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TACKLING THE SINGLE-PHASE EROSION CORROSION ISSUE

V. K. CHEXAL
W. H. LAYMAK
and
J. S. .HORO\HTZ

Electric Power Research Instftute
palo Alto, California :

INTROOUCTION

In December 1986, a pipe burst in a U.S.
nuclear power station. This accident: was the
result of pipe wall thinning (metal loss) due to
flow-assisted corrosion. This phenomenon, known
as erosion-corrosion, is complex and depends on
the interrelationship of water temperature,
water chemistry, the alloy content of the steel
the flow velocity and the geometry of the flow
path (straight, bend, tee, etc.).

Another instance of pipe rupture i due to
single phase erosion-corrosion occurred under
similar conditions at a fossil plant in 1982.
In light of the seriousness of pipe bursts in
high energy lines and the potential for it to
occur at any plant, the challenges to EPRI were
{1} to find ways to determine where single phase

erosion-corrosion most likely has occurred in '

piping, (2} to define accurate and low-cost
methods to carry out inspections, and (3) to
identify techniques for preventing further prpe
degradation,

The Nuclear Management and Resource Councﬂ
(NUMARC) and EPRI have des1gned an inspection
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“plants} are expected to have CHEC in use by mid-

1988. The correlation between CHEC predictions
and plant data i{s good. The code is predicting
erosion-corrosion rates within a + 50% band,
given accurate input data. This agreement {s
much better than other known erosion-corrosion
correlations.
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o Designing new piping systems that are less

1ikely to be damaged by erasion-corrosion
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Figure 2--Planning with CHEC.

The CHEC code was developed and packaged to
bring uniformity to the fndustry. The code
provides: :
@ Ten recommended inspection locations to
identify plant susceptibility to erosfon-
corrosion
0 Erosion-corrosion rate prediction
Ranking of components for any system in
order of the potential of erasion-carrosion
damage
o Plant specific predictions for all plant
Components at 50% bounding level using
1imited plant. {inspection results.
o Prediction of the time at which the minimum

code allowable wall thickness will be
reached. :

[+

CHEC is a personal computer based program

designed to be a complete analytical tool which
is easy to use and flexible. An {nteractive
user interface provides guidance through the
various stages of data entry, analysis and
evaluation of results. '
The program is comprised of four modules:
(1} an executive module that controls over-
all operation of the program,

{2} a data fnput module to enter the plant
parameter data,

‘ Planning -
' '

Puszl

{3) an analysis module to perform ergsign-
corrosfon calculations and produce
reports of results, and

{4} a results display module to produce
graphical displays of the analysis
results. :

A data flow diagram for the CHEC program is

provided in Figure 3. A more detailed descrip-
tion of CHEC's features and capabilities can be

obtained from the CHEC Users Reference Manual
(3).
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Figure 3--CHEC Program Data Flow.

The general formulation of the model is a
series of factors which, when multiplied
together, yield the predicted erosion-corrosion
rate. . Since some of the factors are inter-
related, the model {s not linear. The formula-
tion is as follows:

€- FL{TIeF,(ACIeF 5 {MTIoF (0, )75 (DH)eF 4 (G)

where €
FolT)
Fola0)

erosion rate
factor for temperature effect
factor for alloy content effect,
f.e., chrominum, copper and
molybdenum content :
F3(MT) = factor for mass transfer effect
(flow rate, piping diameter)
F4{0,} = factor for oxygen effect .
FS(pﬁ) = factor for pH . effect (amine
type)
Fc(G) = factor for geometry effect
Since the interrelation between these parameters
was not initfally apparent, the farmulation was
developed emoirically. In doing so; the follow-
fng principles were upneld:

0 Al1 of the above parameters were incorpo-
rated intn the mndal

o ou



0 A1l of the ava1lab1e data were used 1n the
‘model development,

o The model did not presuppose a form of the
correlation,

o Although the model is empirical, steps were
taken to ensure that each part of the’ mode1
made mechanistic “sense"

Using these principles, a data base was assem-
bled from various laboratories. With this data

base, an interactive procedure was used until an’

optimum model was obtained. This model followed
all of the experimental trends, and correlated
well with the bulk of the laboratory data.

The model was further refined by comparing
the predictions of the model with data obtained
from nuclear power plants and with further
laboratory data. With the use of these addi-
tional data (particularly to take into account
various geometrical mass transfer enhancement
factors), the model was improved and has' been
released in CHEC VYersion 1.2. This model was
used exclusively for the comparisons contained
in this paper.

CHEC YALIDATION WITH LAB DATA

The CHEC VYersion 1.2 model was validated
using data from 3ritish and. French labora-
tories. The key features of the lab data were:

o Initial wall thickness was well charac-
terized relative to NDE field measurements.

o Chemistry was controlled precisely and
characterized. ’

0 Material composition was well known.

0 Tests were of short duration {<1000 hours).

0 Wear measurements were precise since th1n-
layer activation was used.

o Tests were run for straight pipes.

0 Measurements were taken in a relaxed envi-
ronment unlike the pressures.on power plant
personnel.-

The range of lab conditions for which test data
are available is as follows:

Diameter ; 0.315-0.378 1nches

Temperature : 210-437°F ’

pH :.7-9.60Q

Amines : Ammonia, Morpholine
0y : 0-7 ppb

cr : 0.025-0.10%

Cu s 0-0.31%

Mo : 0-0.04%

¥ : 1.15-12.71 ft/sec
Re + 16,700-177 ,000

Figure & presents an overall comparison
between CHEC predictions and laboratory data.
This comparison shows that the model predicts
the laboratory data well, particularly at high
values of material removal, :

.

CHEC VALIDATION WITH PLANT DATA - : i

The purpose of the CHEC computer program is
to predict actual plant performance. 'To vali-
date the methodology of CHEC Version 1.2, actual
plant data were obtained frdm several operating
U.S. nuclear plants.

The inherent accuracy of the measured plant

data dic¢ Tace than +ha acmcwaa AF  mmmaiima

. Re : .

laboratory data. Plant data are less precise
because of the. uncertainties in the {nitial
thickness of the component and because' of the
greater uncertainty 1inherent 1{n field NDE
measurements. Furthermore, the components of

interest in the field are often asymmetric such’

as elbows, tees, etc. In such components there
is greater difficulty in defining the original
thickness - especially in the absence of base-
line measurements - and in estadblishing the
point of maximum wear. The key features of
plant data are: . : -

"CHEC Yersion 1.2
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Figure 4--Comparison With Laboratory Data.

0 Baseline thickness measurements usual]y are
not available.
o Chemistry and reactor power vary with time.
0 NDE measurements at best are #5% - for low
wear situations, NDE uncertainty can over-
whelm the actual wear measurement.
0 Material composition generally is unknown.
The range of plant data used for validation
is as follows: :
Plant Types : PWRs, BWRs :
Age : 55,000-100,000 hours

v ' : 3-31 Ft/sec

D : 14-30 inches

T ) : 92-440°F

0 : : 0-100 ppbd

pa : 7-9.6 ) C

Amines : Ammonia Morpholine, Cyclohexyla-

ge gydrazine Neutral
-10

CHEC pred1cted wear valyes were compared with
measured values at the point of maximum wear.
Figure 5 provides a summary of “Measured Versus
Predicted Wear" for all of the plants ana-
lyzed. The following paragraphs describe the
procedure that was used to process the plant

- data.

Only raw NDE data were used for this va11da—
tion process. These raw NDE data were reduced
by examining each circumferentjal band far {ts
thinnest (Tmin} and. thickest (Tmax) reading.
For each circumferential band, a wear was deter-



with the highest wear determined tne wear for
the entire fitting.

Operating conditions were determined from
each plant’s maximum guaranteed 100% heat
balance. Only heat balance values were used,
and mass flow rates were always used fnstead of
local fluid velocitties.

one vexsiom 1.2

Figure S5-~Comparison With Plant Data.

Component geometries were determined by using
each plant's isometric, plan and elevation
drawings. Components in lines which are not
used during normal operation were not included.

Information concerning materials and alloy
content was provided by the utility operating
the specific power plant. Chemistry and operat-
ing histories were provided by the operating
utility. In some cases, chemistry values were
determined using mass balances.

Figure S5 supports the conclusion that CHEC
VYersion 1.2 predicts wear within + 50%. Only
two small groups of data fall outside the + 50%
lines; each warrants further discussion. The
outliers in both groups are due to uncertainties
in the measurement techniques. The data where
the measyred wear is less than calculated wear
occur when the wear rate is very small. [t is
difficult to measure low wear rate accurately
with a single inspection. The data where the
measured wear 1is greater than the calculated
wear occur when the component thickness is large
{~ 2.5 inch). An NDE measurement uncertainty of
+ 5% of wall thickness for a 2.5 inch thick
component means * 125 mils on Figure 5. The
inaccuracies inherent 1n NDE cannot be elimi-
nated. However, in both of the anomalous situa-
tions -- the case of low wear rate and wear on
thick walls -- the fittings are far from reach-
ing the minimum wall thickness allowed by code.

NDE

There are several technigues available to
perform pipe examinations {4). These are {1lus-
trated in Figure 6. To perform ultrasonic
thickness (UT) measurements at power {i.e., with
plant on line), personnel thermal protection and
high-temperatuyre UT transducer and couplant are
required.

Pipe Examination Techniques

Uttrasonic Thickness Measurement

From QD
From 0
Radiography -
=
Visuaj
Others

Figure 6--Pipe Examination Techniques.
UT MEASUREMENTS FROM QUTSIDE SURFACE

UT measurements made from the outside surface
require insulation removal and surface prepara-
tion. However, external UT is a simple tech-
nique and a wide range of manual/auto instru-
mentation is available. The repeatability of
measurements under laboratory conditions is
within ¢+ 0.004 average standard deviation (0.8%
of average wall thickness) and the accuracy is
+ 0.013 RMS (2.56% of average wall thickness). A
minimum amount of specialized training 1is
required. A typical time for a manual examina-
tion of an 18" elbow is ~1 hour; a typical ‘time
for an auto examination of §' of 18" pipe is ~6
hours.

UT MEASUREMENTS FROM INSIDE SURFACE

In this case, there is no need for insulation
removal. This technique requires an access port
{plus repair of the access opening) and special
equipment. A visual examination from inside can
be performed using a wide variety of equipment
such as a crawler, a submersible, borescopes and
fiber aptics. The factors that affect interpre-
tation of the resulting visual {information are
the condition of backing rings, the condition of
weld roots, the presence of gouges and grooves,
discoloration, and pitting.

RADIOGRAPHY THICKNESS (RT) MEASUREMENTS

This technique can be used without removing
insulation, and can be performed without drain-
ing lines. However, RT on filled lines means a
loss in sensitivity, the need for high energy
sources, and Increased expense. [t requires
precise calibration and control of exposure and
processing. RT measurements can detect local

)



gouging and general thinning of 0.040". The
total exposure time for one 18" elbow s ~24
hours. Radiation control of the area is
required and access could be a problem.

ACCEPTANCE CRITERIA

EPRI has proposed guidelines {5) for allow-
able local thinning based on area reinforcement
(Figure 7). The guidelines include a three-step
evaluation process based on nominal, minimum
allowable and Tlocal wall thickness require-
ments. These steps are:

1. Compare measured wall thickness (tg.,.)
with nominal wall thickness (t, ). ?f
0.875 thom > tmeas > 0-2 tnoms Purther
evaluation is necéssary.

2. Compare tg., with the minimum wall thick-
ness (tmin %rom hoop and axial primary
stress equations from code of record. In
case bending loads are ;ot available,
bound or assume ) 4 . If <
tmin» further eva;3%¥¥ogiws necessaﬁ?ﬁas

3. Compare and L, {extent of thinning

exceeding t,5,) with local thinning cri-
teria. This step involves evaluation that
ic based on c¢ne of the following:
o local membrane stress {NB-3200}
o local corrosion (ANSI B31G)
o branch reinforcement

The details on these are covered in reference 5.

€ L-t
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Figure 7--Allowable Lacal Thinning Based on
Area Reinforcement.

REMEDIAL OPTIONS

Oepending upon the extent of wall thinning,
the utility has several optfons to rectify the
problem. These are:

o0 Inspect and monitor in the future.

o Implement water chemistry changes such as
increasing pH or amine (e.q., ammonia to
morpholine) for a PWR and oxygen level for
a BWR.

0 Repair or replace the component.

PMR MATER CHEMISTRY

Feedwater pH recommendations given in the PWR
secondary water chemistry guidelines (8§} .are
{ntended to create acceptable levels of general
corrosion in the condensate and feedwater sys-
tem. This, 1n turn, minimizes deposit and
sludge buildup fn the steam generators. The
recomnendations for minimizing oxygen concentra-
tions were based on evidence that dissolved
oxygen and feedwater system corrosion products
aggravate several steam generator corrosion
modes. In systems containing only ferrous
alloys, 1t is recommended that feedwater pH be
controlled between 9.3 and 9.6. This range has
been shown to yield acceptably low values of
iron release from typical carbon, low alloy, and
stainless steels in power systems. In plants
with copper alloys in the feedwater heaters or
condenser, a lower pH range (8.8-9.2) is recom-
mended, as copoer released from some alloys has
been shown to increase markedly when the pH is
above 9.2. However, the secondary chemistry
guidelines do allow for operation above pH 9.2
{f individual plant experience shows that copper
transgort did not iacrease significantly.

Guidance on the additive to be used for pH
control is not provided in the PWR secondary
water chemistry gquidelines. Ammonia generally
has been the additive selected for pH control in
PWR systems. Hvirazine is normaily employed for
oxygen scavengir-.. In some units, decomposition
of hydrazine generates enough ammonia to provide
pH control, thus ammonia injection is not neces-
sary. The adoption of morpholine rather than
ammonia as the pH contral additive can reduce
the rate of flow-assisted corrosion in single
and two phase regions.

BWR WATER CHEMISTRY

BWR water chemistry {7) differs significantly
from that in a PWR. First, chemical additives
are not employed routinely. Second, significant
oxygen levels exist in the condensate, feed-
water, and steam trains. There are several
sources of oxygen generation. Water radiolysis
in. the reactor core leads to generation of
oxygen and hydrogen. This yields equilibrium
oxygen concentrations of 150 to 300 ppb in the
reactor recirculating water. QOxygen concentra-
tions in the steam normally range from 15 to 30
ppm with normal condensate and feedwater concen-
trations of 10 to 30 ppb. 0Oxygen concentrations
in the extraction and drain systems also are
elevated significantly with values in the range
of 100 to 2000 ppb. Chemistry contraol options
available to BWR operators for reducing flow
assisted corrosion, are fewer than in PWR sys-
tems. Specifically, the only controllable
variable {s the feedwater and condensate dis-
solved oxygen concentration.

Until recently no attemot has been made to
employ chemical additives for B8WR chemistry
control. However, several utilities have
adopted or are in the process of adopting a
chemistry approach named hydrogen water
chemistry. In this approach, hydrogen is



injected 1into the feedwater to suppress
radiolysis 1n the core and reduce oxygen
concentrations {in the reactor recirculating
water. This also leads to oxygen concentration
reductions in other portions of the cycle.
Feedwater oxygen concentration of 10-50 ppb is
recommended in the BWR water chemistry
guidelines. A significant data base exists
illustrating the beneficial effect  of
maintaining the oxygen concentration 1n B8WR
feadwater and condensate above the minimum value
given in industry guidelines. Although
decreases in the release of iron from ferrous
materials would not be considered significant
with respect to reduction of depasits on fuel or
primary systems activity levels, aperation near
the SO ppb upper limit of the indicated achiev-
able range could reduce the probability of flow
assisted corrosion in single phase regions.

COMPONENT REPAIR OR REPLACEMENT

far component repair or replacement, the
following issues (8) need to be addressed:

o alternate piping materials

0 repair and repiacement Gptions

0 equipment and process selection options for

cutting, machining, and welding.

The piping materials that .are resistant to
erosion-corrosion are low alloy steel (e.g., 1
1/4 Cr 1/2 Mo-P1l Grade and 2 1/4 Cr 1 Mo-P22
Grade) and austenitic steel.

Low alloy steels are used widely in the
utility industry and are available in a variety
of sizes. Current data suggest that 1/2%-1%
chrominum provides adequate resistance to single
phase erosion-corrosion in high purity water,
Components of low alloy steel can replace exist-
ing low carbon steel components because the two
steels have similar weights and thermal expan-
sion coefficients, and 1low-alloy steel has
superior mechanical properties. The disadvan-
tage of P11 and P22 materials {s that they
require preheat and postweld heat treatment.
P22 is favored over P11 because of better corro-
sion resistance and greater availability.

Austenitic steels also have excellent resis-
tance to erosion-corrosion. [Low carbon grades
are preferable because of better {ntergranular
stress corrosion cracking (IGSCC) resistance.
The candidate materials are 304L, 316L, and
347L. These materials are readily available and
do not require preheat or postweld heat treat-
ment. The disadvantages of austenitic stainless
steels are that piping reanalysis is required
due to a higher thermal expansion coefficient
(1.4 X carbon steel); the bimetallic welds need
special attention; and susceptibility to chlo-
ride stress corrosion raises concern over the
chloride contaminants in thermal insulation.

A comparison of vrepair and replacement
options is provided in Table 1. A comparison of
equipment and process selection options for
cutting, machining, and welding is provided in
Table 2.

CONCLUSIONS

This paper illustrates the significant effort
that has been put forward by the industry to
tackle the single phase erosion-corrosion
issue. The utilities have received the knaw-
ledge and the tools needed to handle this phe-
nomenon. To summarize:

o0 EPRI has developed and transferred to the
utility 1industry a predictive computer
code, CHEC, designed specifically to avoid
wholesale or random inspections. The CHEC
code identifies 10 fittings for {nitial
inspection to identify the plant suscepti-
bility to single phase erosion corrosion. .
This approach minimizes the NDE resources
needed for inspection.

0 An NDE source book has been prepared that
discusses the inspection methods available,
their limitations, their accuracy, and how
to apply them.

0 Acceptance criteria have been proposed that
define acceptable level of thinning.

o In PWR secondary cycles, elevations of pH
and zadoption of morphsline {rather <than
ammonia) as the pH control additive are two
approaches that can reduce the rate of flow
assisted corrosion. In  BWR systems,
options for pH control or additive varia-
tions are not available. However, exten-
sive laboratory and plant data demonstrate
the value of maintaining the oxygen concen-
tration in the feedwater and condensate
near the upper bound given in BWR water
chemistry guidelines. This concentration
would be affected negatively if hydrogen
water chemistry is implemented to reduce
the rate of intergranular stress corrosion
cracking in the reactor recirculating water
system.

0 P11 and P22 grade low alloy steels and type
304L, 316L, and 347L (modified chemistry)
stainless steels are all satisfactory
replacement materials. The cost estimates
vary with specific plant conditions but Tow
alloy steels cost ~ 1.5-1.75 times carbon
steel and austenitic stainless steels cost
~ 2 times carbon steel.
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Okay. I also review the section on leak

. before break. And the operéting conditions under the

uprated conditions willlnot alter the conclusions of
the previous leak before break‘analysis for Waterford
3. It's still%valid.

Arg there'any additional questions?

I'11 turn)it over to John Tséo.

MR. TSAO: I'm John Tsao from the
Materials andHChémical Engineer Branch. I reviewed

five sections; coding system, £flow accelerated

corrosion programs, steam generator tube inspections,

steam generator blowdown systems and chemical and
volume coﬁtrolisystems.

I Wiil be talking about oniy two systems
here; flow acéélerated prbgrams and steam generator
tube inspections because they are more significant in
terms of.power uprate.

For the flow accelerated corrosion
programs, this morning there was some issue as to how
much you incre;se. I have this backup slide.

ThebFAC program measure the wear rates in
terms of mils pervyeaf, And these are the changes
that would be due to power uprate conditions.

Also, I want to show you another slide

that gives the effectiveness of the FAC program. This
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is provided by the licensee. And as licensee said, it

is more .in the -- they used CHECWORKS. 1It's a

computer program that considers hydrodynamics, heat
balance, temperature in particular.

As you can see the predictive method is
conservative considered to actual measurement.

DR. FORD: I'm sorry. Could you explain

that?

MR. TSAO: Okay.

DR. FORD: It looks as though it's equally
scattered around the one to one line. So why are you

saying it's conservative?

MR. TSAO: Well, for exampie, you can see
-- let's see.

You can see just for example, this point
here the measurement is about 300 mils. The predict
value, let's say, from here to here is about 240 mils.
So what it says is that the methodology will predict
that the tube wall thinner than measured, therefére it
also indicated that the licensee may need to do some -
monitoring or replacement of that pipe.

DRL FORD: But equally there are points on
the other side which are not, what you call it --

MR. TSAO: Wéll, that's true. Yes, that's

correct. But as you know this is only a prediction.
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Predictions, hopefully -- well, from the data point
you can see they are scattered toward the conservative
éide. And also the FAC program according to EPRI 1is
that it's a process. In other words, the licensees
would go out, make an inspection, UT or ultrasonic
measurements or the pipe thickness and then they will
come back and the? input that data into the computer
code so that td make sure there is a certain accuracy
in their preaictions.

Also predict that the -- in the prediction
method they include some safety factors.

DR. FORD: It seems to me as though
there's a huge amount of scatter around that one-to-
one line. And'so the question immediately arises as
to what i1s the impact of that in terms of could you
get a through wall erosion event taking place when you
had predicted it would not have done so?

MR. TSAO: It could.

DR. FORD: Did‘you go through that sort of
"what 1f" argument? I mean if yoﬁ look at that data
base, you don't réally have too much confidence in
CHECWORKS .

MR. TSAO: Well, I wouldn't say they would
be relying on CHECWORKS pef se. The licensees, not

only Waterford but other licensees, you know they
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include other factors. For example, other industry -
experience. You know if some blants have some problem
with FAC water lines, then they will consider --

DR. FORD: I recognize that.

MR. TSAO: Right.

DR. FORD: But this particular EPﬁ is
putting a lot of basis on CHECWORKS to manage this
problem. And if this a general observation as to how
good CHECWORKS is, my confidence is a 1little bit
shattered.

MR. TSAO: I should point out that
Waterford is not unique. I did the review for license
renewal, and I also asked questions. And this is type
of plot that, you know, other licensee has shown me.

o DR. FORD: "Yes, .I know.

MR. TSAO: 'In other words, I don't think
that licensee is depending solely on what prédiction
is. They also, you know, include other experiences and
inspections. Not only the inspections for the fact,
but there are other SME code inépections they have to
perform.

DR. FORD: 1I'll ask again. Did you go
through the "what if" scenario?

MR. TSAO: I have Kris Parcziewsgski from my

branch to elaborate on this.
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DR. FORD: With that amount of uncertainty
in your modeling capability and therefore vyour
management cabability, do you not feei uncomfortable?

MR. TSAO: No.

DR. FORD: No?

MR. PARCZIEWSKI: Kris Parcziewski from
the Chemical Engineering Branch.

To, answer your quéstion, those points are
predicted. CHECWORKS predicts but in addition there
is a correction factor for each individual line which
is here at the.top right.hand side, 1ine correction
factor which indicates that it is correctéd for each
individual line all the points predicted in the line
are corrected by this line correction factor. And the
line is defined as a portion of the system which has
the same chemistry Dbut not necessarily the same
temperature.'If I answer your questiomn.

SO‘ali those points are already corrected.
Ideally, ifbthey were ideal, ﬁhey would lie in the 45
degree line, the middle line. However, obviously,
there is some scatter.

DR. FORD: I understand the physics ——.

MR. PARCZIEWSKI: Yes.

DR. FORD: -- of the erosioﬁ process.

It's highly dependent on ph. High dependent on
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temperature. Highly dependent on corrosion potential
and all of thosé things are interacting. So that if
you're a little bit off on your definition.of one of
those parameters, then yqu're going to get a big
change. So I can undérstandehy there is a scatter
there because you're not able to define your system
adequately enough, and therefore that's the physical
origin of your LCF. But I still feel uncomfortable
about that huge scatter and how you use it in
management from their point of view and in terms of
regulation froﬁ your point of view.

MR. TSAO: Okay. For regulation,
basically there's no regulation on FAC program.

DR. FORD: That's what worries me.

MR. TSAO: The FAC program is instituted
because of the bulletin. Back in the '80s it was
result of Bulletin 87-01 where Surry had a --

DR. FORD: Yes, sure.

MR. TSAO: -- a rupture. And Generic
Letter 89-08 that reqguired the licensees to institute
some type of program, FAC program. And then the
industry, you know, with EPRI guidance come up with
this program. And so --

DR. FORD: I understand all that. I'm

just looking at what the history has been since then.
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And, you know, a few months ago we had fatalities in
Japan because of this phenomenon, which was not
managed well. And you know if this is supposed to be
the state—of—the—art of prediction of ﬁanagement and
therefore regulation, I just don't feel comfortable.

MR; TSAO: Okay. Speaking of the
Japanese, again from my understanding is that Japanese
did not inspect, you know, the last 20, 30 years.

DR. FORD: Correct.

MR. TSAO: Where here under FAC program
the licensees will have to inspect at least they say
50 to 100 inspection points for their large bore
piping and small bore piping they probably sometime
inspect 100 percent. And so there's a constant
inspections going on to make sure that the --

DR. FORD: I understand that.

MR. TSAO: Right.

DR. FORD: All I'm pointing out is
everyone bows to CHECWORKS and says yes, yes that's
the Dbest thing that's around. And I'm just
guestioning it. Is it adeqguate?

MR. HOWE: This is Allen Howe.

And I'd just like to add in at this point
that we understand the question and we will be happy

to get back with you with a response on that.
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We're now going to complete the NRR
presentaﬁion.

MR. KALYANAM: I have one question.
Before Rich Lobel goes, we have two experts, one of
the FAC CHECWORKS program, the other one on the steam
generator tubes. So we had some questions before the
break, and I'm sure they'll be able to provide their
response to that. 'Is that okay.

DR. FORD: Well, I've been bagging on the
head about this FAC business. I wunderstand it
perfectly. The other members might enjoy having a
presentation on that.

MR. KALYANAM: Okay. Either way is fine.

CHAIRMAN WALLIS: If it's something we're
going to enjoy, I think we should do it.

MR. ROSEN: As many times as possible.

MR. SIEBER: That's one time.

MR. KALYANAM: I have Ken Karwoski from
EMCB

MR. KARWOSKI: I guess I understand this
morning there were questions from the steam generator
two integrity standpoints some questions about whether
or not the power uprate, what effect it would have on
wear and cracking along the length of the tubes as a

result of the increased flow through the steam
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generator. And then there may have also been a
gquestion about the adequacy of the 75 gallon per day
leakage link.

In terms of the effect of the power uprate
on the increased flow through the steam generator,
there is a potential effect on the amount of wear that
can happen at the various support locations, whether
it be at the vertical straps, the diagonal bars or at
the egg crate supports.‘There could be an effect on
the wear.

In addition, Waterford has exhibited
stress corrosion cracking at a number of locations
along their steam generator tubes. Both of those
mechanisms could be effected by the power uprate.
However, the change in the conditions in terms of the
fiow, the temperatures and the pressures across the
steam generator tubes are‘relatively small and well
within the bounds of what exists at other plants. And
it's been our experience at the other plants which
have uprated power that these small changes have
negligible increases in corrosion rates, negligible
increases on wear rates. And by "negligible," I mean
that it's well managed from one inspection to the

next; that when they go in and do an inspection after

‘a power uprate or after an interval, that they still
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have tube integrity. That the tubes have adequate
regulatory margin --

CHAIRMAN WALLIS: This is where? On the
inside of the tubes you're talking about?

MR. KARWOSKI: On the outside.

CHAIRMAN WALLIS: Are the tubes raﬁtling
and wearing.

MR. KARWOSKI: Rattling and wearing. And
that happens at almost every --

CHAIRMAN WALLIS: These fluid interactions
are a little hard to predict, aren't they?

MR. KARWOSKI: Actually, they're quite
reliable. I mean there are some instances where sgome
tubes, and this is usually in the life of a steam
generator, where some tubes will wear quicker than
others because of the placement of the anti-vibration
bars or the diagoﬁal straps in the case of Waterford.

So some tubes may wear more than others,
but in general these phenomenon are very predictable.
Plants leave wear scars in service, and in general
they're very predictable. The wear rates tend to be
very low and they're left in service for many cycles
before they e#ceed the tech spec.

MR. ROSEN: Do they tend to décrease in

rate because they kind of wear off whatever the
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contact point and that's it?

MR. KARWOSKI: That has been the
experience, and I can't comment on the combustion
engineering data, but I know that that's definitely
been the experience at Westinghouse design steam
generators. But the wear rates decrease with time
because of the contact issue point.

MR. ROSEN: Now the question is brought up
how about the effect of vibration, vibrational
stresses on the kinetics of stress corrosion cracking?

MR. KARWOSKI: Once again, you know, it is
possible that that would increase the rate of
cracking, may even change the initiation of cracks.
But it's been our experience that any change that does
occur: (1) It's not readily measurable, and; (2) that
it can be managed within the normal fregquency of in
service&inspecﬁions. And cerﬁainly‘if there is a
chaﬁge, we will detect that as we review the annual
reports that .the plant sends in regarding ;heir
inspections. And we would expect them to take
corrective action, and that would be something we
would followed up. But in general we have not
observed that. And in the case of Waterford, it's been
their practice that when they findla crack, they plug

that crack on detection. It's not like some of the
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other plants which 1eavé cracks in service and try to
manage cracks that --

MR. ROSEN: My questions on those th
issues.

MR. SIEBER: The displacements are
extremely small and the number of cycles is extremely
large. So if there is going to be failure, it would
show up fairly early, I would éxpect.

MR. KARWOSKI: That would be for like the
cycle type of fatigue failure.

MR. SIEBER: Right.

MR: KARWOSKI: In this case it's more just
the wearing of the tube,. which it can be low cycle--

MR. SIEBER: But that's not fatigue
failure.

MR. KARWOSKI: No, that is not fatigue.
Yes, that's correct.

MR. SIEBER: Right. 1It's just wearing
out.

MR. KARWOSKI: That's just wear.

DR. FbRD: Jack, there's a problem
discussed ear;ier on. It's not trangranular fatigue,
cracking yoﬁ see.

MR. SIEBER: Right.

DR. FORD: And therefore it's not covered
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by the ASME 3 code or anything like that. Similarly
it's juét stress code 1in cracking that's been
accelerated.

MR. SIEBER: But wear phenomenon is
covered by the ASME code.

DR. FORD: Yes.

MR. KARWOSKI: Through the plugging limits

and what not and through the plant technical
specifications.

DR. FORD: Right.

CHECWORKS?

MR. KARWOSKI: I ﬁhink Louise Lund was
going to talk about CHECWORKS.

‘DR. FORD: Maybe if I could just state
what my problem was, Louise, and that would make it

more efficient for you to answer it.

MS. LUND: Should I introduce myself first

for the record?

DR. FORD: Yes.

MS. LUND: I'm Louise Lund. I'm the.
Section Chieflfor the Steam Generator and Integrity
and Chemical Engineering Section, NRR. And, anyway,
I was asked to come over and discuss the FAC program.

DR. FORD: My concern was that the way

that they're wusing CHECWORKS right now, it 1is
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primarily a prioritization tool as to where you're
going to look in the carbon steel piping. From the
measures that were shown this morning, it's apparent
that CHECWORKS is not good on one-to-one correlation.
Therefore, it's quite possible that you may use
CHECWORKS to.say that I should not look at that pipe
because of the particular operating conditions of that
pipe, but I should look at this pipe. But in fact that
pipe there mighp well be eroding at quite a large
rate, but you wouldn't look at it for one, two, three
cycles. 1In that time you could go through wall. So
that was essentially my worry that you're using a
model which is not precise to méke prioritization
decisions.

MS. LUND:- Right. And I just want to say
off the top, you know we have a very active interest
in the FAC programs. Specifically we've had generic
letters or generic correspondence that has asked
industry to put together these type of programs which
manage FACs and also have ‘these predictive
methodologies. However, it's not a case of just using
the predictive methodologies blindly . and looking at
information on one line or another; there's a number
oi.things that inform the decision as far as what's

inspected and how it's inspected. Because it is a
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tool, but it's not a blind tool in that particular

way. And, in fact, this gentleman I believe is from

Waterford and he was mentioning, we had a kind éf
offline discussion about it and that's why I asked him
to come up here and help discuss this, and
specifically for Waterford.

I also wanted to say that for these FAC
programs, I think that we ha&e an interest in looking
at them through power uprate and license renewal in
that we ask that the licensee provide information on
their most susceptible 1lines with their measures
versus their predicted and whether it gave them
information such that they could replace the lines,

you know, in a timely manner. Because that's really

what we want to know . is, .is it giving you the

information at the time that you need it in order to
make the decisions you need to make good decisions
about running your plant.

Sodthat's the kind of questions we ask. We
do not do a re-review of their CHECWORKS data. We do
not take all their raw data and subsequently do an
audit of it. Okay. So I just wanted to kind of
clarify what it is that we do, you know, in our review
process. Usually thréugh a request for additional

information we usually will ask them for the most
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susceptible lines.
MR. ROSEN: We call that a performance-
based regime?

MS. LUND: Right. Right. And when we put

" out that generic letter where we asked the licensees

to put together a FAC program and also have these

predictive methodologies, we did inspections of those
programs at that time. Okay.. In fact, to make sure
that these pfograms were in place and in fact doing
what we thought that they were doing. Okay;

Now, .I now in license zrenewal, true

)

license renewal we've been asked to come and give a
presentation to the ACRS on FAC and FAC programs. And
we've actually been in contact with CHECWORKS user
script to ask them to come in and help present this
information such that you can look industry-wide at
how wéll these FAC programs are working, specifically
with the CHECWORKS program and give you a lot of sense
-- instead of looking at just one graph, kind of get
a sense for generically how this is working and where
it may be challenged in certain ways or another,
because they think that they have a very good story to
tell.

Now maybe if you could introduce yourself,

and then also explain how programmatically it's a much
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lighter look at how you choose ﬁhe lines and --
because there's a surrogate aspect to it where, yéu
know, if you sée something you look at bther things
that are like that. Theré are a lot of things that go
into the program that don't: rely on just this
measurement.

So, anyway -

MR;'ALEKSICK: Good afternoon. My name is
Rob Aleksick. I'm with CSI Technologies representing
Entergy today. |

Real quick about my background. I've had

>the'opportunity to be involved with flow accelerated

corrosion since 1999 and in particular have modeled or
otherwise addressed approximately 20’EPU efforts in
the last two years.

Dr. Ford made a very good péint earlier
when he said Eﬂat the graph that we looked at did‘not
display a very: good correlation between the'measured
results and tﬁé predicted results out of CHECWORKS.
Programmaticaliy -- well, let me back up a second.
That is certainly true in the example.that we looked
at. That is nbt always the case.

CHECWORKS models dre on a per line or per
run basis. The run --

CHAIRMAN WALLIS: Could we go back to that
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graph that we saw? The graph was a plot of thickness
versus predicted thickness.

MR. ALEKSICK: That's correct.

CHAiRMAN-WALLIS: Because if you looked at
amount removed versus predicted amount removed, it
seems to me the comparison will be even worse.

MR. ALEKSICK: That's correct. 1In fact --

CHAIRMAN WALLIS: That's what you're
really trying to predict is how much is removed.

MR. ALEKSICK: Yes, that is true. And my
point is that in some subsets of the model, the one
that we 1looked at here which was high pressure
extraction steam, the correlation between measured and
predicted is not so good. And in some subsets of the
model, the correlation is much better.

CHAIRMAN WALLIS: It looks to me that in
some cases it's predicting no removal whereas in fact
there's a lot of removal. So the error is percentage
wise enormous?

MR. ALEKSICK: Yes, exactly. Exactly.
Some runs results are imprecise and some more precise.
And we look at both accuracy and precision.
Programmatically we account for that, that reality, by
treating those runs that have what we call well

calibrated results, i.e., precise and accurate results
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coming out of the model that are substantiated by
observations, we treat those piping éegments
differently pfogrammatically than we do areas where
the model is less good. If the model results do not
correlate well with réality, different actions are
taken primarily increased inspection coverage to
increase our level of confidence that those systems
can continue to operate safely.

In addition to the CHECWORKS results many
other factors are considered to assure that the piping
retains its integrity, chief among these are industry
experience as exchanged through the EPRI sponsored
CHUG group. Plant experience local to Waterford in
this case.. And thé FAC program owner maintains an
awareness of the operational status of the plant so
that, for example, modifiéations or operational
changes that occur are taken into account in the
inspection of the secondary site FAC susceptible
piping.

| DR. FORD: And my final question on this
particular»subject was given the uncertainties in the
model, changed by this performance based aspect that
you just talked about, is there any way that you can

come up with a quantification of the risk associated

with a failure of a specific pipe?
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MR. ALEKSICK: There's currently no
accepted methodology to gquantify that risk, no.
However, it is accounted for primarily on a judgment
basis through industry  experience and information
exchange through the EPRI CHUG group.

DR. FORD: Okay.

MR. MITCHELL: Yes, this is Tim Mitchell.

Just to give you a feel for how we're
addressing for this upcoming refueling outage, we have
increased our scope for a couple of reasons. One to
get additional data and we always do more than just
exactly what CHECWORKS supports. So you're always out
validating and getting more data to be able to help
predict where do you need to be looking. But in
addition, we're taking some additional points to make
sure we have good baseline data for the next cycle to
ensure that those points give us a good indication
going forward after the EPU.

The analysis for flow accelerated
corrosion shows very minimal changes as a result of
power uprate. But we are taking seriously our
inspection program and expanding it for this upcoming
outage to ensure that we know what's happening not
just what we're predicting.

MR. ROSEN: Let me roll that back now,

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
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Tim; Can you tell me like for the last three or four
outages have'you done some actual replacement of
piping based on predictioﬁs of FAC from the CHECWORKS
code or have you never replaced anything? What are
you seeing at Waterford?

MR. MITCHELL: VI can give you ﬁon—
Waterford data better than I can give Waterford to
ponder.

MR. CHOWDHURY: My name is Prasanta
Chowdhury and I'm working with‘Entergy design for last
20 years.

I was involved with FAC also for several
years in the past.

It's not the CHECWORKS model that
determines what replacement is to be done. We base it
on actual measurement we take during the refuel
outage. So we also project based on actual measurement
that what will be our future projected thickness in
next refueling outage. So you can survive until next
cycle. And then we do some evaluation based on our
criteria that makes the stress criteria -- or based on
the code requirement.. Like make all thé equation.

Now code allows to go thinning in local
area but the FAC is a local thinning. So we do some

local thinning evaluation to make sure that it goes to

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE,, N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433
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§A New Approachv for Investigation
lof Erosion-Corrosion Using Local Flow Models

IV.M. Ferng, Y.P. Ma, K.T. Ma,” and N.M. Chung™*

lBSTRACT

Irbsion—corrosion (EC) is a piping degradation mechanism

 causes material loss from the inside of piping and thin-
. g of the wall. EC is believed to be a coupled phenomenon
inctuding chemicat corrosion and mechanical erosion. which
dominated by piping layoul. fitting geometry. and local
lyw structure. A new approach was proposed for investiga-
on of EC phenomenon using local flow models. including the
rwliidimensional, two-fluid model to simulate flow character-
tics within piping and EC models to predict two-
mensional distributions of EC locations. Impacts of gravita-
wonal and centrifugal forces on two-phase flow behaviors
vere captured reasonably well by the current three-dimen-
nal, two-fluid models. EC locations predicted by the
posed models showed satisfactory agreement with distri-
utions of wear sites measured in practice. Results showed
1e models explained the EC phenomenon reasonably well.

Y WORDS: elbows, erosion-corrosion, ferrous ions, flow.
ydrodynamics, impingement. mechanical erosion. modeling.
uclear applications and environments, pipelines, reducers,

ar

JTRODUCTION

l:sion—corrosion {EC) is a piping wear mechanism
t causes material loss from the inside of pipes and
ibsequent wall thinning. It is a crucial problem in

ubmitted {or publication Juty 1997, in revised form. January
1998. )
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siwan, RO.C.
lower Research Institute. Taiwan Power Co., 84 Ta-An Road,
aiwan. R.O.C.
rade name.
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piping systems for nuclear or fossil fuel power plants
since it may force costly repairs and cause injuries.
Essentially, this wear is dominated by two major
mechanisms: chemical corrasion, including chemical
oxidation near the wall and dissolution of its prod-
ucts. and mechanical erosion accelerated by fluid
flowing inside the pipe or high-velocity liquid droplets
impinging on the oxidized pipe wall. The EC phenom-
enon depends strongly upon piping layout, fitting
geometry. local distributions of flow properties. and
{low chemistry.

Previous research into the EC phenomenon has
concentrated mostly on prediction of the wear rate.
These efforts have included development of the
CHEC' code,! CEACE! cade.? KWU (Kraftwerkstechnik]}
correlation.? EAF (Electricité de France) model,* MIT
{Massachusetts Institute of Technology) model.* and
the hydrodynamic EC model.®*' Except for the
hydraulic model.%!! these models evaluate the global
wear rate of piping and can be considered as zero-

dimensional models. The models presented by Nesic
and Postlethwaite, et al., are localized models that
essentially are derived from local flow structure and
can be used to calculate the one-dimensional distri-
bution of the wear rate.'!"'?

During the outage of the Maanshan nuclear
power plant (MNPP) in Taiwan, wall thickness data as
measured by an ultrasonic transmitter (UT) showed
distributions of EC locations on the pipe wall dis-
played a two-dimensional behavior. The data were
influenced strongly by upstream fittings and external
forces. including centrifugal and gravitational forces

- Previous models cannot capture these multidimen-
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sional characteristics and simulate the dependence
of piping layout.

The present work focused on qualitatively inves-
tigating the multidimensional characteristic of EC
phenomenon using Jocal flow models to predict the
multidimensional distributions of wear sites. The
three-dimensional hydrodynamic model then was
used to calculate the single- or two-phase flow struc-
tures. and EC models were used to predict the
distributions of EC locations. The piping selected in
the current simulation was located in the extraction

“and exhaust systems of high-pressure turbines

{HPTB) within MNPP since most of the serious EC at
the plant occurs there, based upon plant-measured
wall thickness data. The current hydrodynamic
model reasonably simulated flow characteristics
governed by piping layout, centrifugal force, and
gravitational force. Predicted distributions of EC
locations by the current EC models coupling with
local flow structures corresponded well with the
plant-measured data. This agreement revealed that
the proposed local flow models, including the hydro-
dynamic and EC models, could be used to explain
EC occurring at fittings within MNPP.

LOCAL FLOW MODELS

The mult%dimensional flow structure within the
piping was obtained using current hydrodynamic
models. The major phenomenon for EC wear could be
éxplained by the presented EC models, coupled with
local flow characteristics. The EC models included
the production of oxides for corrosion and oxide
removal, as well as liquid droplet impingement for
erosion., :

Hydrodynamic Models

The hydrodynamic models studied consisted of
one continuity equation, one momenturn equation,
one two-equation turbulent model (turbulent kinetic
energy [k] - the energy dissipation rate [g]).'? consti-
tutive models for interphase exchange phenomena,
and appropriate numerical scheme and boundary

conditions.

In these models, the following assumptions are
made in deriving the governing equations. constitu-
tive equations, and appropriate boundary conditions:

— No heat transfer or mass transfer between
liquid and vapor phases is considered:

— Pressure is the same for both phases;

— The diameter of the liquid droplet is constant
and set at 1.0 mm: -

l — The particle form of the interphase drag force
8 selected for the liquid droplet flow:;

- — The standard k - £ turbulent model for single-
Phase flow is adopted. The effect of bubble-induced

t 3 : .
lurbulence is taken into account in the turbulent

: r_nodel of two-phase flow:

- GonnosnON,-vm. 55, No. 4

— The pipe length at the outlet side is long
enough that fully developed flow can be assumed:
and

— Since the steam quality in the simulated pipe
systems is ~ 88% to 92%, the two-phase flow can be
considered droplet flow.

The continuity governing equation is derived as:

V-[epu)=0 (1

where u is velocity, a is the volumetric fraction of
each phase, and i = c¢ for continuous vapor and d for
dispersed liquid dropiet.

The momentum equation is derived as:

‘' (pia‘u_ui) =~ain +V-

L |

ofpy + uu)vu],] +S,, (2

where y,; is the molecular viscosity, y,; is the turbu-
lent viscosity, §,, is the source term due to |
gravitational force and interphase drag, P is pres-

sure, and p is density.

Turbulent Model — In the current model, the
turbulent model for two-phase droplet {low essen- l
tially adopts the well-known k - € two-equation model
of the single phase. The turbulent shear stress for
the continuous phase can be expressed by the I

Boussinesq concept:'3

— 3
puv =, .BE (3)

where u” and v’ are velocity fluctuations, and n is the
distance normal to the wall. Similarly, the turbulent
viscosity (u,) can be evaluated by the traditional k - €
model:

(4)
where c, is the turbulent model constant. Both
parameters k and £ can be obtained by solving the
transport equations:

(5)

5

- o) =St~ 52 0 ef ] ;.

where ¢ = k. the turbulent kinetic energy = €. the
turbulent energy dissipation rate. P,, the turbulent
generation term, has the same expression as the
standard k - € two-equation model.

Additional source S, is used to take into ac-
count the enhanced effect on turbulence of the
continuous phase caused by droplet agitation. Based

333
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l\pon the modified formula of Mostafa and Mongia,
*“is source can be described as:™

L}

_ 2pdacozdk{

tc

= 1-
bk 1
. A

e

|

~-2C 2 (IC(I € T
SPE _ €3t d d 1-
’ TP Tc + Tp

(6)

(7]

where C,; is the turbulent model constant, and 1, is

h

&

e time scale characterizing large-scale turbulent

otion:

k
T, =0.34g

(8]

where 1, is the time scale characterizing the droplet

Iresponse:

Tp:

Wl

i
Cd

P4
Pe

1

uc —-le

9

where D, is the droplet diameter, and ¢, js the drag
:efficient and has the following correlations as

~proposed by Clift, et al.:!

( 1.0+0.15 Re"'s’”}

/

0.42

24.0
Re

29.78- 5.3 log,, Re)

Cy=

0.11og,, {Re}-0.49

8210

.19 ~
Re

+

—< Re<3.38x 10°

(1.0+4,25x 10* Rc'”“)
!

3.38x10° <R< 4 x |g°

4x10°<Re< 10°

Re > 10°

(10)

Constitutive Equations — The constitutive equa-
tions that account for interactions between the two
phases include:

Void fraction:

o, +0g =1

Momentum exchange between the two phases:

4

s

i

S

(11}

(12}

E;:fin((:lc—ad) (13)

where F, and F_ are the interphase drag forces for
both the dispersoid and continuous phases. and f,
is the interphase friction factor between the vapor
and liquid phases. The total drag force per unit vol-
ume can be evaluated as the sum of the drag forces
on each individual spherical droplet contained in
that volume. Then, f,, can be expressed as:

(14)

uc — Uy

[y
g
y
RS
o

Numerical Scheme — Three-dimensional. two-
fluid equationis are used to calculate the flow
characteristics in the piping to simulate the EC phe-
nomenon through the use of calculated local flow
distributions. Since the geometry of the simulated
pipe is not that of a simple rectangular or cylindrical
systern. a body-fitted coordinate (BFC) method is
adopted to deal with this mulitidimensional geom-
etry.'® The differential equations are discretized using
a control volume approach-in a finite-difference form.
The details of the control volume approach for the
finite-difference method have been described previ-
ously.'” The hybrid scheme is used to treat the
convection térms coupled with the diffusion terms.
The coupled equations for the velocity and pressure

are solved by the interphase slip algorithm (IPSA).'®
which is a two-phase extension of the well-known
SIMPLE (semi-implicit method for pressure-linked
equations) scheme for single-phase flow.'® The opti-
mum false time {(Atg,,) is used throughout the
steady-state calculation and can be given by the

Courant criterion as:

AX
Atfalse=—=l (15)
U

D SN Lo ik et i

where AX is a characteristic length in the computa-
tion domain, and U is a characteristic velocity.

The procedure in solving this three-dimensional,
two-phase model is:.

— Step 1: Set the boundary conditions on the
solution domain based upon the plant data.

— Step 2: Solve the momentum equations for the
velocities of both phases,

— Step 3: Solve the pressure correction equation
based on the joint continuity €quation to eliminate
the mass conservation error,

— Step 4: Correct the velacities and update the

pressure,
— Step 5: Solve the continuity equations for the

volume fractions,
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— Step 6: Solve the k - € equations to obtain
the turbulent characteristics and update turbulent
viscosity, and

— Step 7: Repeat Steps 2 through 6 until the
convergent criteria are satisfied.

Several computational flow codes can be applied
to solve this problem, including TEACH, 2
PHOENICS."?! and FLOW3D,'? etc. The PHOENICS
code was selected in the current calculation work.
Most of the caleulation works were performed on an
HP-750" workstation.

Boundary Conditions — Inlet boundary condi-
tions are set based upon the plant conditions, which
include the velocities and volume fractions of both
phases. A very long pipe is added to the outlet of the
physical domain so that fully developed conditions
can be reached at the outlet of the calculational
domain. Then, no special outlet boundary conditions
are specified, except for a fixed system pressure.
Since the turbulent flow behaviors change abruptly
near the wall, the wall function method is adopted for
the velocity and turbulent distributions to avoid the
need for finer grids near the wall. >}

EC Models

The EC models in the current study essentially
are divided into two major parts: the chemical corro-
sion model and the mechanical erosion model.

Basic EC Model — The basic E(E model of carbon
steel in a fully developed pipe flow can be divided
into two parts:* ‘ .

The first is the dissolution rate {R,) of magnetite
on the metal surface:

R, = ZkR(ch— cw) (16)

where k; is the reaction-rate constant, C is the
_soluble ferrous ion (Fe?*) concentration at equilibrium
with the magnetite, and C,, is the soluble Fe?* con-
centration at the oxide water interface.

The second is the mass-transfer rate of Fe2, -
which can be modeled as:

R.=x{c-c ] | (17)

1EIE Ky Is the mass-transfer coefficient and C. is
t.he_Soluble Fe*" concentration at the bulk water.

For steady-state, fully developed pipe flow, R,
should be equal to the mass-transfer rate of Fe?* (R).
Ther_:, the total metal loss rate can be expressed as:

R:I 18
" ] “ (18)
2ky  Km

| 'GOBROSION-VOL 55, No. 4

Local EC Model — Local corrosion reactions in- l
clude the electrochemical reaction, the precipitation
reaction, and the chemical oxidation. The total reac-
tions reasonably can be assumed to be completed at I
the pipe wall, while none of the iron ions produced in
‘the electrochemical reaction are transported across
the boundary layer prior to the subsequent chemical
oxidation. The local EC rate then can be assumed to I
be dominated by the local oxide production rate and
its transfer rate. According to experimental observa-
tion, the local corrosion production rate is I
proportional to the difference in the soluble Fe?* con-
centration between the wall and the oxide. In other
words. the steeper the near-wall radial profile of
concentration is, the higher the wear rate is. The l
concentration of soluble Fe?* at the equilibrium with
the magnetite depends upon the temperature of the
solution and the concentration of the chemical agent. |
Lower local near-wall fluid velocity will cause lower
concentrations of the chemical agent, such as pH
value or dissolved oxygen. enhance the local corro-
sion production rate, increase the gradient of soluble l
Fe** concentration, and consequently promote metal
loss of the pipe wall. Therefore, lower near-wall fluid
velocity is a good indicator to express the possibie '
distributions of EC locations.

In addition. the local mass-transfer rate of Fe*
also may influence the corrosion rate. This transfer
rate generally is governed by the mass transfer of I
Fe?* near the pipe wall.*%7 As described above, k., can
be expressed in an analogy to thé Dittus Boelter's
equation: '

ShXD,. l

Ky o —— (19)
d

where Sh = a, Re* Sc*, and:

Re = — (20)

Sc=—o (21)

and where d is the pipe diameter; D, is the diffusiv-
ity of soluble ion; p is the viscosity; U is the
characteristic velocity: p is the fluid density: and a,,
a,. and a, are constants.

The local EC rate is governed by this mass-
controlled phenomenon,®7 ! which is proportional
to its coeflicient (Equation [17]). According to this
equation. higher local velocity results in higher
mass-transfer coefficients (k,.). subsequently causing
higher wear rates. In other words, high local velocity
of flowing flow is an eflfective mechanism to remove
Fe?* near the pipe wall. which may enhance EC.

335
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FURE 1. Schematic of pipe layout.

en, the higher near-wall velocity may be a param-
l;r to indicate possible wear sites.
The major task of the current work was to inves-
ate the EC phenomenon by finding the possible
Etributions of wear sites using local flow models.
en, the qualitative indicators to express the wear
atterns but not quantitative calculations Lo evaluate
wear rate, were adopted. In addition, the model
‘ng the indicator of lower velocity to simulate EC
werned by Fe?* production is called the production
del, and the model using the parameter of higher
Ecity to describe the EC dominated by the Fe?
sfer rate is called the transfer model.
Droplet Impingement Model — The simulated
em in this work is a wet steam system with flow
ity of 85% to 92%. This high-quality flow system
1 be considered as a droplet flow system in which
> size of the liquid droplet is sufficiently small, and
Aroplet can be carried by the high-velocity steam.
uid droplet with enough high kinetic energy
Fimpinge the oxide layer of the metal and erode it
the pipe wall surface, enhancing EC. This kind
‘mage on the oxide layer is known as droplet
ingement or liquid 'impact erosion that also domi-
es EC wear.
lany parameters affect the complicated droplet
gement. A model simply describes the phenom-
0 as one where the oxide layer caused by
@ sion is remaved by the action of numerous indi-
E impacts of liquid droplets.® Its form can be
ssed as: -

(22)

p
I m = C,NE{6] H“i‘

m is the wear rate. C, is a system constant
nated by fabrication and installation of piping,
1 representation of frequency, F, is a character-

nction. § is the angle of impact, g, is the liquid

. U is the normal velocity, and HV is the
1ess of the pipe wall. Equation (22) shows that

tal loss from droplet impact is proportional to

centration of liquid droplet and its normal
Then, the erosion rate reasonably can be
=d to be associated with the erodent kinetic

y.
'nat can be expressed simply as adJ;| U],

which is a good parameter to indicate wear sites. In
this form. o is the volume [raction of the liquid drop-
let. and U, is its corresponding velocity in the normal
direction toward the wall.

RESULTS AND DISCUSSION

A new approach is proposed to simulate the
EC phenomenon through local flow models. This
approach includes the multidimensional, two-fluid
models and the EC models. The simulated pipes are
located at the extraction and exhaust systems of
HPTB within MNPP. In these systems, the quality of
two-phase {low is ~ 88% to 92%, implying that the
two-phase [low characteristic can be considered as
droplet flow. The models including the droplet form
of two-fluid equations and the erosion model due
to droplet impingement can be applied in these
systems.

HPTB Exhaust System

The simulated pipe in this system is a steam line
of 14 in. {0.36 m) connecting HPTB and Feedwater
Heater (FWHR) No. 2. This pipe is shown schemati-
cally in Figure 1 and consisted of two vertical elbows
of 90° (Elbows E1609 and E1610), one horizontal
elbow of 90° {(Elbow E1613), and two horizontal
elbows of 45° (Elbows E1611 and E1612). The flow
properties within this pipe are that the system pres-
sure is 199.7 psia (1.38 MPa). temperature is 382°F
(467.6 K), quality is 88.6%, and mass flow rate is
263,152 1b/h (33.16 kg/s).

Figure 2 displays the liquid fraction distributions
near the wall within this pipe. while the right part
shows the liquid fraction distributed in Elbows
E1609 and E1610. The left part shows the liquid
fraction distributed in Elbows E1611 to E1613. Since
three-dimensional results cannot be shown appropri-
ately in a two-dimensional plane, only the liquid
fraction distributions near the inner and outer sides
of the elbow are shown. The scale on the right side of
the figure represents the liquid fraction. As the two-
phase mixture horizontally flows through Elbow

E1609 and then turns to flow upward along the verti-

cal pipe, the centrifugal force will push the heavier
liquid droplet to the outer side of the elbow, causing
more liguid to be accumulated there. The phenom-

enon that centrifugal force governs the liquid drople
behavior is shown clearly in the right portion of Fig-

ure 2. The yellow region located at the outer side of

Elbow E1609 represents higher liquid fraction. and
the blue region representing lower liquid fraction is_
shown at the inner side of the elbow. As the dropiet’
flow passes upward through Elbow E1610 and turns
to the horizontal direction, the centrifugal effect alsg;
demonstrates in the plot of liquid fraction distribu
tion. The direction of centrifugal force points upward
and is opposite to that of the gravitational force
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FIGURE 2. Near-wall distribution of liquid fraction.

pointing downward. The yellow-red region appears at
the outer and upper side of Elbow E1610, indicating
more liquid droplets accumulated there. This phe-
nomenon demonstrates that the centrifugal force
overcomes the gravitational force within the vertical
elbow and then dominates the behavior of liquid
droplet existing in the two-phase mixture.

The liquid droplet gradually will fall down
because of the downward gravitational force as the
fluid continues to flow along the horizontal pipe. This
result can be confirmed at the right portion of the
liquid fraction plot in which the upper region gradu-
ally changes from yellow to green and, in contrast,
the lower part changes from deep blue to blue. Since
the pipe connecting Elbows E1611 to E1613 belongs
to a.horizontal pipe. the liquid fraction located at the
left and right sides of the elbow is shown in the left

- part of Figure 2. The centrifugal force again governs

the distribution of liquid phase so that the yellow

~ region is shown at the outer sides of Elbows E1611

through and E1613, respectively. :
After the three-dimensional two-phase character-
Istics have been obtained, it was crucial to find the
distributions of wear sites from these calculated local
ﬂ.OW Parameters. Figures 3 and 4 show the compari-
son of EC locations between the plant measured data

: ;ﬂd-ﬂ the predicted results for Elbows E1610 and
-E1613, respectively, since only these elbows within

the piping are measured by the plant staff. These

lan
- Plant measured data are the severe wear sites. which
are derived fro

by

h m the raw data of pipe wall thickness
* € smoothing method), as suggested by the Elec-

c"‘94304»135;geseamh Institute. 3412 Hillview Ave.. Palo Alto.
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- tric Power Research Institute (EPRI).!" Wall thickness

is measured by the UT during the plant outage
period. These figures are the two-dimensional plots
for the distributions of EC locations, which are plot-
ted by cutting the elbows from the outer side. Then,
the lower and upper parts of these two-dimensional
plots represent the outer side of the elbow, and the
central part indicates the inner side of the elbow. In
the plots, the blacker the color is. the more severe
the EC damage is. Plot {a) in Figures 3 and 4 is the
distributions of EC locations measured by the plant
staff, while Plot {b} is the distributions predicted by
the liquid droplet impingement model. Plot (c) is the
distribution predicted by the Fe?* production model,
and Plot (d) is predicted by its transfer model.

Since Elbow E1610 is located at the same plane
with the upstream elbow and iniet. the flow behavior
may display symmetry characteristics, which induce:
the symmetry pattern of EC wear. This phenomenon
is shown in the measured data as well as the pre-
dicted results (Figure 3). In Plot (a) of Figure 3, the
blacker regions are located at the upper-right and
lower-right corners of the two-dimensional plots. The
measured wear pattern of Elbow E1610 reveals that
the serious EC is distributed on the outer and down-
stream location of the elbow. The calculated results
of Plots {b} and (c) correspond with the measured
wear locations, and Plot {d) predicted results cannot
match the measurement. These comparisons clearly
show that EC occurring at Elbow E1610 essentially
is dominated by the liquid droplet impingement and
the Fe*> production effect based on the current EC
models. A similar result is displayed in the EC phe-
nomenon occurring at Elbow E1613 (Figure 4). The
measured data shows the wear sites mostly are

33
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{a) (b)
FIGURE 3. Comparisan of wear sites for Elbow E1610.

. (b
FIGURE 4. Comparison of wear sites fo:r Elbow E1613.

ocated at the outer side of the elbow {i.e.. the black
gions near the upper and [ower sides of EC location
ot), which is captured qualitatively by the droplet

Tipingement and oxide generation models. The cor-
sion model dominated by Fe2r transfer predicts the
rious EC distributed around the central portion of
€ two-dimensional plot (i.e., the inner side of Elbow
1613), which does not agree with the measured

Ita. The EC phenomenon occurring at the horizon-
elbow (Elbow E1613} can, pe explained to be

wused by the droplet impingement and Fe?* produc-

E effect, based upon the qualitative agreement in

two-dimensional wear pattern between the model
diction and plant measurement.

TB Extraction System .
The HPTB extraction System is a steam system
nnecting the HPTB and FWHR 1, in which the flow

erties are that the System pressure is413.7 psia
5 MPa), temperature is 447 .9°F (504.2 K),

lity is 92%, and mass flow rate is 382,331 1b/h
‘ " kg/s). The simulateq pipe located in this

system includes two horizontal elbows of 16 in.
{0.41 m, Elbows E1829 and E1830}. one horizontal
reducer of 16 in. to 14 in. (0.41 m to 0.36 m}. and
four vertical elbows of 14 in. (Elbows E1840, E1841,
E1843, and E1844). Figure 5 shows the schematic
of this pipe.

Figure 6 demonstrates the near wall distribu-
tions of liquid fraction along this pipe. while the left
part shows the distributions for Elbows E1829,
E1830, R1832, E1840. and E1841, and the right part
shows the distributions for Elbows £1843 and
E1844. As the two-phase mixture passes through

side of the elbow, causing a higher liquid fraction
{yellow-red region in the plots) to appear there.
Special attention is focused on the liquid fraction

distribution at vertical Eibow E1841. The downward "

gravitational force is opposite to the upward centrift
gal force within this elbow. The left part of Figure 6
shows more liquid accumulated at the outer side

(upper side) of Elbow E184 1, which reveals that cen

B
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these elbows, the centrifugal force governs the liquid
droplet behavior and pushes the droplet to the outer
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-(b)
'FIGURE 8. Comparison of wear sites for Elbow E1841.

(a) (b)
FIGURE 9. Comparison of wear sites for Elbow £1843.

| m
~ FIGURE 10. Comparison of wear sites for Elbow E1844.

- Predicted by the effects of Fe** production and drop-

. 'l.et.i-impingement show satisfactory agreements. These

Zﬁar Wear patterns reveal that these two effects
the-h?at'e the.EC phenomenon for the fittings within
- Sii’)%lel_g]uahty system. _
within € flow behaviors are not complicated

1 the elbow, reducer, or expander etc., these

aFr; )
Parameters (including Fe?* production and droplet

«GORRosmN-vm. 55, No. 4

impingement) are proven to be enough to explain
the EC phenomenon occurring within these fitlings
located in 