established a rate constant for the corrosion
curve for observed phenomenon specific to the project. The projections of
structural integrity discussed above are based on increased dealloying based on
this projection.

Proof Tests

To establish the load capacity of partially dealloyed components, proof
tests of partially dealloyed components were conducted. The proof tests
subjected whole fittings with partial dealloying to hydrostatic pressure up to
failure. The tests included components that had previously leaked. These
componente did not fail under proof test b1t eventually the leak rate exceeded
the hydrostatic pump capacity. A test on a component witiout leakage resulted
in the failure of a test cap before the fitting. Figuie 4 shows th. results in
summary. It can be seea that the press.re load capacity of partially dealloyed
components (even with prior through wall seepage) is trow 49 to 74 times the
design pressure. This demonstrated substantial safety margin. By comparison,
tie ASME code only requires a hydrostatic test at 1.25 tir=+s the design
pressure.

Tensile Tescts

Tensile tests measured :he strength of the composite parcinlly dealloyea
cross section and of the dea .oyed material itself. Figure 5 if a summary of
these tests, Based on this, i: can be seen that the dea''oyed section has
substantial strength, and contribut2s to the overall loa. carryins capacity.

VII. SHORT TERM PROGRAM

Prior to startup following the first refueling outage on Unit 1, HL&P will
contirue the present augmented surveillance program. Work is continuing to
identify a more permanent solution.

DO8/A3 3



VIII. CORRECTIVE ACTION FOR SMALL BORE COMPONENTS

A more permanent solution for susceptible small bore valves and fittings
will be implemented prior to startup following the first refueling outage for
Unit 1. The more permanent solution for susceptible small bore valves and
fittings will be implemented for Unit 2 prior to fuel load. In preparation for
this, alternate materials are being reviewed and tested. The options being
examined include the following:

0 For small bore fittings - reheat treat available spares to a
non-susceptible conditicn; or frbricate from non-susceptible CA 614
piping.

o For valves - nickel aluminum bronze Grade CA958, 70/30 Cupro nickel
Grade C71500, aluminum bronze castings equivalent to Grade CA6l4 (if
available), certain stainless steels and carbon steel are being
considered. Corrosion and metallurgical checks are in progress to
select the material. Weld overlay of socket ends is also being
investigated.

IX. LARGE BORE SYSTEM (ABOVE 2" DIAMETER)

No large bore components have leaked; however, some contain materials that
have the potential for dealluying. In general, most large bore components have
more wall thickness. The following is a review of the potentially susceptible
components,

Fittings
Most fittings are wrought products of the CA6l14 type. This alloy is

demonstrated to have no dealloying. Most fittings are also free from crevices.
The excepticns are an estimated 42 weld neck flanges ard reducing tees installed
with backing rings. One backing ring was removed and ihe area under it
examined. A superficial depth of dealloying of 0.015" was found. It appears
that backing rings do not promote the same kind of tight crevice corrosion
environment as do small bore sockets. The CA952 alloy is used in fittings is
less susceptible to dealloying than the CA954 alloy used in valves.

Valves

A high percentage of valves are of the wafer butterfly type which have
substantial wall thickness. A sample valve was examined for dealloying.
Dealloying up to a depth of 0.15" was found, however these components have a
substantial margin to the design minimum wall thickness. The crevice geometry
is primarily at the gasket,

Pumps
The ECW pump discharge elbow and 2ome internals are aluminum bronze
castings. The ECW screen wash booster pump body is an aluminum bronze casting.
Some deallcving indication was cbserved on the flange face of the booster pump.

Heat Exchangers
The tube sheets and channels of CCW Heat Exchangers and of the essential
chiller condenser are plate materials of type CA614, a non-susceptible alloy.

Structural Intejrity of 'aize Bore Components

Stresses at large bore welas with cast cowponents and backing rings were
reviewed for design margins and found to be acceptable per ASME Code
requirements assuming 1007 dealloyed sections,.

DO8/A3 4




Using methods similar to those used to evaluate small bore fittings,
structural integrity of large bore components was established. Adequate margins
were demonstrated.

It is therefore concluded that large bore components have no structural
integrity issue.
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' ECW LEAKS SUMMARY CHRONOLOGY

NUMBER OF LEAKING COMPONENTS

DATE TOTAL CUMULATIVE REPLACED REMAINING

4,/08/88 50 :

4/11/88 2

4/15/88 64 64

4/16/88 9 (TRAIN C 55
OUTAGE)

4/19/88 77 66

4/20/88 8% 74

4/22/88 26 (TRAIN A 48
OUTAGE

4/26/88 g9 52

5/02/88 90 53

5/09/88 90 26 (TRAIN B 27
OUTAGE{

* 5 NEW LEAKS IDENTIFIED BUT A PREVIOUS LEAK DETERMINED TO BE A
CASTING INDICATION

FIGURE 1
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PROOF TESTS

MAXIMUM PRESSURE
CROSS SECTION FAILURE* RATIO
LEAKER/ AREA PRESSURE FAILURE
iITEM NONLEAKER SIZE DEALLOYED PSI TO DESIGN
COUPLING L 2" 38% 8950 74.6
TEE L - 52% 5900 49.2
ELBOW NL 2 0% 6500%» 54.2

*FAILURE WAS BY LEAKING FASTER THAN THE 200CC/MIN. PUMP

COULD KEEP UP WITH.
CALCULATED THEORETICAL BURST PRESSURE 1S 6800.
(ASSUMING NO DEALLOYING & NOMINAL TENSILE PROPERTIES)

**+ TAILED AT WELD TO CARBON STEEL END PLATE

FIGURE 4
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This report presents the metallurgical failure analysis and the structural
ioteprity evaluation of the leaking aluminum-bronze castings in the Essential
Cooling Water system (ECW) at the South Texas Project (STP) Unit No. 1.

The failure analysis of two valves (one leaker, one non-leaker) and one fitting
consisted of metallurgical cross sections, heat treatment studies, chemical and
X-ray diffraction studies, microstructure analysis and the verification that
the field replication procedure is satisfactory on aluminum-bronze. The
failure analysis revealed that the leaks are caused by dealloying corrosion.
The plain aluminum-bronze alloys in use (952 and 954) are susceptible to this
form of corrosiow.

The structural integrity evaluation consisted of cross sectioning and mapping
the dealloying in 32 additional castings, performing miniature tensile tests on
castings with known dealloying, performing proof tests on three fittings, two
containing through wall leakage, and a statistical analysis of the extent of
the dealloying plus fracture and limit load analysis.

The metallurgial and structural integrity analysis has demonstrated that the
material *as significant margin against failure for the design loading
conditions. Proof tests of ac‘ual components with dealloying demonstrated load
capacity on the order of 50 times the design pressure.

Key sords

dealloying
aluminum-bronze

1071w
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1.0 FAILURE ANALYSIS OF FIRST THREE SAMPLES

1.1 Introduction

On April 1, 1988, weeping type leaks were found in valves and
fittings in the 2 inch and smaller piping in the Essential Cooling Water System
(ECW). This was ino unit number 1 of the South Texas Project (STP). To date,
90 of tie approximately 800 valves and fittings have signs of weeping. The
weeping is limited to the valves and fittings, which are all aluminum-bronze
castings. The aluminum-bronze piping and welds shkow no sign of weeping. This
i{s consistent with the literature that shows that alloys with less than
8 percent aluminum (wrought pipe and weld metal) are resistant to dealloying
and alloys with greater than 8 percent aluminum (valve and fitting castings)
are subject to dealloying under certain conditions.

Bechtel's Materials and Quality Services was initially requested
to perform a failure analysis of a weeping valve and a fitting. The intent of
this initial analysis was to identify the mechanism that is causing the weeps
and the underlying metallurgical, design and environmental factoss that led to
the failuves,

1.2 Conclusions of the First Diagnostic Phase
A. The leaks are caused by dealloying corrosion going through the wall
of the cast valve or cast fitting.

B. Only castings have any sign of dealloying.

C. There is no sign of dealloying corrosion in either the weld metal or
the wrought Al-bronze pipe.

D. The greatest amount of through-wall corrosion occurs in the region of
the crevice and gap between the pipe and valve or pipe and fitting
(socket end).

E. The metallurgical microstructure of the valves and fittings is a mix
of three phases: alpha, beta and gammajy. It is the aluminum in
the gammaj; phase that is preferentially corroded. The
microstructures examined to date have a complete network of gammaj
so that there is a path through the casting for dealloying to cause
leaks.,

F. Forced air cooling as specified by the supplier's procedure does not
prevent the formation of the gammay phase, which is susceptible to
dealloying.

G. The chemistry of one valve body was check analyzed and was in
confurmance with the specification, ASME SB-148 CA 954.
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The corrosion products are as expected. They contain aluminum, iron,
calcium, and copper. There is some evidence of CGallionella in the
corrosion products. To date, we have found no evidence that this
known iron bacteria has any effect on Al-bronze.

The identification of the phases (alpha, beta and gamma)) is based
on:

1. Sample photomicrographs provided by the material supplier (see
Figure 1.2a).

2. Heat treating three samples from a valve, and cooling them in
water, air and in the furnace, and comparing their
microstructures.

J. Metallurgical plastic replicas were taken from a laboratory specimen
and directly from an elbow. A comparison of the photomicrographs
taken at 480X of the lab specimen and the two replicas shows them to
be essentially the same.

K. Field replicas can be used to nondestructively determine the
microstructure of Al-bronze castings.

L. The pH of the residual water inside valve EwW-0269 (serial No. 61-382)
was 6.0,

M. The fittings and valves are experiencing dealloying corrosion because:

1. The microstructure contains the gamma) phase which is
susceptible to dealloying.

2. The pH in the crevices due to the electrochemistry of the crevice
is acidic, which promotes dealloying.

N. The blocides and othe: water treatment chemicals do not appear to

have promoted the dealloying. (See Appendix A for typical cooling
water chemistry logs.)

1.3 Materials
A. The valve bodies are specified to be cast aluminum-bronze to
specification SB-148 CA 954 (10 - 11.5 percent al.ainum).
B. The fittings are specified to be cast aluminum-bronze to
specification SB 148 CA 952 (8.5 - 9.5 percent zluminum).
C. The pipe material conforms to SB 169 C61400 (6-8 percent aluminum).
1.4 Evaluation Methods

A. The as-received pleces were photographed and are shown in Figure 1.1.
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B. In order to properly interpret the microstructure of Al-bronze, two
actions were taken. The supplier of the raw castings was asked to
send us photomicrographs oi the typical microstructures of
Al-bronze. Figure l.2a is the information from them. Second, three
small samples from Valve EW-0269 (serial No. 61-382) were heated
above 1100°F for one hour. One sample was cooled in water, one in
air and one was left in the furnace and slow cooled by turning oft
the power. Figure 1.2b shows the microstructure of the three

specimens.

C. Cross sections were taken through the valve that leaked, the fitting
(elbow) that leaked apd the valve that did not leak. Table 1.1
compiles all the information obtained from t* s work and references
the applicable figures that show the microstructures and
macrostructures.

D. The chemistry of Valve EW 269 was determined. The results are listed
in Table 1.2.

E. The residue in the socket weld crevice in the eibow was analyzed by
EDAX for elements and by X-ray diffraction for compounds. The
residue was also analyzed for bacteria that are known to be active in
microbiologinally influenced corrosion. The results are in Table 1.2.

F. When Valve EW 269 was unpacked, it was found to have been sealed up
by plastic bags and tape. There was still a slight amount of
moisture trapped in the valve. The pH was measured witl litmus paper
and was pH 6.0,

G. It is common practice to use a technique called replication at a
field location, when a metallurgist wants to know the microstructure
of a piece of equipment but can't cut out a sample of material. This
method is well understood for carbon and stainless steels. In case
it was needed in the field, a test was made to be sure that the
techniques also work for Al-bronze. The standard field replication
techniques for grinding, polishing and etching work quite well.
Replicas were taken from a laboratory specimen and from an elbow
polished and etched as if it was being done in the field. The
photomicrographs of the two replicas and of the actual plece of
material are almost identical (see Figure 1.6).

H. The chemistry as well as the pH of a saturated solution of welding
flux were taken to determine if the flux might have been the source
of the low pH.

1.5 Discussion of Results

A. The study to determine the visual appearance of the three phases

(alpha, beta and ‘llld%) was completed in a satisfactory manner. A
comparison of the sample photograph from the supplier and the

photomicrographe prepared by Bechtel show how to ideantify the three
phases. The cross sections show several thinge:
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c.

D.

The valves and elbows contain gamma; phase, which indicate that
the forced air cooling per the supplier's procedure did not
prevent its formationm.

2. The microstructure of a fitting that war tempered and forced air
cooled by Bechtel was identical to the as-received material.
This confirms that forced air zooling does not prevent the
formation of gammaj.

3. Dealloying is the corrosion mechanism that is causing the leaks.

The chemistry of the base metal is as expected, as was the analysis
of the corrosion products. The influence of MIC on this problem is
unknown. Gallionella was found in moist residue in the crevice of
the elbow.

The pH of the sample of residual water found in Valve EW 269 was
slightly low. The site records show a pH of 8 to 9 for the system.
However, it was reported that a pH of 4 was measured in the water
weeping from a leaking valve. This low pH is most likely a result of
the electrochemical effect of the crevice.

EDAX analysis of the welding flux reveals significant amounts of
fluorine and sodium and lesser amounts of aluminum and silicon. Wet
chemical analysis revealed 1.01 percent boron. The pH of a saturated
solution both of as-received and of high temperature baked flux
dissolved in distilled water (pH 6) was pH 7.2, i.e., the flux is

basic.
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TABLE 1.1

ANALYSIS OF CROSS SECTIONS OF

INITIAL SAMPLES

SERTAL NO. VALYE OR TYPE OF WORST CASE LOCAL METALLURGICAL LOCATION PHOTOMICROGRAPH MOUNT
PROJECT FITTING, CROSS PENETRATION OF STRUCTURE OF CROSS NO.
10 w0, HEAT wNO. SECTION DEALLOYING SECTION
61-382 Yalve Clrcumference 27 Alpha Fig. 1.3 Continuous network 7040
100 to 200 and gamma, of Jamma
degrees 0.12 In. 501/50% dealloying and
269 HS174-44 Leaking ends ainor pits
61-382 Yalve Longitudinal 1008 Alpha and Fig. 1.3 Dealloying s "u* 7041
# 180 degrees plus Gamea shaped. Continu-
0.025 in. on ous network of
the 00 and gamma, in valve.
o 269 HS174-44 10 50/50% Teaking end Pipe and weld
no gamms
61..82 Valve Long{tudinal None Alpha and Fig. 1.3 No dealloying 7042
® 180 degrees qamma, continuous
thry bronze and small grey network of
valve and dots in both Jamma
carbon steel phases
pipe ldrain $0/50 No Teak
v 269 W51 74-44 connection)
466-185 Valve Longf tudinel sox Alpha Fig. 1.4 Dealloying 7043
® 180 degrees Some were gamma continvous
Bronze valve to 253 and beta. A
to bronre Small grey dots network
pipe in both phases
soa/50t Mo Tesk
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TABLE 1.1 (cont'd)

SERIAL NO. YALYE OR TYPE OF NORST CASE LOCAL METALLURGICAL LOCATION PHOTOMICROGRAPH MOUNT
PROVECT FITTING, CROSS PENETRATION OF STRUCTURE OF CROSS NO.
10 wO. HEAT NO. SECTION DEALLOYING SECTION
Eibow Long! tudine) 1001 Alphs and Fig. 1.5 Ganma , network 7044
® 180 degrees #® socket 8 gamwma, semi -continuous.
Bronze elbow weld gap. Dealloying ¢
to bronre 9ap
pipe
H9528-11 701/30m Leaking end
£1bow Circumference 60% Alpha and Dealloying on 7045
100 %o 200 Gamea 5 I on the entire
degrees spec fmen.
70% alpha/
H9528-31 30T gasma, Leaking end
E1bow Long! tuainal L1 Alpha and Dealloying on the /D46
) degrees away Gamma 1D around the gap
from leak and and down toward
back from gap weld
70T alpha/
H9528-31 301 gawma Leaking end
Ebow Circumference o Alpha and Dealloying un 1D T047
extrados Small spot qamma
Remainder 135
one or two 70T alpha/
n9528-31 grains deep 1D 30% gamma, No leak




TABLE 1.2

CHEMICAL ANALYSES

1. Base metal of Valve EW-269 by emission spec.

Element Cu Al Fe Mn Ni

% Weight 84.9 10.6 4.25 0.11 0.06

2. Corrosion product analysis by EDAX

Element Al Fe S Ca Cl Si Cu

% Screen Height 100 100 20 20 15 10 8

3. Corrosion product compound analysis by x-ray diffraction
1/2 (Fey03 = H0)
CaC0j3

These are the only compounds with strong patterns. Since the EDX results
show a strong line for aluminum, the only aluminum compound that has a very
weak crystal pattern is Al(OH)3. It should be noted that this compound

is most commonly the result of the corrosion of aluminum.

4, Bacterial analysis of the corrosion product revealed evidence of
Gallionella, which is one of the bacteria known to be involved in the
corrosion of steel and stainless steel.
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Valve EW 269

Serial No,

Value handle €@ (o
Leak @ 180°

LEAK

61-352

Valve EW 315

Serial No.

Value handle @

Leak in Fitting
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2.0 STRUCTURAL INTEGRITY

2.1 Introduction

During the period prior to completion of replacement, STP asked Bechtel to do
an analysis of the system in the current ard future corroded condition on tle
basis of statistical probability of the condition of the system based on
analysis of samples of leaking and non-leaking joints. In addition, Bechtel
was asked to analyze the system from an ASME Code standpoint and from a
fracture mechanics standpoint. Finally, proof tests were conducted to
determine the inherent margins.

2.2 Statistical Analysis

In order to obtain data for statistical analysis, 65 component ends were
sectioned circumferentially and longitudinally. Longitudinal cross sections
were used to confirm the observation that the worst dealloying areas were the
socket weld crevices. Additional circumferential cross sections were used to
determine the maximum amount of dealloying. This was accomplished by making
circunferential cross sections of the crevice area and polishing until the
greatest amount of dealloying was found. Typical circumferential and
longitudinal cross sections are shown in Figures 2.1 and 2.2. A summary of the
data obtained is contained in Table 2.1.

The data in Table 2.1 were used to perform a statistical analysis. The
procedure used and results obtained are described im the following sections.

2.2.1 Classification of Samples

The circumferential cross section for each end of the sampled fitting
was classified from observations as a leaker or a non-leaker. Thus, the extent
of dealloying for the leaker ends sampled represents the condition of any valve
or fitting socket that was currently found leaking on the ECW system. The
extent of dealloying for the non-leaking ends sampled represents the extent of
dealloying of the current ends after the leakers were removed,

The results of the samples, presented on Table 2.1, are also shown on
Figure 2.3.

2,2,2 Confidence Level
It is necessary to insure that the sampled fittings adequately represent

the whole population of fittings. Therefore, the degree of confidence has been
estimated.

1073m
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From the sample, a probability p of finding a certain fraction dealloyed
in a socket end is determined. This probability is then used to estimate the
probability P of finding a certain fraction dealloyed in the population. The
standard error of proportion is determined using the following relation:

s .J pL - p) J N-n (equation 2-1)
P n H=3

where:

N is the population size,
n is the sample size, and
p is the probability cf finding a certain fraction dealloyed.

The error of estimation E for a 95% confidence level is found by using:
E = 1.96°sp (equation 2-2)

Therefore, the probability P of finding a certain fraction dealloyed in the
population of fittings is given by:

Pep+E (equation 2-3)

From Equation 2-1 it is seen that as either the sample size approaches
the population size or the probability approaches zero, or one, the error band
will approach zero. To assure a 95% confidence level for a 95% probability we
will solve equation 2-1 such that p + E = 0.05. The proportion of non-leaking
socket ends exceeding 59.08% dealloying is estimated to fall between 0% and 5%
(1.044% + 3,956%) while the proportion of leaking socket ends exceeding 92.25%

dealloving is estimated to fall between O and 5% (1.243% + 3.757%).
2.2.3 Sample Distribution

The data presented on Table 2.1 were used to generate Figure 2,4, In
this figure, the percent of exceeding a certain fraction of the cross section
being dealloyed is plotted for all samples taken. The leakers and non-leakers
are plotted separately along with the combination of all samples. As shown on
this figure, the leaking ends have & higher percent of the cross section
dealloyed than the non-leakers. Thus, it can be deduced that replacement of
the leaking socket ends will remove the number of fittings with high dealloying
and the remaining population will be characterized by the non-leaking data.

1073w
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2.2.4 Leakage as a Function of Dealloyed Cross Section

As shown above, the leaking socket ends have correspondingly more of the
cross section dealloyed than the non-leaking socket ends. Therefore, an
attempt to determine the fraction of leaking socket ends as a function of
dealloyed cross-sectional area is made. For this purpose, the probability
distribution function of socket ends as a function of dealloyed cross section
area aeeds to be determined.

Some assumptions must be made concerning the possible shape of this
probability distribution function. Originally, the socket ends had little or
no dealloying, thus the distribution function was narrow near zero. As tipme
went on and corrosion set in, more and more sucket ends were being dealloyed.
This process can take the shape of an exponential or Weibull distribution
function. As more and more fittings are dealloyed, the median shifts towards
higher values and the shape changes towards a normal or log=-normal
distribution. From the data obtained from the sample, it can be seen that the
non-leaking socket ends can be characterized by a Weibull distribution, while
the leaking socket ends approximate a normal distribution.

The above distribution functions were then used to determine the
percentage of leaking socket ends that can te observed as a function of cross
section dealloying as shown on Figure 2.5.

2.3 Stress Evaluation

To establish the margins existing in the original design a review of the
stress analysis of the small bore ECW system was performed.

In addition to this review further calculations were performed to
determine the margins that exist when the stresses are compared with the
minimum properties of the dealloyed material as determined by testing.

2.3.1 Objectives
The specific objectives of this task were as follows:

1) to review the original design calculations and establish the
original design margins.

2) to demonstrate existing margins for dealloyed fittings using ASME
Section IlI methods and the minimum properties of dealloyed
materials as established by tests.,

2.3.2 Analysis Assumptions

The original design bases for the small bore Al-bronze piping are
established through ASME Section III Subsections NC 3600. In this particular
analysis method stress multipliers or stress intensification factors (SIF) are

used to account for geometric discontinuities. All stresses in the original

1073m
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design analysis are referenced to the section properties of the piping
material. For purposes of the stress review, the results of the original
analysis for equations 9 and 11 of ASME Section 1II were reviewed and compared
to allowabls design stresses.

For equation 9B, the primary stress equation due to pressure weight and
Operating Basis Earthqu-ke (0BE), the allowable stress is 21.6 ksi and for
equatioa 11, the effect of pressure, weight, other sustained load and thermal
expansion, the allowable stress is 45.0 ksi.

To evaluate the margins that exist between design loads and actual

material properties tensile tests were performed on material that was up to
100 percent dealloyed. The average ultizate tensile strength for the

100 percest dealloyed material was 30 ksi.

In the evaluation of actual stresses that exist in these fittings a
value for SIF bas been applied to the crevice location. The values for SIF
have been established from the Referemce 2 and Reference 3. In all czses the
larger value (conservative case) from either reference was used.

Finally for the stress evaluation, ASME III Appendix 11l was used to
establish a value for Sy, a value of the quarter of the vltimate tensile
streagth of 100 percent dealloyed material (7.5 ksi) was used.

The ASME Code equations with stress multipliers to account for geometry
discontinuity due to dealloyed paterial are outliped below:

EQ9: Cp 0.75(Cy) "o 98 < 1.28

!

13

R 0.75(C.)
bGte

-
-

i:Design Pressure = 120 PSI

+Peak Pressure = 40 PSI

Minimum Fitting Wall Thickness Per ANSI Bl6.11

iMinioum Section Modulus of Fittimg = R 2TF

{de Diameter of Fitting
for Pressure Stress (= 2.74) Fer Referen

plier for Pressure Moment Stress (= 3.42) Usizs
Reference 2 or Reference 3

.,,l
My iResul
M.tRange of Resultant Momeals Due tc¢ Thermal Ex

3

240
3 1) = 7.5 ksl per ASME Section III Appendix
t
t
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2.3.3 Analysis and Results

The original ASME Section III analysis was reviewed and stress values
compared to allowable values for the original material. These results are
shown in Figure 2.5 The stress ratios presented in the Figure 2.5 illustrate
the fraction of the total allowable stress that exists in each fitting under
the design conditions of sustained plus secondary loads.

It can be seen from these data that there are significant margins
existing in the original design. The highest stress in the ECW small bore
piping is about 77 percent of the code allowable stress. It can be seen irom
Figure 2.5 that in all cases these stress ratios show adequate stress margins.

An alternative design criteria was established with which to compare the
calculation results of equations 9 and 11. In this case the allowable stress
was based on the average ultimate tensile strength of 100 percent dealloyed
material. This valve is 30 ksi. Consistent with ASME Section III Appendix
111, a value for Sy was established as one quarter of this value or 7.5 ksi.
The stress allowables for equation 9, using ASME III Sections NC 360 are 1.2
Sy or 9 ksi and for equation 11 the value is 18.75 ksi. Re-analyzing the
system with this design basis gives the results shown in Table 2.4 and Figure
2.4, In this table and figure the calculated stress valves have been compared
to the average ultimate tensile strength as defined by tests. Again it may be
seen from Table 2.4 and Figure 2.4 that in all cases significant margins exist
between the sustalued plus secondary loads and the available material tenmsile
properties,

2.3.4 Conclusions

Based on the margins that exist in the criginal design condition, the
reevaluation of stresses using fitting section properties and tensile
properties from dealloyed material tests, all fittings are acceptable from the
stress point of view. This is the case even when the worst case Stress
Intensification Factors (SIF) values for fittings are used from the published
literature. This result stems from the initial design margins illustrated in
Figure 2.5, the effect of the increased section properties of the fitting (as
compared to the pipe properties that were used in the original design analysis)
and the low operating pressures at the ECW system.

2.4 Fracture Mechanics Integrity Analysis

2.4,1 Intreduction

The ASME Code design rules for piping provide margins against failure
for loading conditions encountered during normal service as well as postulated
conditions such as selsmic loads and abnormal events. In assessing the
structural integrity of partially dealloyed aluminum bronze piping components,
a conservative evaluation has been performed to assure that adequate margias
still remain. This was accomplished by evaluating the coandition where the
dealloyed region is assumed to have lost its load carrying capacity and will
behave like a crack-like flaw., Under these conditions, flaw evaluation
procedures similar to Section XI of the ASME Code have been applied.

107 3m
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Unlike some carbon steels and low alloy steels, aluminum bronze is
inherently ductile and tough. This stems from its crystal structure which is
like that of Type 304 stainless steel. Thus, the fracture resistance of
aluminum bronze is expected to be high and the affected fittings will be
relatively insensitive to material flaws such as cracks.

2.4.2 Linear Elastic Fracture Mechanics

Although aluminum bronze is not expected to behave in a non-ductile
manner, linear elastic fracture mechanics techniques (LEFM) were used to
establish the load carrying capacity of partially dealloyed fittings when the
dealloyed region is treated as a crack-like flaw. When LEFM principles are
applied, the flaw tolerance of the component can be quantified in terms of
applied stress, flaw size and shape, and the fracture toughness of the
material., By defining any two of these parameters, the third parameter can be
quantified by fracture mechanics relationships. Selection of conservative
values for fracture toughness, and a conservative representation of the size
and extent of dealloying as a flaw, will give a conservative determination of
the structural capacity for a partially dealloyed fitting. In terms of LEFM,
crack instability (or propagation) is predicted if the following condition is
satisfied:

K1 >/ Kle

where K; = applied stress intensity factor (a function of stress and
flaw and part geometry)

and Kj. ® critical stress intensity factor (or fracture toughness)

K1. is a material property which can be determined through testing,

like a yield strength in a tensile test. In this case, Kj. data or any other
toughness data (such as Charpy V-notch impact properties) for alusinum bronze
are not readily available. However, based on test data of alumioum bronze
welds in 10- and 30-inch diameter cooling lines given in Reference 4, it is
estimated that K. for aluminum bronze is in the 150 - 200 ksivin range. The
cast product form has somewhat lower toughpess. It is comservatively estimated
that the lower bound toughness is 65 ksivin., based on discussions with several

sources.,

K; can be expressed, in simplified terms, as follows:

Ky = C Fyrra

where 0 = nominal stress
a = crack size
F = functional relationship that accounts for flaw shape,

body geometry and type of loading.
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The relationship between critical bending stress and dealloyed area was
determined for the case of two limiting cunditions: a complete 360 degrees
circumferential dealloyed region originating from the inside surface, and a
through-wall dealloyed region extending part way around tue circumference. 1In
directly applying LEFM to these conditions, the dealloyed regions were

conservatively mod lled as flaws, debonded and without any load carrying
capacity. The methods contained in Reference 5 and 6 were used to estadblish

the stress intensity factors for these flaw geometries. The capacity of the
remaining uncracked section for the two limiting cases is shown in Figure 2.1
as a function of the extent of dealloying (cracked cross-section) and two lower
bound estimates of fracture toughness. Even for the lowest value of K¢
assumed (i.e. 65 ksi Vin), significant load-carrying capacity remains for
through-wall flaws exceeding 50% of the circumference or 4.6 inches in suriace
flaw length.

For the summary stresses given in Table 2.3, the computed through-wall
flaw lengths that can be tolerated in the system are as follows:

Nominal Pipe Size Socket Tolerable Size

(inch) Diam. Circumference Percent Degrees
3 175 5.50 >65 D234
2 2:75 8.64 59 212

It is reasonable to assume, given the conservative nature of the LEFM
evaluation assumptions, that non-ductile failure of partially dealloyed
material is not an issue of concern. It is therefore concluded that adequate
toughness exists to prevent fracture of ECW systenm fittings and plastic
collapse is the governing failure mode.

2.,4,3 Limit Load Analysis

Because sufficient fracture resistance exists in partially dealloyed
fittings to allow for utilization of the inherent tensile strength margins in
the ECW system design, the structural integrity for a net-section plastic
collapse failure mode was evaluated., The two previous limiting cases of
part-through and through-wall partially dealloying were again analyzed by
assuning no load carrying capacity of fully-dealloyed regions. The bending
stress for net-section plastic collapse was established from Reference 7.
Reference 7 provides the technical basis for the flaw evaluation procedures of
Paragraph IwB-3640 and Appendix C for austenitic piping given in Section XI of
the ASME Code.

For a material flow stress defined as the average of the specified
plnimus yield strength and ultimate tensile strength for the lowest strength
alloy, the tolerable levels of part-through dealloylng uniformly distributed
around the circumference are shown in Figure 2.2. Ample bending capacity is
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observed up to dealloy depths in excess of 80 percent eve when the residual
strength of 100 percent dealloyed material has been neglected. When the
strength of dealloyed material is used, the bending load capacity of the
fitting is computed to be approximately five times the worst case design
loads., This is shown by the horizontal line in Figure 2.2.

The through-wall dealloyed model, as shown in Figure 2.3, gives a lower
prediction of bending stresses to cause plastic collapse tian the 360 degree
part-through model; however, significant margins are still calculated fou
through-wall dealloying extending 180 degree around the circumference. Again,
Yecause the strength of the fully dealloyed material is esignificant, the
available bending load capacity will be greater than these conservative
calculations and will not fall below the case of the fully dealloyed condition
(See again Figure 2.3).

2.4.4 Summary

Based on LEFM analysis under the conservative assumption that dealloyed
regions are detonded and will behave as cracks, very large amounts of
dealloying can be tolerated in small bore fittings without a concern for
pnon-ductile faiiure. Similarly, on a plastic collapse basis there is adequate
strength even in the fully dealloyed condition to support the intended design
loads with sutficieut sufety margins. It is reasonable to conclude that, based
on the above analyses, the components will have significant integrity and
margin against failure, for the design loading conditions.

2.5 Proof Tests

A leaking coupling, a leaking tee and a non-leaking elbow were selected
for tests to failure. Steel plates were welded onto the open ends and then
they were subjected to increasing water pressure. The two leakers failed by
leaking faster than the pump (200 cubic cm/minute) could keep up with it rather
than by breaking. The non-leaker failed by the end plate blowing cff. The
pressure to cause failure was as follows:

Percent of Cross Section
Dealloyed at Area of

Iten Condition Maximum Attack Area Failure Pressure
(percent) (psi)

Coupling Leaker 38 8950

Tee Leaker 52 5900

Elbow Non-Leaker 0 6500

The failure of the tee was at the weld we made to seal the casting. The
welder noticed the casting material was difficult to weld (presumably because
it was dealloyed at that point) and indicated he felt it would fail at that
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closure. Therefore, we feel the coupling failure where the closure welds were
made on wrought pipe is most representative of the pressure carrying capacity
of the leaking dealloyed Al-bronze. For a pressure of 8350 psi in the 3.03
diameter coupling, the stress in the 0.255 inch wall to cause failure is

49.54 ksi. This is three times the design stress of 15.7 ksi. A conservative

reference burst pressure was calculated by the following equation from
Reference d:

g0, Pyl lo W
The calculated burst oressure was 6800 psi. Therefore, the "proof” strength of

the coupling exceeded the reference burst strength of a sound casting.

2.6 Dealloying Rate Studies

The dealloying rates reported by Upton in reference 9 are as follows:

Twelve month tests
Heat Treatment Maximum Corrosion Rate (mpy)

Aater quenched 0.02 - general
0.03 in crevices

As-received bar stock 0.03 general
0.15 in crevices

Furnace cooled 2.0 mpy

Ferrara and Caton report in reference 10 a maximum dealloying rate of 30
mpy after or- year and 22.5 mpy after two years., Both Upton's and Ferrara's
results are lower than the 44 mpy average and 83 mpy maximum estimated at STP.
The maximum rates are based on the assumption that dealloying occurred in 3
years to 100 percent of the wall and the average rate assumes 50 percent. The
STP socket data are plotted in Figure 2.6 based on the commonly used expression
for corrosion rate:

V'Klt_xz
where V = corrosion rate in mpy
Ky *= 1/2 )
K1 experimentally determined = 1.36 x 10% for

STP sockets
t * time in hours
The data from Ferrara and Caton and from Upton were used to validate the

form of the equation.
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Table 2.1
Statistical Sampling of ECW System Fittings

Percent of Cross-Section Area
Lost to Dealloying

Leakers Non-Leakers

Valves o
EW102 A 43

B 47
EW103 A 24

B 0
EW104 A 54

B 10
EW105 A 30

B 10
EW335 A 4

B 37
EW337 A 59

B 21
EW338 A 10

B 22
EW369 A 24

B 3
EWl16 A 9

B 6
EW126 A 52

B 82
EW415 A 8

B 29
EW323 A 54

B 13
EW235 A 46

B 2
EwW031 A 35

B 37
EW332 A 5

B 17
EW214 A 88

B 20
EW115 A 59

B 38
EW01/ A 67

B 18
EWll4 A 0

B 0
EW351 A 1

B 11
w215 A 68

B 3
A8 A C

B C
DAS A 80

B 19
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Table 2.1 (continued)
Statistical Sampling of ECW System Socket Ends

Percent of Cross-Section Area
Lost to Dealloying

Leakers Non-Leakers

Valves (continued)
102 A 19

B 36
MA13 A 57

B 44
A2 A 62

B 64
L0582 A 29

B 28
Tees
T337 A 0

B 0

C 0
T338 A 47

B 37

C 32
Burst A 52
Test B 38

C L8
Couplings
C-6 A 38
MA.2 A 50
Total Sampled 24 41
Mean Percent Dealloved 48,79 19,39
Standard Deviation 21,02 17,39

107 3m
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(1)

(2)
(3)
(4)
(3)
(6)
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Table 2,2

Design and Operational Data for the Aluminum

Materials:

Pine size:
Temperatures:
Pressure:
Fluid:

Design Code:

Bronze Cooling Water Piping

Pipe and Couplings CA61400 (SB 169 or 150)
Valve bodies CA95200 (BA 148 or 271)
2-inch NPS and smaller, Schedule 40

150°F maximum design; 160°F operating

120 psi maximum design; 41 psi operating

Brackish Water

ASME Section III, Class 3



NOMINAL
FITTING SIZE
(IN)

1/2

bl

*NOTE: Fitting stresses listed are the highest (worst case) stresses calculated without
The

SUMMARY OF

DESIGHN
PRESSURE

(PSIG)
120
120
120

120

TARLE ?

OPERATING
PRESSURE

(PSIG)
40
40
40

40

2

>

DIMENSIONS
Do <
aN)  (aw
1.223 0.184
1.778 0.224
2.415 0.250
2:952 0.273

FITTING DIMENSIONS AND HIGHEST STRESS LEVELS

FITTING STRESSES* (ksi)
_Pm_ Pb Pe
0.20 0.72 -
0.24 4.27 1.16
0.29 1.96 2.11
0.32 4.26 1.81

distinction among service level (i.e., normal, upset, emergency or faulted).

stresses are summarized in categories of primary membrane (Pm), primary bending

(Pb), and thermal expansion (Pe) with SIFs removed (i.e.

unconcentrated) to be

consistent with evaluation definitions of IWB-3640 and proposed IWB-3650.



TABLE 2.4

STRESS EVALUATION
TOTAL NUMBER TOTAL NUMBER OF FITTINGS STRESS RATIO:
i v OF MEET MAX STRESS
SIZES FITTINGS ALLOWABLES ** 30 KSi
3" £EQ.9 074
l/?” 13 - EO.“ .039
£EQ9 289
56
EQ.n .19
1 56 2
o 60 £Q.9 181
- £EQ.n 283
wn 1w 60
£EQ09 326
i EQ1 276
o 154
TOTAL 283 283
NOTES:
1. ™ ONE OF THESE FITTINGS 1S Y4 4. EQUATION 11 ALLOWABLE IS (Sa + SW)

. Sa = (1.25S¢ + 0.255mw
2.77Sn <Y 30 s ) 5. TOTAL NUMBER OF FITTINGS ABOVE
3. EQUATION 9 ALLOWABLE IS 1.2 Sw REPRESENTS STRESS DATA POINTS EXCLUDING
THOSE FITTINGS AND VALVES REPLACED
| AND/OR DELETED
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BENDING STRESS AT PLASTIC COLLAPSE, Py (KSD

70

20

Neglects

of Dealloyed Region

]’ 1 l Ll ‘] L l 1 l T [ I ] 1

360" PART-THROUGH WALL DEALLOYING j

- Pm - 1.04 K31

R — 00 X DEALLOY
0y - 30 KSD -
[3—-0 % DEALLOY -
(O - 45 KSD .
The Strength
Based Upon
100% Dealloyed

Strength

PERCENT DEALLOY, */t x 00 0
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SOUTH TEXAS PROJECT — UNIT 1
ALUMINUM BRONZE FITTING STRESS RATIO TO ALLOWABLE
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