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INTRODUCTION

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
oath (straight, bend, tee, etc.).

Another instance of pipe rupture 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 pipe
degradation.

The Nuclear Management and Resource Council
(NUMARC) and EPRI have designed an insoection
,ian ... . -,•, . help Lt. ties identify areas
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Figure I-Inspection Plan.

plants) are expected to have CHEC in use by mid-
1988. The correlation between CHEC predictions
and plant data is good. The code Is predicting
erosion-corrosion rates within a t 5O1 band,
given accurate input data. This agreement is
much better than other known erosion-corrosion
correl ations.
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o Designing new piping systems that are less
likely to be damaged by erosion-corrosion

(3) an analysis module to perform erosion-
corrosion 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 2--Planning with CHEC.
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The CHEC code was developed and packaged to
bring uniformity to the Industry. The code
provides:

o Ten recommended inspection locations to
identify plant susceptibility to erosion-
corrosion

o Erosion-corrosion rate prediction
o Ranking of components for any system in

order of the potential of erosion-corrosion
damage

o Plant specific predictions for all plant
components at 50% bounding level using
limited 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 Interactive
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 input module to enter the plant

parameter data,

where F
F2(T)

erosion rate
factor for temperature effect
factor for alloy content effect,
i.e., chrominum, copper and
molybdenum content

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 is not linear. The formula-
tion is as follows:

I
= F (T)-F 2 (AC)-F 3 (MT)F 4 (02 1/ F5 (pH).F 6 (G)

ll

F3 (MT) = factor for mass transfer effect
(flow rate, piping diameter)

F4 (O0) = factor for oxygen effect
FS(p) = factor for pH effect (amine

type)
F6(G) - factor for geometry effect

Since the interrelation between these parameters
was not Initially apparent, the formulation was
developed empirically. In doing so, the follow-
Ing principles were uoheld:

o All of the above parameters were incorpo-
rated intn tho mntil}i



o All of the available data were used in the
model development,

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

a Although the model is empirical, steps were
taken to ensure that each part of the model
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 Version 1.2. This model was
used exclusively for the comparisons contained
in this paper.

CHEC VALIDATION WITH LAB DATA

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

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

o Chemistry was controlled precisely and
characterized.

o Material composition was well known.
o Tests were of short duration (<i000 hours).
o Wear measurements were precise since thin-

layer activation was used.
o Tests were run for straight pipes.
o Measurements were taken in a relaxed envi-

ronment unlike the pressures on power plant
personnel.

The range of lab conditions for which test data
areavailable is as follows:
Diameter : 0.315-0.378 inches
Temperature : 210-437°F
pH : 7-9.60
Amines Ammonia, Morpholine
02 :0-7 ppb
Cr : 0.025-0.101
Cu : 0-0.31%
Mo 0-0.041
V 1.15-12.71 ft/sec
Re : 16,700-177,000

Figure 4 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

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

The inherent accuracy of the measured plant
tl~ta ic I-Ce th.. th. .--------

laboratory data. Plant data are less precise
because of the uncertainties in the initial
thickness of the component and because of the
greater uncertainty, inherent in 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 estaolishing the
point of maximum wear. The key features of
plant data are:

CHEC Version 1.2
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Figure 4--Comparison With Laboratory Data.

o Baseline thickness measurements usually are
not available.

o Chemistry and reactor power vary with time.
o NOE measurements at best are ±5' - for low

wear situations, NOE uncertainty can over-
whelm the actual wear measurement.

o 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

0-100 ppb
:7-9.6

Amines Ammonia, Morpholine, Cyclohexyla-
mige, gydrazine, Neutral

Re . 10 -10•
CHEC predicted wear values were comoared 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 valida-
tion process. These raw NOE data were reduced
by examining each circumferential band for its
thinnest (Tmin) and. thickest (Tmax) reading.
For each circumferential band, a wear was deter-



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

Operating conditions were determined from
each plant's maximum guaranteed 1OOt heat
balance. Only heat balance values were used,
and \mass flow rates were always used Instead of
local fluid velocities.

Pipe Examination Techniques

Ultrasonic Thickness Measurement

Fmm O0

From 1O
M irMIG 1.2

Radiography -

Visual

Others

Figure 5--Comarison With Plant Data.

Component geometries were determined by using
each plant's isometric, plan and elevation
drawinQs. 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 5 supports the conclusion that CHEC
Version 1.2 predicts wear within t 501. Only
two small groups of data fall outside the t 501
lines; each warrants further discussion. The
outliers in both groups are due to uncertainties
in the measurement techniques. The data where
the measured wear is less than calculated wear
occur when the wear rate is very small. It is
difficult to measure low wear rate accurately
with a single inspection. The data where the
measured wear is greater than the calculated
wear occur when the component thickness is large
f-2.5 inch). An NDE measurement uncertainty of

± Si of wall thickness for.a 2.5 Inch thick
component means ± 125 mlls on Figure 5. The
inaccuracies Inherent in NOE 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.

NOE

There are- several techniques available, to
.perform pipe examinations (4). These are Illus-
trated in Figure 6. To perform ultrasonic
thickness (UT) measurements at power (I.e., with
plant on line), personnel thermal protection and
high-temperature UT transducer and couplant are
required.

'4

Figure 6--Pipe Examination Techniques.

UT MEASUREMENTS FROM OUTSIDE SURFACE

UT measurements made from the outside surface
require insulation removal and surface prepara-
tion. However, external UT is a simnle tech-
nique and a wide range of manual/auto. instru-
mentation yis available. The repeatability of
measurements under laboratory conditions is
within ± 0.004 average standard deviation (0.81
of average wall thickness) and the accuracy is

0.013 RMS (2.62 of average wall thickness). A
minimum amount of specialized training is
required. A typical time for a manual examina-
tion of an 18" elbow is-1 hour; a typical time

-for an auto examination of 5' 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 optics. 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.

R.ADIOGRAPPHY THIOCNESS (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. It 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 is-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 areareinforcement
(Figure 7). The guidel.ines include a three-step
evaluation process based on nominal, minimum
allowable and local wall thickness require-
ments. These steps. are:

1. Compare measured wall thickness (tmea
with nominal wall thickness (tn). f
0.875 tiom : tmeas • 0.2 tnomflourther
evaluation is necessary.

2. Compare tmea• with the minimum wall thick-
ness (tmin from hoop and axial primary
stress equations from code of record. In
case bending loads are not available,
bound or assume _t, _ If tmea' <
tmin, further evaluation is necessary.

3. Compare tqa and Lm (extent of thinning
exceeding %mn) with local thinning cri-
teria. This step involves evaluation that
is ba~sed on one of the following:
o local membrane stress (NB-3200)
o local corrosion (ANSI 831G)
o branch reinforcement

The details on these are covered in reference 5.

L.~a X./:zl.,• > 1/2,1., •~
7- ti
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Figure 7--Allowable Local Thinning Based on

Area Reinforcement-

REMEDIAL OPTIONS

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

o Inspect and monitor in the future.
o Implement water chemistry changes such as

increasing pH or amine (e.g. , ammonia to
morpholine) for a PWR and oxygen level for
a BWR.

o Repair or replace the component.

PWR WATER CHEMISTRY

Feedwater pH recommendations given in the PWR
secondary water chemistry guidelines (6) are
Intended to create acceptable levels of general
corrosion in the condensate and feedwater sys-
tem. This, In turn, minimizes deposit and
sludge buildup in the steam generators. The
recommendations 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, it 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
if individual plant experience shows that copper
transport did not Increase significantly.

Guidance on the additive to be used for pH
control is not provided in the PWR secondary
water chemistry guidelines. Ammonia generally
has been the additive selected for pH control in
PWR systems. Hyfrazine is normally employed for
oxygen scavengin-.. 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 control 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. Ffrst, 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. Oxygen concentra-
tions in the steam normally range from 15 to 30
ppm with normal condensate and feedwater concen-
trations of 10 to 30 ppb. Oxygen concentrations
in the extraction and drain systems also are
elevated significantly with values in the range
of 100 to 2000 ppb. Chemistry control options
available to BWR operators for reducing flow
assisted corrosion, are fewer than in PWR sys-
tems. Specifically, the only controllable
variable is the feedwater and condensate dis-
solved oxygen concentration.

Until recently no attemot has been made to
employ chemical additives for BWR 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 into the feedwater to suppress
radiolysis in the 'core and reduce oxygen
concentrations In the reactor recirculatino
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 in BWR
feedwater 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 deposits on fuel or
primary systems activity levels, operation near
the 50 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

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

o alternate pipTng materials
o repair and replacement options
o 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-P11 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 1I/2-11.
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 low-alloy steel has
superior mechanical properties. The disadvan-
tage of P11 and P22 materials is 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 intergranular
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 repair 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 know-
ledge and the tools needed to handle this phe-
nomenon. To summarize:

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

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

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

o In PWR secondary cycles, elevations of pH
and adaption of morpholine (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 oiven in BUR 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.

o P11 and P22 grade low alloy seeels and type
304L, 316L, and 347L (modified chemistry)
stainless steels are all satisfactory
replacement materials. The cost estimates
vary with specific plant conditions but low
alloy steels cost - 1.5-1.75 times carbon
steel and austenitic stainless steels cost
-2 times carbon steel.
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