ACTIVITY REMOVAL AND TRANSPORT STUDIES IN SUPPORT OF
PWR IN-PILE LOOP OPERATIONS
by
Philippe Borys
Ingénieur Physicien, Ecole Naticnale Supérieure de Physique de Grenoble
(July 1990)
SUBMITTED TO THE DEPARTMENT OF
NUCLEAR ENGINEERING IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 1991
© Massachusetts Institute of Technology 1991

Signature of Author s Leeve g

Department of Nucle{r Engineering
Dgcember 20, 1990

Certified by . ey e oo

e

v
Michael J. Drisco!l Thesis Advisor

_Professor _Emeritus,  Nauclear Engineering
Certified by

— —
Otto K. Harling Th@L Advisor

Professor, Nuclear Engineering

Accepted by

o —=

ARCHIVES Allan F. Henry

Chairman, Department Committee on Graduate Students

MASSACHUSETTS INSViiu
OF TECHNOLOGY

JUL:12+1991



ACTIVITY REMOVAL AND TRANSPORT STUDIES IN SUPPORT OF
PWR IN-PILE LOOP OPERATIONS
by

Philippe Borys
Submiitted to the Department of Nuclear Engineering on the 20th of December 1990,
iéi partial fulfillment of the requirements for the Degree of Master of Science in Nuclear
ngineering

ABSTRACT

An in-pile loop has bcen constructed at the MIT Nuclear Reactor Laboratory for
PWR coolant chemistry studies. The first two experimental campaigns using this
facility are now complete and a third is underway; the loop has become a significant
resource for associated research in several areas which can provide data to better
understand corrosion product transport mechanisms.

In the present work, data acquisition was a major task. In particular,
decontamination methods were developed to assay, before and after in-pile runs, the
inventory of deposited corrosion products and their associated radionuclides. As well,
charging water and loop materials were analyzed for composition and impurity content,
using different analysis techniques such as Neutron Activation Analysis, Atomic
Absorption, High Performance Liquid Chromatography, and Colorimetry. In addition,
the state-of-the-art computer codes, CRUDSIM, CORA and PACTOLE were applied to
the MIT loop; predictions and experimental results were compared.

Results from the assay of radionuclides on loop surfaces suggest that PWR
operation at pH3gec higher than 7.1 would be beneficial (lower ex-core activity
deposition, hence lower maintenance doses) compared to operation at pH lower than
7.0. Computer codes, especially PACTOLE, were in relatively good agreement with
MIT loop data when used to predict the effect of pH on the transport and deposition of
transition metals species and radionuclides such as Co-60 and Co-58.

Initial crud inventories on preconditioned loop surfaces before the in-piie run
were found to be representative of full-scale PWRs. Loop Inconel, Stainless Steel and
Zircaloy-4 compositions were within specifications. Itis worth noting that NAA
showed 0.7 ppm Co in commercial Zr samples, and consequently, a recommendation
was made to the ASTM to lower the specification for Co in Zircaloy from 20 to 2 ppm.
Finally, water analyses showed that loop water was within EPRI guidelines values, and
contained no unusual impurities.

Thesis Supervisor: Dr. Michael J. Driscoll

Title: Professor Emeritus of Nuclear Engineering
Thesis Supervisor: Dr. Otto K. Harling
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1 INTRODUCTION
1.1__Foreword

The chemical environment in the primary circuit of a
Pressurized Water Reactor (PWR) nuclear power plant is
sufficiently corrosive to merit concern over materials integrity
and the resulting need for maintenance, while at the same time
creating circumstances which interfere with repair. In particular,
from the various metals used throughout the system, corrosion
products are released into the coolant and transported onto core
surfaces where they are activated. Re-release followed by
deposition, which forms what is called "crud" (transition metal
oxides: eg nickel ferrites), on the out-of-core components creates a
significant radiation dose, leading to significant maintenance
problems.

Steady decline of the maintenance dose rate has been seen
over the past few years. However, in view of the work remaining
to do in this area, an in-pile facility has been developed at the
MIT Nuclear Reactor Laboratory to evaluate how to reduce dose
rates by improving PWR coolant chemistry. The work reported
here is part of the effort to acquire data from the experiments
already completed to better understand corrosion product

transport mechanisms.
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1.2 Background

As the wetted surfaces around the primary coolant loop
corrode, the corrosion products of iron, nickel, chromium and
cobalt, which are the main constituents of metal such as stainless
steel and Inconel, are released into the coolant. The resulting
water borne corrosion products may be soluble (ions) or insoluble
particles. These corrosion products can deposit on fuel surfaces in
the reactor core and capture neutrons to become radioactive.
Figure 1.1 shows the main mechanisms of activation of corrosion
products. Some of the product radionuclides are then released into
the coolant and eventually re-deposit on out of core surfaces. This
radioactivity on out of core surfaces, especially steam generator
tubing and channel heads, has become the main source of plant
worker exposure for PWR units. A schematic of the transport of
corrosion products in PWRs is presented in Fig. 1.2.

The main radioactive species of concern are Co58 and Co60.
Co58 is dominant during the first year of a new reactor and
because of its short half life (T1/2=71 days) tends to saturate after
about a year. On the other hand, the long-lived Co60 (T1/2=5.26
years) increases, until stabilizing af;er about 5 years. In PWRs,
after a few years of operation, the respective activities of both
species are comparable, even though the relative fraction of each
species differs from plant to plant due in part to the high

variability of Co59 (natural Cobalt and the parent of Co060) from

stellites used in wear-susceptible surfaces such as valves, or
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from cobalt contamination in Nickel alloys used in the spacer grits
of some older fuel assembly designs and of course the heat
exchangers . Co58, on the other hand, is produced by (n,p)
reaction with Ni58 (68.3% of natural nickel) which is a major
constituent of both Inconel and Stainless Steel

An in-pile loop, the PWR Coolant Chemistry Loop (PCCL), has
been constructed at the MIT Nuclear Reactor Laboratory (Fig 1.3)
to simulate a PWR primary circuit in order to study corrosion
product transport. The initial conceptual design of the facility was
carried out under MIT Electric Utility Program, and the EUP has
continued to support complementary research on the PCCL,
including much of the effort reported in this thesis. Subsequently,
construction and operation were undertaken under Electric Power
Research Institute (EPRI) and Empire State Electric Energy
Research Corporation (ESEERCO) sponsorship. The Japanese
Nuclear Power Engineering Test Center (NUPEC) has also
contracted for a series of three 3000 hour runs using the PCCL
during the next three years. As of fall 1990, seven runs have
been completed under EPRI and ESEERCO sponsorship. The
purpose of these month long runs was the optimization of
LiOH/H3BO3 pH control to minimize deposition of activated
corrosion products on the out-of-core surfaces. At the end of each
run, each loop is sacrified and studied. As noted earlier, the main
purpose of the work presented in this thesis is development and

application of data collection methods to loop components. In
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addition, significant work was also done in the area of post shut
down experiments, and comparison between code predictions and
experimental results.

Tho basic idea of the PWR Coolant Chemistry Loop (PCCL) is
to simulate a unit-flow cell of a PWR (one steam generator tube
and one core flow channel -see Fig 1.3-) in order to study
chemistry control strategies such as the effect of lithium
hydroxide and boric acid control of pH on radionuclide deposition.
The hydraulic diameters and lengths are about 1/3 of those of a
real PWR. The heat fluxes, ratio of Zircaloy/Inconel/Stainless
Steel surfaces exposed to the coolant and coolant velocity are
scaled to match as closely as possible those of a full scale PWR.
Each loop is compact, therefore inexpensive, and can be sacrified
for analysis at the end of each run. At the end of each run, one of
the principal objectives is to analyze the components for their
radionuclide inventories. On one hand, the Inconel steam
generator section is directly scanned using a HpGe detector (C-
1)(S-1), on the other hand, for the bottom of the steam generator
section, the stainless steel plenum and the core section, it was
necessary to develop descaling methods in order to separate the
crud from the activated base metal. Beginning with the earlier
work by Cabello (C-1), and continuing with the effort reported
here, methods were developed from already existing chemical or
mechanical decontamination procedures used in plants to reduce

the amount of radioisotopes.
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Also of concern was the importance of the charging system
(see Fig 1.4), which is mostly made of stainless steel and is run at
room temperature, where the solubilities are much higher than
at 300°C. PACTOLE code predictions suggested that more than
60% of both PWR and PCCL corrosion products originate from the
charging system surfaces. In the present work, coolant analyses
have been performed to investigate such predictions.

Analyses of the materials used to build the PCCL were done
using Neutron Activation Analysis (NAA), not only to check the
representativity of these materials but also to explain the origin of
some radionuclides measured in PCCL coolant or surface samples.

Also of interest is the fact that the loops were prefilmed
together for one month out-of-pile using PWR reference chemistry
(1.41 ppm Li, 600 ppm Boron) and preconditioned separately for
one month under chemistry identical to that used in its one month

long in-pile run. Chemistry for the seven in pile runs are as

follows:
PR1: 1.84 ppm Li, 800 ppm B pH300°c=7.0
PR2: 1.84 ppm Li, 800 ppm B pH300°c=7.0
PHI: 6.26 ppm Li, 800 ppm B pH300°c=7.5
PL1: 0.56 ppm Li, 800 ppm B pH300°Cc=6.5
PBR: 3.00 ppm Li, 800 ppm B ' pHa00°c=7.2
PBL: 0.46 ppm Li, O ppm B pH300°c=7.2
PNZ: 3.00 ppm Li, 800 ppm B, “less Zinc” pH300°c=7.2

At the end of each preconditioning it was necessary, from a

modelling point of view, for each run, to measure the inventory of

corrosion product species on the loop surfaces. To do this, tubes
17



and coupons were descaled and the solutions analyzed using
Atomic Absorption (AA) and NAA. Finally, end-of-run assays of
both chemical and radioactive species were compared with state-
of-the-art computer programs such as PACTOLE (B-2)(B-3)(B-4),
CRUDSIM (B-5) and CORA (K-1). |
Table 1.1 summarizes the PCCL run histories; the hot hours
(ie temperatufe at the outlet of the core > 550°F) and the MW-
Hours are shown for each run. References (S-2) and (D-1) provide

additional details.

Table 1.1 Summary of PCCL Tests (D-1)

Run Chemistry Operation Transients®
Code |pH300°C| B Li | Hot Hours |[MW-Hours| A B C
m)Kppm)|

PR1 7.0 800 | 1.84 889 2328 1 -

PR2 7.0 800 | 1.84 536 1871 1 -
_PL1 6.5 | 800 § 0.56 478 2115 2 - -

PH1 7.5 800 | 6.26 | 533 2288 - - -

PBR 7.2 800 § 3.00 728 1569 - - -

PBL 7.2 0 1046 711 1656 - 1 1
|_PNZ 7.2 800 _} 3.00 232 842 - 3 -

* The number of transients after the beginning of cperation is given:
A- Controlled shutdown
B- Automatic shutdown, no boiling
C- Automatic Shutdown, boiling

18



1.3 Organizati t P . Worl

This thesis is divided into seven chapters. The present
chapter presents the introduction to the work reported in this
report.

Chapter two describes the chemical analyses performed on
the water samples taken from the loop coolant as well as analyses
done on ihe materials used to build not only the seven
EPRI/ESEERCO loops but also the three NUPEC loops. The choice of
the technique of analysis depended on the analysis but Atomic
Absorption (AA), Neutron Activation Analysis (NAA), High
Performance Liquid Chromatography (HPLC) and Colorimetry
were used.

Chapter three discusses all the decontamination techniques
used to descale the PCCL components, and reports the final
inventory of radionuclides in each area around the loop (steam
generator, plenum and core).

Post-shutdown studies are described and results reported in
chapter four. Tubes from the steam generator and core section
underwent treatment to reproduce the high release of
radionuclides seen in plants during cooldown and aeration.

Chapter five reports the work performed to determine the
initial (ie. at the beginning of the in-pile run) inventory on loop
surfaces. This work was valuable for computer code studies

because code predictions depend on the initial inventory.
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Chapter six summarizes the work done using the computer
codes available at MIT (PACTOLE, CRUDSIM, CORA). Predictions
are compared to experimental results.

Finally, chapter seven provides a summary of the work
reported in this thesis and conclusions which follow from it.

Recommendations for future work are also given in this chapter.

20



2.1 __Introduction

The main task of the work presented in this thesis was to
evaluate the contributions to, and inventory of, corrosion products
in the subject in-pile experiments. To do so, it was necessary to
characterize the water provided to the loop by the loop charging
system as well as to characterize the different materials (ie
Stainless Steel, Inconel and Zircaloy) used to build the loop.

Concerns about the transition metal input from the charging
system tubing grew when initial PACTOLE code predictions (B-1)
suggested that more than 60% of the transition metals in the
water were coming from the charging system for the
EPRI/ESEERCO runs. High predicted solubilities in the room
temperature charging lines were causing this effect, and therefore
it was necessary to make actual measurements to check the
predictions and to take adequate measures to get rid of this input
for the NUPEC runs. Accordingly, measurement's of high purity
source waters and samples from the PCCL charging system were
made. Means of analyses were mainly Neutron Activation
Analysis (NAA), High Performance' Liquid Chroxﬁatography (HPLC),
Atomic Absorption {AA) and Colorimetry. Descriptions of the
techniques, experiments and results are presented in the
following sections of this chapter.

In addition, characterization of the tubing materials, and
more particularly their cobalt content, was needed to be sure that

21



they were within specification, but also to understand the source
of the corrosion products and the radicnuclides. This has been
done using NAA. The technique is described in detail in section 2.
Results are presented in section 7 of the present chapter.

Finally, preconcentration methods using chelating ion-
exchange papers, a useful tool for these investigations, were

developed and are presented in section 6 of this chapter.

22 Neut \ctivati Analvsi

In Neutron Activation Analysis (NAA), the sample to be
analyzed is exposed to a high neutron flux. Because of the lack of
Coulomb barrier between neutrons and the target nucleus, the
probability of having a nuélear reaction with neutrons is rather
large compared to other particles. The most important nuclear
reaction for NAA is the (n,y) type, in which the excited nucleus
decays to a lower energy state by the emission of y rays.

If we irradiate an isotope with neutrons, the activity

produced can be calculated using the following equation:

A= ¢cn(1-e'ui)e'3~tc (2.1)
where ¢ = neutron flux (n/sec.cm?)
G = cross section (cm?)

n = number of target nuclei
ti = irradiation time (min)
22



tc = cooling time (min)

A = decay constant (min~1)

Using this equation one can calculate the amount of material
in a given matrix. But since ¢ is not well defined, a "comparative
method" is employed, where a standard with accurately known
composition is irradiated along with the unknown sample. Then,

the composition of the unknown can be calculated from:
Wt (in sample) = ([A (sample)]/[A (std)]) * Wi (in std) (2.2)

Semiconductor (GeLi or HpGe) detectors are commonly used
in NAA because of their high resolution.

When a predominantly thermal-spectrum nuclear reactor is
used to irradiate the sample, we speak of thermal NAA. Activation
is effected primarily by (n,y) reactions. Since, activation cross
sections of most of the eléments are high for thermal neutrons,

low detection limits can be achieved.
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The HPLC technique takes its roots from liquid
chromatography and gas chromatography techniques. In the
original methods an adsorbent, for instance alumina or silica, is
packed into a column and is eluted with a suitable liquid. A
mixture to be separated is introduced at the top of the column and
is washed through the column by the eluting liquid. If a
component of the mixture (a solute) is adsorbed weakly onto the
surface of the solid stationary phase it will travel down the
column faster than another solute that is more strongly adsorbed.
Thus separation of the solutes is possible if there are differences
in their strength of adsorption by the solid.

HPLC was developed in the 1960's. The particle size of the
stationary phase material (in the column) was reduced; this had
the effect of improving the efficiency of the method. Today
microparticulate columns, commonly porous silica particles, are
used. The mechanisms of separation can be described as the
adsorption of elements by chemical elements bonded to the silica
particle. At present, 75% of the work done by HPLC uses columns
with C-18 Alkyl groups attached to the surface of silica particles.

The mobile phase (eluent) typically has a flow rate between
0.5 and 5 cc/min. In all the applications described in this report a
constant flow rate was used. For a given eluent and a given flow
rate, the retention time of solutes (ie the time taken for a solute to

pass through the chromatographic system) is a constant.
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After passing through the column, the separated solutes are
sensed by an in-line detector. The output of the detector is an
electrical signal. UV and conductivity detectors can be used,
depending on the nature of the species involved.

The basic components of a HPLC are described in Fig 2-1
(adapted from (L-2)).

2.4 Atomic Al ion Techni

Atomic spectroscopy has its origins in the flame test in
which many elements can be identified by the characteristic
colors which their salts give to a flame. (see Fig. 2-2).

With the development of the Bunsen burner, which gives a
relatively colorless flame and consequently doesn't produce
intrinsic interferences, the technique of atomic absorption has
been improved.

In atomic absorption, high temperatures are needed to
generate free atoms. Once atoms are generated, photons can
interact with them. Under certain conditions their interaction can
lead to a photon being absorbed by an atom.

Since the energy levels in an atom are quantified, they can
only have certain well defined values. The absorption process is
described in Fig. 2-3.

The photon energy, hv, must be exaciiy equal to the energy

which separates two levels.
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Fig 2.2 Dispersion of light emitted from a flame.(M-1)
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The determination, in an analysis, of hv allows us to
recognize a specific element in our sample. For instance, at 589
nm, electrons of sodium atoms move from the 3s orbitals to the 3p
orbitals. Consequently, if one measures the light absorbed by a
sample at 589 nm, and compares it with absorption by a standard,
it is easy, using Beer's law, to compute the sodium concentration

of a sample.

2.5 _Colorimetry

When light passes through a medium, the different
wavelengths of the beam may be preferentially absorbed. For
example, a liquid colored red will only allow the wavelength of
red light to pass through without being absorbed.

In any medium the absorbed wavelengths are called the
"absorption peaks".

A determination of the wavelength vs absorption spectrum
of any medium , if there is absorption of light by this medium,
provides a characterization of the substance. Consequently, we are
sometimes 2ble to detect a compound in a medium. Moreover, the
intensity of an absorption peak can be used for quantitative
analyses. A spectrometer permits quantitative determination of
light transmitted by a sample, to carry out qualitative and
quantitative analyses (i-2).

A schematic representation of a colorimeter is shown in Fig
2.5.
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To obtain quantitative results, Beer's law can be applied:

log10(lo/1)=KLC

where Ig=solvent transmiitance
I=sample transmittance
=constant
L=path length through the sample

C=concentration

The term logi1o(Igp/I) is called absorbance. As can be seen,
the absorbance is linearly related to the concentration and thus, is
very useful for quantitative studies.

Usually, a calibration curve of absorbance vs concentration
is plotted by measuring some known samples. It is, then, easy to
determine an unknown concentration by measuring the

absorbance of the sample.

%9 Jon-Exchange Papers

Cation, anion and chelating 47mm @ filter paper disks were
purchased from Sumitomo Chemical Industries, Co (Cat. No
EXPAPIER NF-1, NF-2, NF-3). The projected use of these papers
was in a system to clean the loop charging water for the NUPEC
PCCL runs. However, the chelating paper also appeared to be

suitable for chemical analyses of current interest. As received,
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cation, anion and chelating papers were in the Na, Cl and Cu forms
respectively. Depending on the application, pretreatment was
scmetimes needed to change the form of the paper. For the scope
of this thesis, only one paper was used, the chelating one. Tests
were performied in order to characterize its ability to remove

transition metals from solutions and therefore concentrate them.

2.6.1 Description of the Tests

For these tests, papers were prepared following the
procedure recommended by Mitsubishi. This procedure was
aimed at using the papers to clean PWR type waterchemistry
without affecting the boron and lithium contents. The procedure,
for the chelating paper (F-1) is described below. The filter holder
apparatus was purchased from Millipore (cat. no XX43 047 00).

1-soak a maximum of 10 papers overnight in
200ml of 2N-HCI

2-mount two sheets of papers in the filtering

apparatus.

3-elute twice with 50ml, 2N-HCL (Filtration
flow rate: 10ml/min).

4-Rinse 6 times with 50 mi each of pure water.

5-Treat with 2.5 liters of LiOH solution (2 ppm

Li).

6-Rinse twice with 50 ml of pure water.
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7-Store in sealed polyethylene bag (to keep the

papers wet),

The purpose of the first set of tests was not only to check
the ability of the papers to remove transition metals, but also to
check the capacity of the papers. Different solutions were
pumped using a peristaltic pump through two prepared filters
placed in series in two different holders. Filters were then
analyzed by NAA. Table 2.1 describes the test procedures.

A similar test was done to check ihat a chelating paper
would not modify the pH of a PWR chemistry solution. PWR type
chemistry was pumped through two chelating papers and the pH
of grab samples was checked, using a Cole Parmer Chemcadet® pH
meter (inodel no 5984-50, serial no 507631), at different times
during the experiment, and compared to the pH of the input

solution.
2.6.2 Results and Ceonclusions

Results of the tests describéd above are presented in tables
2.2 and 2.3.

The STD-1 and STD-2 paper§ were nominally capable of
absorbing 0.5 mg of cobalt; the subject measurements showed the
ability of the chelating papers to pick up transition metals, and a
capacity of a few mg.

These results showed also that the use of chelating papers to
clean up solutions of PWR type chemistry could lead to pH
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Table 2.1

Test Procedures

Test purpose

haracterize the
bility of picking up
ransition metals

Test the capacity of
the papers

umber of papers
End description

TD-1 (first paper)

2
CAP-1 (first paper)

TD-2 (second paper)|CAP-2 (second paper)
umber of filter 2 2
nolders
lsolution 1 ppm Co 1 ppm Co
olume of solution S5 liter 5 liters

umped through the
apers

ie 0.5 mg of Co)

J(ie 5 mg of Co)

ode of analysis of
he papers

INAA

NAA

Table 2.2 Results of the Chelating paper tests

Cobalt content (mg)
STD-1 0.49 +/- 0.005
STD-2 0.01 +/- 0.0001
CAP-1 2.86 +/- 0.03
CAP-2 1.49 +/- 0.02
Table 2.3 pH study results
Volume of chemistry already |pH

filtered when sample when

taken

0 6.57 (before filtration)
500 ml 6.35

1 liter 6.51

151 6.54

201 6.57

251 6.54
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changes in small samples; however, afier filtration of 2 liters of
chemistry, this effect no longer takes place.

Other experiments, beyond the scope of this thesis, indicated
that the papers, if used as-prepared for cleaning PWR type
chemistry, are inadequate because they release undesirable
chloride ions to the water. Furthermore, NAA done on the
chelating paper showed non negligible traces of sodium.
Consequently, it was decided not to use these papers for the next
(NUPEC) campaign of PCCL runs because of their potential release
of undesirable species. On the other hand, they have been shown
to be adequate for concentrating transition metals for trace

analyses using NAA.

2.7 Materials and Water Analyses

2.7.1_Descrinti f the Experiment

The main purpose of these analyses was to measure the
levels of impurities in the charging chemistry of the PCCL loop,
and also, to determine the compositions of the materials used to
construct the PCCL. To check for impurities in the PCCL water, two
different techniques were used: HPLC for transition metals and
anions, and NAA (using a freeze-dry process, or concentrating the
species by filtering a sample through a chelating ion-exchange
paper). Table 2.4 summarizes the analytic capabilities presently
available at the MITNRL. The process of freeze-drying is used to
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dry the sample. The samples are first frozen and then put under
vacuum. From a phase diagram for H20, one can see that at low
temperatures under vacuum, water goes from the solid phase to
gas without being liquified. One of the advantages of this
approach over high temperature evaporation is that it is done
under vacuum and therefore minimizes contamination from dust
from the air.

Stainless steel, Inconel, and Zircaloy, the main alloys
constituting the wetted surfaces of the PCCL loop were analyzed
by NAA. Small pieces (a few milligrams), of the material to be
analyzed were cut, and in order to avoid contamination from the
cutting tool, the outside surface was cissclved away using aqua
regia (1vol HNO3 + 3 vol HCl +2vol H20) or, in the case of Zircaloy,
ammonium bifluoride. The surfaces were then cleaned using
HNOj3 (30%) followed by a final rinse using DI H2O. However, the
surfaces of two Zircaloy pieces were also analyzed to confirm ‘that
the surface was not different from the bulk metal. These two
pieces were shaved using a diamond coated scraper; the scraps
were then analyzed following the regular procedure. The samples,
together with standards, were irradiated in the 1PH1 port of the
MIT Nuclear Reactor. The flux there is approximately 7.35 1012
n/cm2sec when the reactor is at 4.5 MW. The irradiation time was
varied with the material to be tested: 10 minutes and 4 hours
were usually adequate for the Stainless Steel or Inconel and
Zircaloy, respectively. Samples were then counted using either
the PCCL HpGe detector (C-1) (S-1) or one of the GeLi detectors in
the NRL Radiochemistry Laboratory operated by Dr Ilthan Olmez,
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which offered high efficiencies, high resolution and automatic
analysis by NAA software (ND9900 Workstation - Nuclear Data
Inc.- used on a Micro Vax/VSM). Table 2.5 summarizes the main

reactions that were used to determine the amounts of metials in

each sample.

First, in tables 2.6 through table 2.8 are presented the
results of the analyses of the high purity water sources available
at the MIT NRL. Usually, DI water from the AA Lab, located in
Building NW13 Room 247, was used to prepare PCCL makeup
water chemistry batches. This system consists of 5 Cole Parmer
ion-X-Changer filter cartridges. One adsorber cartridge (cat.# N-
01506-15) removes most organic compounds, free chlorine and
chloramines, phosphate complexes and turbidity. Two Universal
cartridges (cat# N-01506-25) remove all ionized constituents
except free carbon dioxide and silica. Finally, two Research
cartridges remove all ionized minerals down to a level of 4 ppb or
less (C-2).

Second, in tables 2.9 through 2.11 are presented the results
of the analyses of the PWR type chemistry used for the PCCL runs.
These solutions were made using Mallinckrodt H3B O3 analytical
reagent, which claims 0.0001% of iron (this represenis
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Table 2.4 Analysis capabilities at the NRL

rof CH A
allinger's Eli:in:ex R2000 ame or
aters olorimetejgraphite
LC urnace
clements [Nat, Lit, -,Br-,Cl-, Eez"', Ni2+ [Ca, B, Li, E,Nl, Cr,
easured + K+ [S042- i02 o, Fe, Zn Fe
ith theselCo2+, Fe2+ |NO3" u, Ni, Cr,
echniquegNi2+, Co2+,|[NO2- b
2+
n2+,
u2t, Cd2+
table 2.5 Main reactions used for NAA
[Element |Nuclear Radionuclidey Energies [Half Life
Reactions
INi Ni64(n,y)Ni65 [Ni65 1.4818 MeV .520 hours
1.1155 MeV
Mn Mn55(n,7)Mn5 [Mn56 &84675 2.580 hours
I6 eV
e Fe58(n,y)FeS9 |Fe59 1.0992 MeV H4.6 days
IF 1.2916 MeV
|Co59(n,1)Co60 |Co60 1.3325 MeV [5.27 years
1.1732 MeV
W W186(n,))W18|W187 .68581 23.9 hours
7 eV
47953
eV
7n Zn64(n,y)Zn6S |Zn65 1.1155 MeV R43.8 days
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Table 2.6 Resulis of NAA using freeze-dry process

(ppb) Radiation | AA Lab DI
Lab DI water
Water
Iron 250 +/- 70 | 476 +/- 164
<353
Sodium 454 +/- 30 | 325 +/- 21
Tungsten <0.26 0.2 +/- 0.1
Bromine 2.0 +/- 0.6 | 2.6 +/- 0.7
Chromium | 3.9 +/- 0.7 | 2.1 +/- 0.9
Cobalt 2.1 +/- 0.2 | 1.8 +/- 0.4
Zinc <19.7 <47

Table 2.7 Results of NAA using Chelating Papers

{ppb) double DI
water from
AA Lab
Zinc 0.7 +/- 0.4
Cobalt <0.02
Iron <8
Chromium | 0.13 +/- 0.1

Table 2.8 Additional Results of NAA using freeze-dry technique

(ppb) DI water DI water DI water DI water
from BCCL |from reactor] from Prof from AA
system system Ballinger's Lab
Lab system |
Zinc 9.6 +/- 1.3 4.1 +/- 0.6 [2.7 +/- 0.6 9.6 +/- 1.3
Cobalt <0.01 <0.01 <0.01 <0.01
Iron 4 +/- 3 10 +/- 3 <6 <6
Chromium [0.35 +/- 14 +/- 0.1 |<0.1 <0.1
0.07
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Table 2.9 HPLC Measurements of Makeup Water Trace Elements
PRI |PRZ | PBR

PHI

Gl P PN - PO L
Nickel 106 ’ 'i'ﬂ 38 38

(53.3) (40.7) (68.2) {<10})
"Cobalt ~4 ~9) ~10 ~ pov. )

(<4) (~7.6) {<10) [1.8 £ 0.1]
Chromium (<4} {0.TZ0.
Troa ) 15146 2) 227 2) 2;i;)9) 8?30} 931 + 35)

(<4) () (14.3) {5) [10 £ 1.4]

note: Values in () are results measured on December 1989
Values in [] are results of NAA measurements (performed by R.

Sanchez using Bio-Rad Analytical Grade Chelating Resin - ChelexTM 100 -

catalogue #

Values in {} are Inductively Coupled Plasma (ICP) results (performed

142-2842)

in France by P. Beslu)

Table 2.10 Further Results of NAA using freeze-dry process

(ppb) PL1 PBR
Outlet of the|Outlet of the
charging charging
line line
Iron 326 +/- 108 |250 +/- 70
<300
Sodium 334 +/- 22 |[297 +/- 19
Tungsten 0.1 +/- 0.05 {<0.15
Bromine 2 +j- 0.5 2.5 +/- 0.7
Chromium |7.3 +/- 1.1 143 +/- 0.7
Cobalt 1.3 +/- 0.3 2.0 +/- 0.3
Zinc <43.7 19.5 +/- 14
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Table 2.11 Additional Results of NAA using Chelating Papers

(ppb) PNZ
(Charging
tank)
Zinc 3.5 +/- 0.5
Cobalt 0.15 +/-
0.01
Iron 6 +/- 3
Chromium 0.9 +/- 0.1
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about 5 ppb of iron in a 800ppm boron solution), and Fluka
Chemie AG LiOH.H20 which claims less than 0.005% of iron and
zinc (this represents less than lppb of iron and zinc in a 2ppm
Lithium solution).

Note that the ion chromatograph measurements of
transition metals reported here are suspected to be high due to
some contamination from the Waters IC unit stainless steel
injection system.

The results show that PCCL makeup water adds a non-
negligible input of transition metals. However, the most recent
NAA results, using chelating papers to concentrate the species and
to minimize contamination during handling, seem to indicate that
this source is not dominant. As will be discussed later, total
transition metal input is small compared to the measured crud
inventory on loop surfaces. Also, it should be noted that all these
measurements have been performed on grab samples, some of
them after a few months; this made accurate measurement of ppb

levels of species difficuit.

+ Results of Materials Analyses

Results of the analyses of commercial vendor Zircaloy, as well as
of the MIT PCCL Zircaloy 4 are presented in table 2.12. Cobalt content
appears to be on average about 1 ppm, far below the ASTM (B353-83)
specification of 20 ppm, a result which ruled out a hypothetical
important participation of the cobalt from the
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table 2.12 Results of Zircaloy Neutron Activation Analyses

Kpopm) Cr | Fe | Co|Sb|Eu| Hf | Ta [ Ni | W
Vendor 1
Sample A [1010]1915] 1.1 | 2.7 48
+32 [+£105]40.1]40.4 4
Sample B #1 [ 1070|2290} 1.1 1.1 1 0.06 45 0.79
+34 |+£1001+0.1]+£0.2§+0.01} £4 [|10.14
Sample B #2 | 1140|2380} 0.7 1.3 51 1.4 | <6 1.6
+20 4100 ]+0.06] 0.1 £3 110.1
Sample B 1184 | 2597 | <.1
|surface +32 {1423
[Sample C 75 |[1070] 1.0 | 12.6 70 | 5.1
+4 | +£90 1 £0.1]£1.6 +6 | +0.9
Sample D 103011950} 1.6 8.9 | 41 | 0.31
+33 | £95 {£0.1§11.1 +4 |+0.07
Vendor 2
Sample A 10702290 ] 0.48 | 2.1 [0.075] 40 | 0.70
+39 |£1151+£0.09] £0.6 H0.02] +4 |10.32
5
Sample B 1045 ]| 2180)] 0.55 | 2.2 43 | 0.59
+38 1+100]+0.09] £0.5 4 }10.26
Sample C 1105121453 0.79 | 1.4 45
+40 |+125]+0.11} +0.5 +4
Sample D 930 | 18401 0.68 ] 2.1 10.14 | 43
134 |+125]+0.13}+0.6 {+0.03] +4
ISample E 965 11940 1.1 1.7 43
+30 ] £90 | £0.1] 0.2 +3
Vendor 3
Sample A 1110{2230] 0.58 § 1.8 40 | 0.90
+40 |+1453+0.16] £0.6 +4 |10.44
Sample B 1130} 234G 0.9 | <i0 44 | 0.56
+40 |+140(10.18 +4 |10.28
Vendor 4
Sample A 1060 | 1990 ] 0.71 1.1 51 <34 <
+20 | 90 |+0.06 0.1 +3
Sample B 1050120051059 § 1.2 52 <30 <1
+20 { £90 |+£0.05} £0.2 +4
'Sample C 1040} 1890 ] 0.66 1.3 53 <435 <1
£40 | £90 £0.06] £0.1 14
Sample D 1160124301 0.43 | 0.51 46 1029 | <435 65
+21 {£110]10.06}1£0.07 +3 |£0.05
Sample E 930 | 18801 0.4 | 0.35 34 1037 <5 {0.08
+17 | £80 1+£0.04]£0.06 +2 {+0.05
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Table 2.12 (cont'd)

m) Cr ) Fe | Co ] Sb | Eu | Hf | Ta | Ni | W
PCCL
Zir2 984 [ 1450 0.5 48
+18 | £70 [+0.07 4
Zird #1 1029 § 2180 | 0.72 52
+19 |+100]40.08 +4
Zird #2 1060 § 2070 | 0.67 | 2.1 54 1059 ] <5 ]0.62
£20 | £90 |+0.05] 0.2 +4 [£0.06
KZird #3 1070 } 2080 | 0.68 | 2.2 54 10.57 ] <5 |0.48
+£20 | £90 [£0.04] +£0.2 4 1£0.06
Zird4 #4 1111 ] 2360 | <0.85
+ +
22 | 177
Zir 4 1184 | 2597 | Q.7
+ *
lsurface 32 | 428
ASTM 500 { 700 } <0 <100 300 | <100
pecification [~1500]-2000 850
or Zir2
STM 700 j1800-] <20 <100 <N | <100
pecification [1300] 2400
or Zir4
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Zircaloy oxide in crud transport. Our data compares well with the
values of 0.86 + 0.06 ppm and 1.76 £ 0.14 ppm reported in
reference (A-1). 1 ppm is also mentioned in ref. L.-1. Cabello's

" caiculations (C-1) show that 1 ppm Co in Zircaloy would make the
cobalt in the ZrOj corrosion film represent about 10% of the cobalt
in the crud at the end of an average PCCL run. Thus in-situ cobalt
is not significant compared to the crud cobalt. Therefore, in the
data acquisition and interpretation process, separation of the two
components will not be needed.

It should be noted that most of these analyses were done on
bulk metal. Further analyses were then needed to confirm that
the bulk was not different from the surface. The results of two
surface analyses confirmed this supposition.

In the future, if high pH chemistry is adopted in PWRs,
cobalt in Zircaloy may become of growing concem, not only
because of higher Zircaloy corrosion rates due to high lithium
concentration, bui also, because of solubility gradients that would
transport the cobalt from the core to the steam generators.
Therefore, it' has been recommended, in a paper presented by MIT
at the ANS Fall 1990 conference (O-1) that the ASTM
specifications on cobalt in nuclear service Zircaloy be lowered io 2
ppm and that NAA be specified as a standard test to monitor
these lower limits.

In table 2.13, the results of the measurements made on
EPRI/ESEERCO Loop materials are presented. These results
confirm that these materials are within specifications, and
representative of actual full scale PWR materials.
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Sinmvlar analyses were performed on the newly purchased
NUPEC Loop materials and the results, presented in table 2.14,
show similar trends as for the EPRI/ESEERCO materials.

W-187 is a principal activity in the PCCL water (. 1. E-3
pCi/cc). Sanchez carried out an experiment to prove that the
tungsten present in solution was almost entirely in soluble (and
anionic) form (S-2). It was estimated that as little as 20ppb W
dissolved in loop coolant could explain the measured W-187
activity. Here, by looking at the W content in the loop

components, two sources for the tungsten are suggested:

(1) Loop Plenum steel, with a measured content
of about 400 ppm W (welding rod used to attach plenum end caps
can have even higher W content)

| (2) Inconel, with a measured content of about
160 ppm W.

If one estimates realistic corrosion release rates, however,
this much tungsten cannot sustain 20 ppb in PCCL coolant; only if
in core residence times are comparable to those estimated for
other transition metal (~50 hours) can one account for the
observed W-187 activity. It is then difficult to reconcile longer
in-core deposition with the apparently soluble nature of the water
borne W-187.

To compound the uncertainty with respect to the origin of
W/W-187, other sources of tungsten do not appear plausible.
Makeup water which may contain W from the Hastelloy C check
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Table 2.13 Results of analyses on EPRI loop materials

NAA-1990) - < 130 t
0.2 % 3% ppm 0.02 %
nconel 600 75.7 19.6 7.7 510 0.42 161
FNAA- 1990) - 4 t t 130 k< +
35 % 0.1% 1.2 % ppm 001 % | 37 ppm
Fnconcl 600 812 % | 125% | 63 % {369 ppm / 23 ppm
NAA-1989)
ncone! 600 784 % | 141 % | 75 % |234 ppm / /
NAA-1988)
nconel 600 75.1% | 157 % | 8.18 % |400 ppm]| 0.27 % /
itsubishi
nalyses (1989)
600 746 % | 1575 % / / 0.26 % /
analyses
inconel 600 72 % 14 6 / / /
nanuf. spec - -

nss Steel 5.4

pleaum) b < b 4 b t t +
{NAA-1990) 35 % 0.1 % 6% 1270 ppm| 0.03 % | 66 ppm
Stainless Steel 316 / 128 % 51 % |742 ppm / 352 ppm
NAA-1989)

tainless Steel 316 / 64% | 479 % {524 ppm / /
FNAA-1988)

Stainless Steel 316] 11.56 % | 16.33 %
anuf. analyses
(plenum '

67.6 % / 1.68 % /

Stainless Steel 304 / . /
line from = o + > +

plenum to 02 % 8% (200 ppm] 0.05 %
zircaloy)

(NAA-1990)

Stainless Steel 304| 9.16 % 1824 % | 71.0 % / 1.10 % /

manuf. analyses
Kline from

Stainless Steel 316

manuf. analyses
(AE Pump
note: manufacturer analyses and specifications are presented in appendix
A
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Table 2.14 Results of analyses on NUPEC loog

materials

2. X . 100 ppm] C. 11 ppm
nconel 77.05 15.17 7.10 / 0.23 /
Fnanuf. analyses
nconel bal. 14.0 6.0 / <1.0% /
manuf. spec. - -
170 % ! 10.0 %

S taless ] Steel

{(NAA-1) b S * - %
02 % 7% 1300 ppmi 0.04 %
tainless Steel 8.5 20.7 63.3 1665 1.05 636
FNAA-Z) % + b 3 - 3 + t
1.5 % 02% { 5% 1317 ppm]0.008 % { 20 ppm

tainicss Steel 1.15 | 16.15 7 ] 1.13 7
anuf, analyses

Stainless Steel 11.0 16.0 bal. / 20% /
manuf. spec. - -

Titanium .
NAA) + t t
2 ppm | 33 ppm {0.2 ppm
itanium / / 350 / / /
anuf. spec. pPpm

note: manufacturer analyses and specifications are presented in appendix
A
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valve balls (4 wt% W) in the LEWA charging pump, or impurities
in boric acid have been ruled out in view of the analyses
presented in table 2.10. Also, Zircaloy is ruled out after

confirming that the W content is less than 1 ppm.
2.8 Chapter Spmmary

In this chapter, it has been determined that the charging
water chemistry was a potential source of impurities for the MIT
PCCL. It should be remarked at this point that the input from the
CVCS in actual PWR units is also not well known because of the
difficulties of sampling. Consequently, it was decided that for the
NUPEC runs, this input should be minimized, and to do so a
titanium charging line will be used, together with ion-exchange
resins to maintain purity. In addition, special high purity boric
acid (from Japan) will be used to prepare the chemistry.

Material analyses showed that the Inconel, Stainless steel
and Zircaloy used for the PCCL were within specification. Also
noted was a much lower cobalt content (~ 1 ppm) in the Zircaloy
than allowed by the ASTM specification (<20 ppm); and it was
recommended that this specification be lowered. It is suggested
that the tungsten content of the Inconel and Stainless steel may
be the source of the appreciable W187 activity measured in the
PCCL coolant.
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3.1 __Introduction

Because, in the PCCL experiment, the whole loop is in the
reactor core tank, some of its parts become activated and
consequently, direct measurement of final crud radionuclide
inventory is impossible. This is the case for the bottom of the
Inconel steam generator section, the plenum, and of course, the
Zircaloy core section. For these parts, descaling processes had to
be developed to separate the crud from the activated base metal.
State-of-the-art decontamination procedures were tested,
modified and qualified for our purposes. The present chapter
describes the methods used to descale the activated regions of the

PCCL, as well as to determine the radionuclide inventories in the

regions of major interest.

Direct measurement of the crud surface-deposited activity
on the Inconel steam generator tubes is possible using a HpGe
detector (C-1) (S-1). However, in the PCCL experiment, the bottom
of the steam generator section is located only about Imeter above
the core and thus is activated by the neutrons leaking from the
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reactor core. This makes direct measurement impossible and
separation of the crud from the activated base metal necessary.

Since chemical decontamination was quite unsuccessful (C-1)
a combination of mechanical and electrochemical descaling
methods was developed.

Ultrasound is a deconiamination technique commonly used
in plants; however, duec to the small size of baths commercially
available, it can only be used to decontaminate small pieces. This
was not a problem in our case since the tubes to be
decontaminated were cut into 3 cm long pieces. Ultrasound is the
name given to high frequency mechanical vibrations, which are
known to have a strong effect on solid-liquid interfaces (L-3).
Bubble formation (cavitation) is induced by the ultrasonic waves;
reference R-1 indicates that pressures and temperatures can
reach 1.E4 psi and 1.1E4 °C, respectively. This results in a
vigorous scrubbing action at the surface to be cleaned. Factors
influencing the effectiveness of the process are numerous, but the
following ones are to be noted. The temperature at which
cavitation force is at the maximum is about 15°C below the normal
boiling point of the solution. Aluminum or steel baskets can
reduce the efficiency; glass is prefered. Soft materials absorb the
ultrasonic energy (R-1). It is recommended in reference R-1 to
use a concentration of chemicais added to the water on the order
of 2 to 5 % by weight. Furthermore the temperature should be in
the range of 65 to 77°C.

Based on these remarks, a method was developed for our
purposes. Tests were done to find a suitable cleaning solution as
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well as adequate operation time and temperature. Figure 3.1
describes the set-up used for the primary tests and the
decontamination of the actual tubes. Tests showed that the
following procedure was suitable for descaling all tubes except
PL1 S/G inlet Inconel where the crud appeared to be "tougher".
Base metal removal tests were also performed. The procedure
selected consisted in a 3 minute ultrasound treatment using 5%
nitric acid at 60°C.

Electrochemical decontamination is also employed in plants
for decontamination of reactor components. It involves use of a
voltage supply to drive a current in order to remove a small
amount of the metallic surface in a controlled manner. Usually,
the system uses an anode and a cathode plus an electrically
conducting solution. The anode is the component to be
decontaminated; the cathode can be stainless steel, for example,
and the most common electrolyte at present is phosphoric acid
because of its stability, safety and applicability to a variety of
alloy systems (R-1). Reported decon factors are large, since this
method can remove all crud and oxide layers. The most
detrimental factor for our application is that this method removes,
in every case, some base metal, therefore introducing the need to
minimize this dissolution.

Factors affecting the process are reported as being mostly
the temperature of the electrolyte, its concentration and the

current densities employed. Reference R-1 recommends
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phosphoric acid concentrations of 40 to 80% with the temperature
controlled between 40 and 80°C. Current densities should be in
the range 50 to 250 A/ft2 (0.054 to 0.269 A/cm2). In our work,
preliminary tests were done toc optimize the conditions. The setup
for these tests and the actual decontamination experiments is |
shown in Fig. 3.2 (C-1). The procedure selected conmsisted of a 2
minute step using 0.7 Amperes (0.117 A/cm2) in H3PO4 (70%) at
70°C.

Because two descaling procedures, electrochemical and
mechanical, became available, they were used on several pairs of
activated tubes as a cross check, and therefore qualified each
other. The qualification of the two processes was achieved by
taking two adjacent tube segments from each run. On one,
ultrasound was used, on the other one, electrolysis. Results were
compared, and because the results were virteally identical, the
two methods were considered valid and applied on the activated
sections of the Inconel. Following this qualification, the method
judged best suited case-by-case was used to descale the crud from
the steam generator surfaces and allow one, by measuring the
specific activities of the decontamination solutions, to find the
radionuclide surface-deposited activity on the activated Inconel
surfaces. It must be noted that visual inspection appeared to be
an accurate enough gauge of efficiency: a shiny tube was a clean
tube. Consequently, at times the descaling process was continued

longer because of black oxide remaining on the inside of the tube.
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3.2.2 Results

First presented, in Fig. 3.3, is the way PCCL steam generator
tubes are numbered. Throughout the presentation of the results,
this figure will be needed to find the location of origin of a given
sample.

For ultrasound, the development of the method involved the
right choice for the cleaning solution, operating time and operating
temperature. A summary of the tests performed to optimize the
operating conditions is presented in table 3.1. From these results
it can be seen that the temperature, as well as the nature of the
solution, has an effect. 5% nitric acid at 60°C for 3 minutes
appears to be the right choice for PR1, PR2, PH1 and the PL1 cold
leg. The PL1 hot leg was more resistant for some unexplained
reason. Also, it can be remarked that the use of abrasive particles
(320 mesh) in conjunction with ultrasound or the use of
concentrated acids do not seem to be beneficial. On the other
hand, tests were performed to show that ultrasonic treatment did
not remove a sigrificant amount of base metal.

Electrolysis, as expected, proved capable of removing all the
crud and oxide under any conditions. 3 minutes in 70%
phosphoric acid using 0.7 Amp. (ie ~0.12 Amp/cm2) was prefered.

Data on tests of the two processes are presented in table 3.2.
Essentially, this table shows that the two processes lead to the
same result on activated pieces, and consequently both were
considered as qualified, and both subsequently applied to the
activated regions from the first campaign of PCCL runs. Since
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Table

3.1 Ultrasonic Decontamination Test Result

Tube Ultrasound Time TemperatureDecontaminat
designation solution (min) 0 ion Factor
(DF)
PR1 139-142] DI water 5 25 1.2
35 25 1.3
155 25 1.5
PR2 294-297| DI water 20 60 2.2
PR1 294-297] DI water 20 60 2.0
PL1 142-145] DI water 15 25 2.3
PR2 142-145f DI water 5 25 1.2
+ 35 25 1.2
320 mesh 155 25 1.4
PR2 136-139|3% citric acid 5 25 1.1
35 25 1.4
155 25 1.7
PR2 151-154] 10% nitric 1 60 2.9
acid 3 60 >80
PR2 154-157|5% nitric acid 3 60 >80
PR1 99-102|5% nitric acid] 3 60 >70
PPH1 139-142|5% nitric acid 3 60 >50
PL1 145-148|5% nitric acid 3 60 2.2
10 60 3.5
: 25 60 4.1
PL1 301-304{5% nitric acid 5 60 26
PL1 154-157] 35% nitric 3 60 1.8
acid
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Table 3.2 Ultrasonic Decontamination Qualification Test Results

Tube Identification

Descaling Process

Co58 crud activity
(nCi/cm?2)
(corrected for base
metal removal when
neccessary)

PR1 354-357

Ultrasound
6 min.
3.5% HNO3
60°C

9.5

PR1 351-354

Electrolysis
4 min.
70% H3PO4
70°C  0.7Amp

9.25

PR2 354-357

Ultrasound
3 min.
3.5% HNOQO3
60°C

14.6

PR2 351-354

Electrolysis
2 min.
70% H3PO4
70°C  0.7Amp

14.2

PH1 354-357

Ultrasound
3 min.
3.5% HNO3
60°C

9.9

PH1 351-354

Electrolysis
2.3 min.
70% H3PO4
70°C  0.7Amp

9.6

PL1 3-6

Ultrasound

not successful

PL1 6-9

Electrolysis
5 min.
70% HaPOg4
70°C  0.7Amp

~ 235
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ultrasound was the process which removed the least base metal,
and therefore did not require any correction for base metal
removal, it was used whenever possible. Thus all the tubes from
the four first PCCL runs were descaled using ultrasound, except
for the PL1 hot leg, which was electrolyzed. Results of the
descaling process, along with the results obtained by direct
counting of the tube, are presented in Figs. 3.4 and 3.5. First,
these resulis showed that there is no discontinuity between the
activated and the non-activated region. As a consequence, the
activated regions of the last campaign of runs (PBR, PBL and PNZ)
were not descaled. Second, data from the hot leg (Fig.3.4) show
clearly that operating at low pH (PL1, pH390°c=6.5) is detrimental;
and because of experimental uncertainties pH3p0°c=7.5 and
pH300°c=7.2 appear to be comparably beneficial. Third, data from
the cold leg is more difficult to interpret because the surface
activities are very similar for all the runs. Fourth, if one examines
PBL (pH300°c=7.2, no boron) znd PBR (pH300°c=7.2, 800 ppm
boron) traverses, the beneficial effect of the boron is clear.
Finally, it is interesting tc note that there is a heat flux effect (see
Fig. 3.4, Co58) that can not be readily explained: activities increase
at the outlet of the cooled region for all the runs, except for PL1
for which they decrease. On this issue, further work is in progress
and SEM pictures of the crud layer will be taken in the cooled and

adiabatic region and published in ref Z-1.
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The MIT PCCL plenum is made of 316 Stainless Steel, the
composition of which is 67.62% Fe, 16.33% Cr, 11.56% Ni, 2.05% Mo
and 1.680% Mn (from the manufacturers material certificate (T-
1)). It is about 24.5 cm in length and has a 2.54 cm inside
diameter. During fabrication the inner surface was honed to a
mirror finish (a Sunnen P28J57 honing stone, grit size 220, was
first used, followed by a Sunnen P28J95 stone, grit size 380, which
gave an approximate 12 microinch surface finish). Figure 3.6
shows the dimensions of the PCCL plenum. In an assembled loop,
it is located in the PCCL thimble about 0.5 meter above the top of
the MITR-II core. Thus, during a PCCL runm, it becomes aciivated
by leakage neutrons from the core (as is the bottom of the steam
generator section). This complicates the evaluation of crud
radionuclide deposition on the walls. Therefore an adequate de-
scaling method is needed.

Since the plenum has a 0.95 cm thick wall, the problem of
cutting it into segments for analysis was not negligible. Sawing
was ruled out because of possible contamination of the inner
surface of the plenum, the environment and the saw due to
creation of small radioactive particles. A conventional tubing
cutter was difficult to use since the wall was thick and the contact
dose rate was (for the more recent plena} over 80 mrem/hr.
Hence a special purpose tool was built based upon use
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of a rotating machine (lathe) and commerciaily available cutting

wheel, as shown in Fig 3.7. Protection against contamination was
provided by covering with paper ali potentially exposed surfaces.
One drop of oil was used per cut; this made an average of 10 cuts
per wheel possible before replacement was necessary.

Figure 3.8 shows how the PCCL plena were cut. The slices
were cut 22 identical as possible, however, some are different due
to incidents such as wheel breakage during a cut. Only 3 slices
per plenum were analyzed, the others were archived for other
experiments or in case of failure of the de-scaling process on a
given slice.

A de-scaling process had to be developed since the plenum
base metal activity was too high to apply the same method as
used for the activated Inconel (see chapter 3 section 1).
Application of Faraday's law indicates that a 2 minute anodic
electropolishing step will dissolve, if a 2 Amp current is
maintained, 72 mg of base metal distributed over the 16 cm?
inner surface of an average slice. This will release 144 nCi of Co58
in some of the plena: an amount which could exceed the amount of
Co58 in the crud deposited on the slice. Consequently, the anodic
step had to be shorter. A series of iests were performed based on
information provided in reference I-1. In this reference, it is
claimed that using a square wave current (ie a succession of
cathodic and anodic electropolishing steps), one can prevent the
dissolution of base metal during the process. The major claim of
the article is that the cathodic process causes reduction of the
electrode surface (oxide and crud in our
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application) while the anodic step causes its oxidation. The two

steps involve the following reactions:

1) cathodic step:

Fe304 + 8H* + 2e- ---- 3Fe2+ + 4H0
(This reaction is slow and could not remove the entire oxide film

in a short time)
Fe304 + 2" ---- 3FeO + 02-

FeO + 2¢- ---- Fe + 02-

2) anodic step:

Fe ---- Fe2+ + 2¢-

As a result, a cathodic step followed by an anodic step would
allow one to de-scale without dissolving significant base metal.
Reference I-1 recommends a 60 second cathodic step followed by
a 30 second anodic step. The electrolyte used is 1.7 molar Na2S04,
which is only mildly basic, and therefore eases handling and
waste disposal. The whole process is at room temperature, and a
0.3 Amp/cm?2 current is recommended. Using these parameters as
a base case, a series of tests were performed to check, to adapt
and to improve the method for our application. The tests and

their results are described in table 3.3; all were done on icm thick
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slices from a plenum that had undergone a prefilming step to
acquire an oxide layer.
Based on these results the following decontamination

procedure was proposed:

o 2 cm thick slice
¢ Room Temperature
«_Cathodic step

4 minutes

Electrolyte: NazSOg4 (saturated-1.7 mol/l)

2 Amperes

Electrode: graphite

«_Anodic step,

15 seconds

Electrolyte: Na2SOjy4 (saturated-1.7 mol/l)

2 Amperes

Electrode: graphite

«_Ultrasonic treatment

HNC3 (5%)

Until all oxide is removed (Typically 4-6
minutes): visual examination readily reveals the presence of black
oxide on the underlying silvery metal surface.

¢ Mix nitric acid and NazSO¢ solutions to dissolve
any precipitate (The geometric calibration of the counting system
requires that the sample is homogeneous)
e Count the solution using a standard HpGe
detector system: see references (C-1) and (S-1).
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Table 3.3 Summary of Descaling Methods Development Tests

Test number
1

Test description

—[Result

«Cathodic step 4min
1Amp in Na2S04

eAnodic step 1S5sec
1Amp in Na2S04

eUltrasound 1min
in HNO3 (5%)

loxide removed

eAnodic step 1Ssec
1Amp in Na2S04

eUltrasound 1min
in HNO3 (5%)

|[Followed by

eAnodic step Ssec
1Amp in Na2S04

eUltrasound 1min
in HNO3 (5%)

Wstill oxide on the wall

foxide removed

eCathodic step 4min
1Amp in Na2804

*Anodic step Ssec
1Amp in Na3S04

eUltrasound 4min
in HNO3 (5%)

loxide removed

*Cathodic step 10min
1Amp in Na2S0O4
eAnodic step Ssec
1Amp in Na2SO4
oUltrasound 4min
in HNO3 (5%)

joxide was removed

»Cathodic step 4min
1Amp in H3S04
«Anodic step 10sec
1Amp in H3S04
»Ultrasound 4min
in HNO3 (5%)

Istill oxide on the wall

»Cathodic step 4min
1Amp in Na2S0O4

eAnodic step 10sec
1Amp in Na2S04

eUltrasound 4min
in HNO3 (5%)

loxide was removed

7
Base metal removal

sAnodic step 10sec
1Amp in Na2S04
on a 10cm? slice

eUltrasound 4hrs
in HNO3 (5%)

3mg removed

0.00027 mg/min.cm2 of
base metal removed

Note: The ultrasonic bath employed was a Cole Parmer 8850 model 8850-10,

138 Watts, 50-60 Hz.
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In addition, before starting the decontamination procedure,
scrap samples are taken from each slice, dissolved in aqua regia
and the solutions are counted in order to evaluate the specific
activity of the base metal and to evaluate whether any correction
due to base metal removal is requifed.

Since we were not only interested in the crud activity, but
also in the crud composition, it was important to avoid any
contamination from metals not from the crud or the oxide layers.
Therefore each slice was, prior to starting the decon process,
painted with microstop paint (Clear Microstop Paint,
manufacturer: Tobler Division Pyramid Plastic, Inc.) to protect all
surfaces except the inner one against attack. Solutions with low
transition metal concentrations were used; to achieve this, the
nitric acid and sodium sulfate solutions were filtered through
chelating icn exchange papers (see Chapter 2.2). Moreover, a
blank was made using the same amount of solutions used in the
de-scaling process. De-scaling solutions were analyzed using an
Atomic Absorption Spectrometer. The flame technique
determines with reasonable accuracy the composition of iron,
nickel and chromium in the crud. In order to obtain the
concentration of other transiiion metals, such as cobalt, zinc or
manganese, which are present in trace amounts, the more
sensitive graphite furnace technique should be used. Results of
this aspect of the crud analysis will be published in the SM thesis
by M. R. Zhang (2-1).
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3.3.2 _Results

The specific activities for the first campaign of four runs are
recorded in tabie 3.4.

If we assume that Faraday's law is applicable, and the
current efficiency is 100%, 18.1 mg of divalent transition metals
per amp.min would be dissolved. In our case, the 15 second
anodic step would dissolve a maximum of about 9 mg, since a
current of 2 amp is used. Based on the measured specific
activities (table 3.4) and the results of the de-scaling process,
presented in table 3.5, the following remarks can be made. On
average, the correction would represent for Co58 and Co60,
respectively, 0.9% and 0.6%: or in other words, a negligible
amount. The maximum correction reaches 3.7% for CoS8 in slice
PH1-8 and 1% for Co60 in slice PH1-8. Since we also know that
Faraday's law gives an overestimate of the correction, it was
decided not to correct the de-scaling results, and furthermore, no
scrap samples need be taken for the spring campaign runs.

Plots of the activity, in nCi/cm2, for the principal radio-
nuclides versus position are shown in Figs. 3.9 through 3.12.

These plots show a relatively linear variation of the activity
versus position in the plena. Co 60 is much higher for the PL1 and
PBL plena, this tends to confirm what was seen on the Steam
Generator traverses: low pH and low boron runs have more crud
activity per unit area than the other runs (see chapter 3 section
2). On the other hand, it is difficuit to say which pH is the most
beneficial. The curves corresponding to pH3po 7.0, 7.2
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Table 3.4 Specific Activities of base metal for the First Campaign
Plena
Fun and Scrap [Co58 060 n54 n6s
ample ample @activity ctivity ctivity ctivity
ocation eight (nCi/mg) KnCi/mg) [nCi/mg) KnCi/mg)
mg)

PR1-2  [67.46 r v r v
(pH300°C=7.0)

PR1-5 [15.91 r Y b y
KpHa00:0=7.0)

PR1-8 [3.66 r v v b
(pH300°C=7.0)

PR2-2  [69.16 B.zo + 005 + [0.026 £ |
H300°C=1.0) .06 .0014 .002

PR2-5 [4.54 tss + B.om + Boso £ f
e .07 .0027 006

PR2-8  [14.09 E.92 + B.om + Blos +

— .05 .002 004 r
PL1-2 [85.33 Ew + B.oow + Bozs + B.cu +
kpH30rc=65) .02 .0013 002 .003
PL1-5  [124. 97B45 + B.ooss + B049 + |/
ptizogecet .02 .0011 002

PL1-8 [96.25 Bm + B.mss + thl + r
(pHag0e0e65) .03 .0016 003

PH1-2 62.49 B.zs + B.ooso + Bozs + b
) r 02 .002 003

PH1-5 P5.59 B.s + B.mm % tOSI + )
— .02 0.0015 002

PH1-8  [134. 84Ll)8 + B.ozsl + B183 +

t300°C=15) .03 .0015 004 r
/ = not detected
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Table 3.5 Plenum De-Scaling (Crud Deposition) Results

rca

058 activitytow activityMn54

En(is activity

cmz) nCiIcmz) nCi/cmz) ctivity nCi/cmz)
nCi/cm2)
PR1 (pH=7.0)
k’Rl-Z 15.96 239 £+ 14 1161 £005 J1.10+ 005 0.78 + 0.13
156 + 1.3 1.05 £ 005 _0.97 £ 0.05 [0.65 + 0.12
125 £+ 1.7 0.78 £ 003 .91 + 0.04 .54 £ 0.11
R2-2 15.96 3.0 £ 1.6 4 1 006 068 + 0.04 .65 £ 0.11
R2-5 15.96 m 1.3 .0+ 005 D059+005 045 £ 0.10
R2-8 23.54 k0.8 + 1.0 [1.56 + 0.04 b.54 + 003 .58 + 0.08
LLI (pH=6.5)
l’Ll-Z 15.96 720 £ 1.1 K3 + 009 B.01 + 0.07 |1.72 + 0.15
l’LI-S 15.16 70+ 07 B4+007 p7+0.07 [1.33 £ 0.13
L1-8 17.56 72 £ 0.8 +2.84 + 006 PR6+007 11.24 % 0.11
H1 (pH=7.5)
H1-2 15.56 276 £ 0.5 1145 £ 0.04 [0.77 £ 0.03
bm-s 14.76 227 £ 0.6 J1.16 £ 0.04 10.64 + 0.04 10.15 + 0.07
H1-8 115.96 R78 £ 0.5 J1.36 £ 0.04 10.86 £ 0.04 0.32 + 0.08
16.36 B0.8 + 04 295 + 009 1096 + 0.03_ 042 + 0.07
15.16 244 + 0.3  R.39 + 0.06 [0.83 + 0.03 [0.25 + 0.07
15.56 216 + 0.3  PR.01 +£ 006 10.90 £ 0.04 10.36 £ 0.06
BL (pH=7.2)
Boron
BL-2 }15.16  W06+04 1496+010 [1.03 004 E.n 1 0.07
BL-5 15.56 b4.6 0.3 |4.23 + 0.09 1.0 £ 0.04 .65 + 0.07
BL-8 15.16 26.8 + 0.2 b.26 + 0.07 J1.0 £ 0.03 ID.59 1 0.06
tNZ (pH=72)
ess zinc
NZ-2 15.96 295 + 0.07 ©0.19 £ 0.02 ¥
NZ-5 15.56 42 + 008 PR.29 +£ 006 10.16 £ 0.02 II
NZ-8 E7.16 71 + 0.07 17 £ 0.02 Il
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and 7.5 are grouped and it is difficult to say that one is better
than another. However we can remark that PR1 was the longest
run and its Co58 and Co60 activities are among the lowest. Also,
PR2 Co58 and PNZ Co60 plots may appear higher than one would
at first anticipate; however, these results may be due to the fact
that these two runs were perturbed by transients due to heater
failure,and, moreover, both of them ended in a transient.

Finally, the last plot suggests that PNZ (no Zinc run, pH=7.2)

had less zinc than the others, since no zinc was detectable.

3.4.1 Descrioti f the Method

The MIT PCCL core region is made of about 2 meters of
0.794 cm OD, 0.667 cm ID Zircaloy 4 tubing. This tube is bent to
form an U and the lower part of the U is inserted in the core. Of
the 2 meters, about 1.30 meters of tube is placed in the core.
Consequently, the tube, at the end of a PCCL run, is highly
activated and for two reasons the crud activity cannot be
separated from base metal and oxide activities without being
descaled. The first impediment is the very high Zr95 activity
which, even when discriminated by the HpGe system (C-1)(S-1),
results in a high dead time that does not permit analyzing for low
count rate activities from the crud. The second drawback is that
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Zircaloy and therefore Zircaloy oxide, has impurities (see table
2.12), such as cobalt and nickel, at non negligible levels.
Therefore, decontamination of the tube was necessary.

At the end of each run, The U tube was cut into pieces as
shown in Fig. 3.13 (C-1). Segments Z1, Z3, Z5, Z7, Z8, 210, Z12 and
Z14 were analyzed for each run. First, the outside surface of each
tube was protected by heat shrinkable tubing to avoid dissolution
of activated metal. Each piece was then soaked for 12 hours in
aqua regia (2 volumes H20 + 3 volumes HCi + 1 volume HNO3)
which removed the crud without removing an appreciable amount
of base metal. The procedure and its qualification test and results
are described in detail in reference C-1. However, it appeared
that even if this procedure does not dissolve much of the oxide, it
dissolved enough to perturb the measurement of the
decontamination solution. In particular, Zr95 was present in large
enough quantities to make the determination of the other nuclides
of interest impossible. Separation of zirconium was then needed,
and was potentially possible by two methods: electrolytic and
chemical. The electrolytic technique, on one hand, was aimed at
plaﬁng the crud nuclides of interest, leaving the Zr95 in solution;
however, due to a lack of good plating efficiency (C-1), this
method was not applied. On the other hand, the chemical
separation method, involving the precipitation of zirconium,
leaving the nuclides of interest in solution, was found to be a very
efficient method, and was, therefore, adopted. The method is as
follows (C-1):
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1- A 1.5 M solution of sodium arsenate was
prepared by mixing sodium arsenate in heated water.

2- A wash solution was prepared by diluting 1
ml of the sodium arsenate solution to 100ml using 2.4 N-HCI.

3- A 0.1 M zirconyl chloride (ZrOCl;.8H20)
solution was prepared by mixing 3.22 gr of ZrOCl2.8H20 in 100ml
of dionized water at about 80°C.

4- Pipet 20 ml of the sample solution into a 50
ml centrifuge tube and another 20 ml into a 4 oz. bottle, dilute the
bottle to 110 ml and count at the gamma counting facility to get
baseline measurements.

5- Pipet 2 ml of the zirconium chloride solution
into the centrifuge tube, add a small amount (about 200 mg) of
cobalt chloride, and mix well.

6- Pipet 2 ml of the sodium arsenate solution
into the centrifuge tube, mix by vortex agitation, and wait 30
minutes.

7- Put centrifuge tube into the centrifuge and
centrifuge at 3000 rpm for 15 minutes.

8- Decant the resulting solution through a
standard 9 cm paper filter paper (Schleicher and Schuell
Analytical Paper #595) into a 4 oi. polypropylene bottle.

9- Add 5 ml of wash solution to the centrifuge
tube containing the precipitate, mix by agitation, and centrifuge at
3000 rpm fog 8 minutes. Pour off liquid into filter, adding to

original filtered liquid.
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10- Repeat above step twice so that a total of
three washes are performed.

11- Dilute liquid in 4 oz. bottle up to 110 ml and
count on gamma counting system to determine radionuclide

concentration.

Dissolution of a small amount of Zircaloy oxide perturbed the
measurement due to the presence of radionuclides produced from
alloying elements. Assuming lum of bulk metal corrosion, 20 full
power days of irradiation, 100% retention in ZrO film and the
impurity contents measured by NAA from table 2.12, the activity
in the oxide layer was calculated, and results are presented in
table 3.6.

3.4.2 Results

The Zircaloy tubes (except PR1-Z1 and PR1-Z3) were all
subjected to a 12 hour decontamination soak in aqua regia. The
resulting solutions were diluted and counted. Results are
presented in table 3.7 (the results were converted from nCi/cc to
nCi/cm2 using 6 cm? per tubing segment). Zirconium was then
separated following the method described in section 3 of the
present chapter and the solutions were counted again. Results are
presented in table 3.8. Decontamination of the Zircaloy tubes from
the second campaign of runs (PBL, PBR, PNZ) is to be done in the

near future.
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Table 3.6 Estimated Activity Coatribution by 1 pm of Zircaloy to

Zr0O3 Corrosion Film

Daughter Concentration of Projected Activity in
Radionuclide Parent Element in ZrQ, Corrosion Film
Zircaloy (ppm) (nCi/cm2)
Fe59 2100 6
Mn54 2100 2
Co58 10 0.7
Co60 0.7 0.5
Cr51 1050 800
Zr95 98% 6000

Note: 1um of bulk metal produces approximately 88 mg/dm2 of
Zr07, which (at 90% T. D.) is 1.7um thick.
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Table 3.7 Results of Zircaloy Radionuclide Deposition
Measurements (C-1)
Test Piece Zs-95 Radionuclide Concentrations, nCi/cm2
nCi/cm2 Co-58 Co-60 Fe-59 Mn-54
PRI1-Z11 - 42 - - .
PR1-Z3t1 1100 + 69 79 £ 2.3 o8 + 14 440 1 30 280 + 1.9
PR1-ZS 530 £ 99 190 £ 3.3 4 ¢ 0.72 - 15 £ 0.32
PR1-Z7 3400 + 85 45+ 19 16 ¢ 0.35 - 5.1 +£021
PR1-Z8 3000 ¢+ 130 56 £ 2.1 20 + 0.38 5117 5.6 + 0.22
PR1-Z10 610 £ 7.2 48 + 1.8 14 ¢+ 0.30 - 3.0 £ 0.17
PR1-Z12 990 + 18 93+25 11 ¢ 0.30 - 0.52 £ 0.1
PR1-Z14 26 £ 2.7 55+ 1.1 0.73 £ 0.10 - -
PR2-Z1 33 ¢+ 1.1 14 + 0.39 | 042 ¢ 0.09 - -
PR2-Z3 4100 ¢+ 1.2 7.1+ 0.74 3410.17 83+39 054 1+ 0.13
PR2-Z5% | 4.6ES ¢ 8E4 - 212 7.1 - 110 ¢ 16
PR2-Z7 6000 ¢ 220 200 £ 2.3 18 ¢+ 0.44 31+¢53 6.0 £ 0.36
PR2-Z8 1900 + 39 170 £ 29 | 19 £ Q.36 29 £ 9.3 50 % 0.18 |
PR2-Z10* 2.1ES+ IE4 | 510 2 31 44 ¢+ 2.9 - 63 + 6.2
PR2-Z12 2500 ¢ 61 15 ¢+ 0.74 5.2+ 0.17 16 ¢ 3.7 1.1 £ 0.13
PR2-Z14 17 ¢+ 0.81 1.0 £ 0.39 | 044 £ 0.09 - 0.28 + 0.12
PLI1-Z1 45+ 11 | 333028 | 0.60 ¢ 0.10 . 0.51 2 0.0
PL1-Z3 670 £ 12 11 £ 0.66 8.0 £ 0.25 11222 08 £ 0.12
PL1-Z5* 2ES + 1.5SE4 1 820 £ 56 140 + 24 - -
PL1-Z27 2600 £ 130 | 1100 £ 12 | 110 £ 2.5 150 £ 19 45 + 1.5
PL1-Z8 930 i 32 920 + 8.8 87 £ 2.0 31 + 15 49 + 13
PL1-Z10 4300 £ 110 § 270 £ 3.1 51 +1.2 82 + 3.9 31 £ 0.62
PL1-Z12 310+ 49 57 + 0.94 41 1 0.67 88 £ 3.6 49 ¢ 0.20
PL1-Z14 13 £ 0.55 6.7 £ 0.34 | 9.86 £ 0.10 - 0.40 ¢+ 0.08
PH1-Z1 14 1.1 22+ 046 | 0.16 £ 0,09 - 0.31 ¢ 0.06
|___PH1-Z3* 2.2ES + 9E3 - 94129 700 £+ 78 -
PH1-Z5* 1.7ES ¢ 7E3 390 : 28 37+ 34 890 ¢ 69 110 ¢ 11
PH1-Z7 4700 + 100 144 ¢+ 1.7 | 0.75 £ 0.17 - 0.80 £ 0.16
PH1-Z8 9600 + 290 130 £ 2.2 79 ¢+ 0.36 200 £ 7.0 24 2 0.45
PH1-Z10 8000 £ 210 | 32 + 091 | 0.56 £ 0.17 16 £ 2.6 1.5 £+ 0.21
PH1-Z12__| 2200 & 52 . - 40 £ 8.4 -
PH1-Z14 71 ¢ 1.1 0.92 £ 0.32 | 0.30 £ 0.10 - 0.17 £ 0.07 |
t PRI1-Z1 was counted directly before and after
decontamination.
¥ PRI1-Z3 had no heat shrinkable tube cover, and

therefore had lead

2.8.2.

contamination.
* These pieces require activity correction, see section

- Indicates that the activity in question was not detected.
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Table 3.8 Radionuclides in Core Crud Determined Using
Chemical Separation
Test Piece Zr-95 Trangitior Metal Radionuciide Concentrations,
nCi/cm?2
nCi(cmz Co-58 Co-60 Fe-59 Mn-54
PR1-Z1t - - - - -
PR1-Z311 - 79 £ 4.9 100 £ 1.6 § 430 + 29 | 280 + 2.3
PR1-Z5 - 91123 22 &+ 041 - 11 £ 0.26
PR1-Z7 79 + 1.2 37z 1.6 14 1 0.30 31295 48 £ 0.19
PR1-Z8 73 £ 1.7 40 : 1.7 15 £+ 0.31 - 44 £ 0.19
PR1-Z10 3.2 + 0.45 25+ 20 9.3 £+ 0.23 12 £ 14 2.2 £ 0.15
PR1-Z12 11 2 2.1 50+13 6.3 £ 0.19 <17 0.49 £ 0.14 |
PR1-Z14 7.5 ¢ 20 43+ 12 | 0.63 2 0.09 <14 0.29 + 0.09
PR2-Z1 - 1.3 £ 0.54 | 0.31 + 0.09 - 0.14 :+ 0.08
PR2-Z3 14+ 15 412049 | 294+ 0.13 12+£3.1 ] 060 +0.10 |
PR2-Z5* - 380 + 5.5 54+ 1.1 440 ¢ 15 110 £ 1.9
PR2-Z7 142 1.0 200£20 | 171 0.36 33 :4.1 59 ¢ 0.18
PR2-Z8 5.2 & 0.46 160 ¢ 2.0 19 ¢ 0.37 26 + 4.2 49 £ 0.17
PR2-Z10* 1200 £+ 160 | 560 £ 54 44 + 0.80 240 2 18 77 £ 0.77
PR2-Z12 6.1 ¢+ 0.76 16 £ 0.66 | 4.8 2 0.16 14 & 0.33 1.1 £0.10
PR2-Z14 - - 0.21 £ 0.09 - 0.09 + 0.08
PL1-Z1 1.9 £ 0.30 1.7 £ 0.27 | 0.50 £ 0.09 0.27 ¢ 0.07
PL1-Z3 20:£074 | 55+080 | 622020 89+23 |0.74 £ 009 |
PL1-Z5* 1200 + 250 | 1300 + 14 § 200 £ 4.0 | 930 £ 23 | 310 £ 29
PL1-Z7 15 + 3.7 1100 £ 12 | 110 + 2.5 | 180 + 19 45 £ 1.5
PL1-Z8 42 £ 0.7 910 1. 79 £ 34 34 + 13 43 + 1.3
PL1-Z10 53 + 28 620 £+ S8 | 120 + 2.1 | 180 £ 79 |} 60 + 1.0
PL1-Z12111 - - - - -
PL1-Z14 201039 § 23+027 | 045z 0.09 - 0.30 £ 0.07 |
PH1-Z1 1.84036 | 212024 | 0.24 ¢ 0.12 15¢14 { 15:0.14
PH1-23* 280 £ 24 45+ 1.3 17 £ 041 800 £ 14 19 + 0.33
PH1-Z5% 19 £ .19 410 2 5.6 35 ¢ 0.89 910 + 26 120 £ 24
PH1-Z7 20+ 19 150+ 1.5 | 084+014 | 68+14 | 096¢0.09
PH1-Z8 45 £+ 3.5 140 £ 17 } 772029 | 220+ 50 § 262 0.35
PH1-Z10 63+19 372063 | 0.53 £ 0.12 1414 1.6 £ 0.13
PH1-Z12 100 ¢ 3.2 22+ 027 | 1810.12 93 +3.8 14 £ 0.10
PH1-Z14 1.3:033 | 062+0.17 ] 0.2+ 0.09 <0.8 0.05 £ 0.05
t PR1-Z1 was counted directly with ro prior separation done
¥  PR1-Z3 had no shrink tube, and therefore had lcad
contamination
t#+ PL1-Z12 separaticn solution was lost in an accidental spill
* These pieces require an activity correction, see section
2.8.2

Indicates that the szctivity in question was not detected.
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Table 3.7 and 3.8 allow estimation of in-core average and
total Co58 and Co60 activities (C-1).

For the first reference run (PR1), it was found that the in-
core average Co58 and Co60 activities were 68 and 31 nCifcm?2
respectively. On the other hand, the second reference run yielded
210 and 18 nCi/cm2 of Co58 and Co60, respectively. Thus these
two reference runs did not show the same activities per unit area,
even after correction for differences in neutron fluence and decay;
these differences can be attributed to tramsients that occured
during the run (see table 1.1).

PL1, the low pH run shows 650 and 91 nCi/cm?2 for the in-
coie average CoS8 and Co60 activities, respectively.

Finally, 120 and 9.6 nCi/cm2 for Co58 and Co60 were
observed for pH1 (high pH).

The estimated total activities for Co58 and Co60 on the in-
core Zircaloy for each run are documented in table 3.9 and 3.10:
these values were computed by multiplying the average

deposition by the total in-core tubing area.

3.5 _Chapter Summary

In this chapter the various methods used in the PCCL
experimental program to assay the radionuclide inventory per
unit area in the different loop regions have been described.
Ultrasound in 5% nitric acid was adequately effective tc descale
the Inconel tubing region, except for the PL1 hot leg, which
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appeared to be more resistant when treated with ultrasound. A
combination of cathodic and anodic electrolysis in sodium sulfate,
followed by ultrasound in 5% nitric acid, was qualified to
decontaminate the plenum Stainless Stcel. Finally, aqua regia was
used to descale the highly activated Zircaloy tubes.

Results are summarized in table 3.9 and table 3.10, where
Co58 and Co60 total activity are shown for the regions of interest
(ie Stainless Steel plenum, hot leg and cold leg of the Inconel
cooled section, and Zircaloy core region). The differences in
deposition show the significant benefit of operating in the
pH300°c=7.2 to 7.5 range, as opposed to lower pH. Furthermore,

the presence of boron appears to lower deposition for a fixed pH.
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Table 3.9 CoS8 Activity Deposited in Loop Components (nCi)

Run iD Zircaloy Core| Stainless Inconel Steam Generator
Steel Plenum| Hot Leg Cold Leg
PR1(pH 7.0) 17000 3044 4488 3646
PR2(pH 7.0) 53000 15394 6767 6381
PL1(pH 6.5 160000 11121 38040 4663
PH1(pH 1.5) 30000 4429 2489 3681
PBR(pH 7.2) TBD 4760 912 1613
PBI;:P:) 12, TBD 6751 3015 2209
PNZp: 7.2, TBD 1253 1718 2805
less Zn)

TBD = To Be Determined

Table 3.10 Co60 Activity Deposited in Loop Components (nCi)

Run ID Zircaloy Core! Stainless Inconel Steam Generator
Steel Plenum| Hot Leg Coid Leg
PR1(pH 7.0) 7800 205 603 3517
PR2(pH 1.0) 4500 390 473 344
PL1(pH 6.5) 23000 663 2388 386
PH1(pH 1.5) 2400 226 84 137
PBR(pH 7.2) TBD 446 105 165
PBL(pH 7.2, T8D 825 463 284
no B)
PNZ@pH 7.2, TBD 447 508 891
less_Zn)

TBD = To Be Determined
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Shutdown, in a power plant, can be divided into three main

phases (A-1):

1-immediately after the reduction in power

2-cooling phase and boration

3-oxygenation (after injection of H202 or aficr

opening to air)
During phase 1, mostly particles are reported to be released
because of control rod movements and modification of the thermal
stresses. A high increase in the Co58 and Co60 activities, as well
as a high increase of the Ni concentration, in the water are
characteristic of phase two. By looking at the ratios Co58/Ni,
Co60/Co and Co58/Co60, phase 2 can be subdivided into two
steps. During the first one, when T>150°C, the Co58/Co60 ratio in
the water is the same as in the core deposits, which tends tc make
one think that the core deposits are dissolving. However, the
transfer of activity during this step is low compared to the out-of-
core activity. This is followed by a second step, when T<150°C,
during which the Co60/Co and Co58/Ni ratios are larger than the
corresponding values during the first step. In-core structural
material seem to be dissolving during this step. Finally, during
phase three, when oxygen appears in the circuit, the Co58/Co60
ratio in the water, as well as the nickel concentration, continue to
rise because of the dissolution of (what are postulated to be)
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metallic nickel deposits in the core. In reference A-2, it is
reported that about 90% of the activity released is released during
phase three, and it is emphasized that, in France, there has never
been seen any reduction in out-of-core activities during
shutdown, which seems to rule out any imporiant release from
the steam generator, as early anticipated in reference H-i. This is
also supported by large activity releases in spent fuel pools (W-2).

Around the world, the primary objective, during shutdown,
is to solubilize activated corrosion products, and then remove
them by coolant purification, when this approach constitutes a
real or efficient way of reducing out-of-core contamination. The
first point of difference is whether LiOH is added to reduce
dissolution of core crud. This approach is used in Japan, even
though concerns exist elsewhere that this may just postpone the
core crud dissolution until the assemblies are in the spent fuel
pool. Also of concern are the detrimental effects of lithium at high
concentrations on both Zircaloy and Inconel. The second point of
difference is whether hydrogen peroxide is added in the last stage
of the cooldown. H202 addition has the advantage of scavenging
the remaining hydrogen in solution, however, it is warned in
several references against premature establishment of
oxygenating conditions as a time saver, and it is recommended
that addition be made only when the temperature is below 90°C
(A-2). In Japan, where plant operators have in the past relied
upon H202 created in-sitn by gamma radiation, injection of
hydrogen peroxide during shutdown has recently been adopted
(H-2).

89



An earlier MIT review concerning hydrogen peroxide
addition during shutdown is included as Appendix B; it presents
an analysis of peroxide behavior, as well as parametric computer

studies of HpO72 formation under shutdown conditions.

The first part of this work was done by Cabello (C-1) and
was aimed at determining the effect of cooldown chemistry
conditions on tubes from the PCCL steam generator sections. Eight
tubes from the reference runs (pH300°c=7.0) were subjected to
various conditions. Table 4.1 shows the test matrix used for each
of the eight tubes. All the experiments were carried out in open-
to-air containers (see ref. (C-1) for a complete description of the
procedures).

The second part of this work was aimed at determining the
effect of cooldown chemistry conditions cn tubes from the core
section. Two 5 cm tubes, Zc and Zk (see Fig. 3.13) from the PBR
(800ppm Boron, 3.0ppm Lithium, pH3g0°c=7.2) core section, were
cut in half in the hot cell. One half of each tube was descaled
using aqua regia at room temperature for 12 hours (se¢e chapter 3
section 4). The resulting solutions were counted using tne
projects’ HpGe detector (C-1) (S-1) and an estimated inventory for
the crud on these tubes was deduced. The second half of each

tube underwent three sequential steps which are described in
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Table 4.1 Test Matrix for shutdown Experiments on Inconel
Tubing Sections and Results (from Ref (C-1))

Case Temperature | Boron |Lithium [pH3g0oc] Oxidant Result
CO (ppm) | (ppm) (Decon Factor)*
1 90 800 1.84 7.0 aerated 1.1
2 90 2000 | 1.34 6.6 aerated 1.0
3 90 2000 | 5.15 | 7.0 acrated 1.1
4 %0 2000 [ 3.5 [ 7.0 acrated+ T.1
10ppm H202
3 22 800 | 1.84 | 7.0 acrated 1.1
6 22 2000 | 1.84 6.6 aerated 1.0
7 22 2000 | 3.15 | 7.0 acrated 1.1
8 22 2000 | 5.15 | 1.0 acrated+ 1.0
10ppm H202

* Decon Factor = activity on tube before / activity on tube after

Table 4.2 Resuits of Shutdown Chemistry Tests on Core Zircaloy
Tubing Sections

removed | removed | removed
Cos8 Co60 MnS54 Zn65 Zr95

(nCn/cmz) nCi/cm?2) (nCn/cmz)-(nCl/cmz):(nCchz)
JAqua Regia 12h Ty 110 21 2210_|
e 102288 Ti 30— %56
0y el 23 [ 34 03 | 13 | 33
3000ppm B, 3ppm Li,[ 0.6 0.5 0.1 0.2 0.9

10ppm H202,
_ 12h 90°C, aerated

removed

[Tube ID I'l'teatcmem removed

13 13 66 | 44 7 1670
00°C, | 14.6 2.1 0.3 05 | 7
SO00ppm mB, JppmLi | 48 | 07 | 01 | 02 | 07
Tippm | 1.0 | 02 7 01 7

Op
{12h, 90°C, aerated

/ = not detected
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table 4.2. Temperature was controlled using a conventional hot
plate and an oil bath. First, the outside of the tube was protected
with heat-shrinkable tubing to avoid contamination from the
outside activated surface. Then the tubes were dropped in
separate 4 oz. polypropylene bottles containing 50 ml of the
desired soiution. After 12 hours, each tube was removed and
placed in the next solution. Finally, the soluticns were counted
using the counting facility (C-1) (S-1).

Finally, when the YCCL is shut down, the reactor is first shut
down, then the heater power is reduced in steps (see complete
procedure in ref. (S-2)). During this process, for the PBL run, in
order to check for the water activity, samples from the outlet of

the discharging line, after passing through a 0.45um Millipore

filter, were taken every 30 minutes (see table 4.3).

4.3 Results

The results of the experiments on the Inconel and Zircaloy
tubes are presented in tables 4.1 and 4.2.

Table 4.1 shows that none of the treatments have an
important effect on the crud from the Inconel section. Less than 2
nCi/cmZ were removed from each tube, and, furthermore, even
this can be due to statistical variation in the counting process.
Since enormous amounts of water-borne radionuclides are seen in
a plant cooldown during shutdown (several orders of magnitude

higher than under operating conditions), these results suggest that



the radionuclides released in a plant cooldown do not come from
the steam generator walls.

Table 4.2 suggests that a large amount of the core crud can
be remove somewhat easily. The large removal by aerated DI
water suggests that either aecrated DI water is a more aggressive
environment than regular aerated chemistry, or that the crud
layer is loose, or has been made iocse because of the post-run
treatment of these tubes. Another possibility is that the outer
crud layer is very easily solubilized. In any case, these results do
not rule out the possibility that all the released crud during plant
shutdown is from the core.

Worth noting is the fact that all these experiments have
been performed with stagnant solutions, thus the representive
nature of these experiments is open to question. Also, it should be
emphasized that these tubes had all undergone a loop shutdown
(ie cooldown and aeration). After PBR shutdown and aeration, the
loop remained filled for 10 days at room temperature; it was then
drained into two 4 oz. polypropylene bottles which were counted
using the PCCL counting facility. The results are as follows:

» Co058=0.759 nCi/ml

+ Co060=0.081 nCi/ml

e Cr51=1.87 nCi/ml

e Fe59=0.16 nCi/ml

¢ Mn54=0.064 nCi/ml

o Zn65=0.008 nCi/ml

o Zr95=0.060 nCi/ml
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Even if the ratio Co58/Co6{) does not allow one to draw
conclusions on the origin of these radionuclides, the high Cr51
suggests that the Zircaloy oxide from the core could participate
substantially in the process. Also, it should be noted that these
activities per unit volume, measured in the post-shutdown
aerated coolant chemistry are comparable to the levels seen in the
50 ml collected after step 2 of the shutdown experiment on the
Zircaloy sections (see table 4.2).

Finally, the volumetric activities measured during PBL
shutdown are presented in table 4.3. The observed decrease in
activity during shutdown is not surprising because PBL was a zero
boron run, and the solubility, in that case, does not vary much
with temperature (see Fig 4.1 (K-1)). More tests of the same kind
are planned during the NUPEC run cooldowns

4.4 Chapter summary

This chapter summarizes and analyzes all the data obtained
during shutdown experiments. The main purpose was to find out
where the radionuclides observed during shutdown were coming
from. Work done on the steam generator section shows very little
release from Inconel tubes under shutdown conditions. On the
other hand, high release was observed when shutdown conditions
were applied to Zircaloy sections. However, it must be pointed out
that these tests followed an actual shutdown where release had
already occured, and they were performed using stagnant
solutions, thus the representive nature of such tests is
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Tablg 4.3 Discharge Water Aciivity (uCi/ml) at Various Times

During PBL Cool Down

0.5 ppmn LITHIUM
200 ppm BORON

Isotope Before Beginning End After
Co58 1.63 E-5 8.47 E-7 1.10 E-6 6.81 E-7
Co60 2.69 E-5 1.08 E-6 1.02 E-6 9.37 E-7

108 Y
8 \
6 |- \
~ 0.5 ppm LITHIUM
‘[ Z.SDDmLITHlUM\.\‘ 2000 pom BOROH
2000 ppm BORON
2 -
H
A
S e f e
3 of
<
S
: e
2
s o
:
3

Fig 4.1

[ ]
TTTTTT]

0.5 ppm LITHIUM
0 ppm BORON

~
]

o0 L | | | |

150 200 250 300
TEMPERATURE (9C)

350

Magnetite Solubility for Various Coolant Chemistry
Conditions Versus Coolant Temperature (from Ref. (K-1))

95




questionable. Clearly, more tests are needed in the future. If
possible, a test lcop should be used to simulate an actual plant

shut down under ungerated conditions.
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The foops studied in she present work were prefilmed
together for one month out-of-pile using PWR reference chemistry
(1.41 ppm Li, 600 ppm Boron) and then preconditioned separately
for another month under chemistry identical to that used in the
subsequent following month-long in-pile run. The chemistry for

the seven in pile runs is as follows:

PR1: 1.84 ppm Li, 800 ppm B PH300°c=7.0
PR2: 1.84 ppm Li, 800 ppm B pH300°0=7.0
PHI1: 6.26 ppm Li, 800 ppm B pH300°c=7.5
PL1: 0.56 ppm Li, 800 ppm B pH300°c=6.5
PBR: 3.00 ppm Li, 800 ppm B pH300°c=7.2
PBL: 0.46 ppm Li, 0 ppm B pH300°c=7.2
PNZ: 3.00 ppm Li, 800 ppm B, “less Zinc” pH300°c=7.2

In the preconditioning, along with the PCCL sections pieces of
extra prefilmed Inconel and Zircaloy tubes were inserted, as well
as prefilmed Stainless Steel coupons. All these pieces were
representative of the corresponding sections of the PCCL: by that
is meant that they were made of the exact same material and had
the same initial surface conditions. At the end of each
preconditioning, these pieces were removed and stored in plastic
bags.

It was necessary especially from a modelling point of view,
for each run, to measure the initial inventory of transition metal
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oxide species on the loop surfaces. The preconditioned tubes and
coupons to be descaled were presumed to have lew concentrations
of metal oxide deposits, and thus special methods had to be
developed for this particular application. Since work had already
been done on descaling the inventory at the end of the in-pile run
(see chapter 3), the methods used were adapted from the ones
described in chapter 3, and are described in detail in the following

section.

s2 Descrioti ¢ il thod

For each case (ie Inconel tube, Zircaloy tube and Stainless
Steel coupons), a descaling method was adapted from the ones
used in chapter 3. These methods are described in detail in the

following paragraphs:

+Stainless Sieel Coupons

The coupons, 2.6 cm by 2.8 cm, of Stainless Steel 316,
were made from the same pipe as the plenum, and received the
same preparation as the plenum surface. Consequently, they were
considered as representative of the plenum surface. After a
month of prefilming and a month of preconditioning they were
removed, and expected to have the same surface oxide inventory
as the plenum itself. Since about 0.1 mg/cm2 of crud plus oxide
were expected, the method applied to decontaminate the plenum
appearei to ve suitable to descale the coupons, and was thought
to dissolve less base metal than would perturb the measurement.
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Consequently the following three step procedure was adopted and
applied to one coupon from all the runs except PR1 (missing). All
the solutions were first filtered through a chelating paper (see
chapter 2 section 6) to' remove all the contaminants and thereby
facilitate post-descaling analyses. Since only the inner surface
was representative of the plenum surface, the outer surface was
protected with microstop paint (see chapter 3 section 2). As in
the plenum descaling, a graphite electrode was used.

15t step: Cathodic electrolysis, 30 ml of Na3SOg4
(saturated solution), 0.8 Amp., 3min.

20d step: Anodic electrolysis, same 30 ml of
NasS04 (saturated solution)as first step, 0.8 Amp., 15 seconds.

31d step: Ultrasound, 20 ml of 5% HNO3, 2 min.

This three step process removed the original black oxide surface
of the coupon and left a shiny metallic surface. The solutions
were mixed and a 50 ml mixture containing the iniiial inventory
from the coupons resulted. All the solutions were analyzed for
iron, nickel and chromium using Atomic Absorption (flame
method). A blank made of the solutions used was analyzed to

correct for species already present in the solutions.

The Inconel tubing segments, provided to study the
Inconel surface condition after the preconditioning, were about 15
cm in length and were made from the same batch as the Inconel
used in the in-pile run. They were removed at the end of the
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preconditioning and stored. One 2.5 cm piece was cut from each
segment and descaled rollowing the procedure described below.
All the solutions were first filtered through a chelating paper (see
chapter 2 section 6) to remove all contaminants, to ease post-
descaling analyses. All the outside surfaces were protected using
clear microstop paint (see chapter 3 section 2) to avoid dissolution
of the base metal from these surfaces and therefore the attendant
contamination. The same setup as for the decontamination of the
activated Inconel region was used (see Fig. 3.2) except that a
graphite electrode was used in this case.

15t step: Cathodic electrolysis, 70 ml of Na2SO4
(saturated solution), 0.4 Amp., 3min.

20d step: Anodic electrolysis, same 70 ml of
Na,SOg4 (saturated solution)as first step, 0.4 Amp., 10 seconds.
| 31d step: Ultrasound, 20 ml of 5% HNO3, 4 min.

The rest of the procedure was the same as for the Stainless Steel
coupons; the solutions were mixed and a 90 ml mixture was
obtained and analyzed for iron, nickel and chromium using AA. A

blank correction was again performed.

The major difference between the Zircaloy and the
other elements of the PCCL is that the Zircaloy was not inserted
during the prefilming, and consequently underwent the
preconditioning only. Therefore it was thought to have much
cleaner surfaces to begin with than the Inconel or the Stainless
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Steel. The descaling procedure was adapted from the post-
irradiation Zircaloy decontamination procedure (see chapter 3
section 3). First a 2.5 cm piece of tube was cut, using a tubing
cutter, from the 15 cm Zircaloy tube that was present in the
preconditioning, and its outside surface was protected using
shrink wrap tubing (see chapter 3 section 3). Finally it was placed
in 20 ml of aqua regia at room temperature for 12 hours. In
order to make aqua regia, Mallinckrodt Analytical Reagents were
used, having specified limits of 29 ppb and 30 ppb iron for HCI
and HNO3, respectively. Once again the aqua regia was circulated
through chelating papers to minimize the amount of contaminants
from the solution. Furthermore a blank of aqua regia was made
for analyses. Since aqua regia is very strong, analysis by AA was
not possible, because ‘the solutions dissolved the AA injection
system, and consequently perturbed the measurements. As a
result, NAA was performed. Seven aqua regia samples from the
seven runs and one blank aqua regia sample were first dried in an
oven at about 90°C and then irradiated in the 1PH4 facility of the
MIT Reactor (approximatively 7.35 10!2 n/cm2sec when the
reactor is at 4.5 MW) for 4 hours. Samples were counted using
one of the high efficiency, high resolution GeLi detectors in the
NRL Radiochemistry Laboratory operated by Dr Ilhan Olmez. Iron,

cobalt, and chromium could be measured with this technique.
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2.2 Results

o Stainless Steel S:QJIEQIJS
Results from the analyses of the descaling solutions
were corrected for contamination from the solutions and then
transformed to surface concentration based on a 7.28 cm2? coupon
surface area. Furthermore, assuming a (Fe,Ni,Cr)203 tyvpe crud
and oxide, the initial weight of initial oxide could be deduced.

Results are presented in table 5.1.

Similarly to the Stainless Steel coupons, results from
the descaling solutions were corrected and processed; they are

presented in table 5.2.

Results from the NAA are presented in table 5.3. Since
nickel represents an important component of the crud, and was
not determined, it was not possible to get the initial "crud" weight

per unit area assuming a (Fe,Ni,Cr)203 type crud.

It can be seen fro:h table 5.4 (P-1) that the crud composition
results presented in table 5.1, 5.2 and 5.3 are representative of
full scale PWRs. A larger inventory on the plenum surfaces than
on the Inconel was expected; however, they are comparable,
probably because the flow velocity (hence
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Table 5.1 Results of De-Scaling of the Preconditioned Stainless
Steel Coupons
Area | Fe Ni Cr Fe Ni Cr | Areal weight
(@m?) |(mgiem?) |mgiem?) |mgiemd| @ | @ | @ [Fe.Ni.Cr203
(mg[cmzl
316 S§
base 67.6 | 11.6 | 163
metal
PR2 | 7.28 | 0.13 | 0.056 | 0.065 | 51.8 | 22.3 | 259 0.36
lpH=1.0) t b t t t
0.02 | 0.005 | 0.005 8 2 2
PL1 | 7.28 | 0.09 | 0.025 | 0.051 | 54.2 } 15.1 | 30.7 0.24
(pH=6.5) ;S - - t ” = t t
0.01 |} 0.003 | 0.003 6 2 2
PH! | 7.28 | 0.08 | 0.015 | 0.047 | 56.3 | 10.6 | 33.1 0.20
|eH=15) t t t = k = t
0.01 | 0.003 | 0.003 7 2 2
PBR |7.28 | O.11 | 0.023 | 0.058 | 57.6 | 12.0 | 304 0.27
{pH=72) + + + t + +
0.02 |} 0.003 | 0.003 10 2 2
PBL | 7.28 } 0.11 | 0.023 | 0.058 { 57.6 | 12.0 | 30.4 0.27
PH=72 t S + t + t
o B) 0.02 | 0.003 | 0.003 10 2 2
PNZ | 7.28 | 0.07 | 0.011 | 0.018 | 70.7 | 11.1 | 18.2 0.14
(pH=72 + t + + t +
tess Zn) 0.01 | 0.003 | 0.003 10 3 3
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Table 5.2 Results of De-scaling of Preconditioned Inconel Tubin

Area | Fe Ni Cr Fe Ni Cr | Areal weight
@?) |(mg/em?) | mgiem?) |mgemd)| @®) | @ | % [Fe.Ni,Cr203
(mg/cm?)
Flnconell
base 8.7 746 | 15.8
metal
PR1 1487 | 0.14 | 0.20 | 0.06 35 50 15 0.57
(pH=1.0) t  » - = + - +
0.02 | 0.02 | 0.01 5 5 3
PR2 | 4.87 | 0.044 | 0.13 0.05 20 58 22 0.32
(pH=7.0) - t - + + +
0.01 0.02 | 0.01 5 10 5
PL1 | 487 | 0.07 0.31 0.07 16 69 16 0.64
(pH=6.5) - + + b + +
0.01 0.02 | 0.01 3 5 3
PH1 | 487 | 0.13 0.55 0.13 16 68 16 1.15
(pH=7.5) + + t + + +
0.02 | 0.02 | 0.02 3 3 3
PBR | 4.87 | 0.08 0.39 | 0.06 15 74 11 0.75
(PH=7.2) + + + + t t
0.02 | 0.02 | 0.01 2 4 2
PBL | 487 | 0.06 | 0.30 | 0.06 14 71 14 0.60
(pH=7.2 + + + + * +
no B) 0.02 | 0.02 | 0.01 3 5 3
PNZ | 4.87 | 0.33 1.07 0.57 17 54 29 2.8
(pH=7.2 + + t+ t t +
less Zn) 0.02 0.2 0.2 1 1 1
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Table 5.3 Results of De-scaling of Preconditioned Zircaloy Tubing

Fe Cr Co
(mg/cm?) (mg/em?) (mg/em?)
PR1 0.0078 89e-4 58e-5
(pH=7.0) + e - =
0.0025 1.7 ¢4 4e-6
PR2 < 0.0072 53c4 /
(PH=17.0) t
2.6e-4
PL1 < 0.0047 33e4 4. e-5
(pH=6.5) x t
2.5e4 1.2 e-5
PH1 0.013 53e4 15e4
(PH=15) t + +
0.005 2.6 c-4 1.5¢e-5
PBR <0013 5.e4 9.e-5
(PH=72) t +
1.5e-4 8.e-6
PBL < 0.6078 29¢-4 93e-5
(PH=72 + -
noB) 8.7 ¢-5 6.5 -6
PNZ 0.05 0.011 4.e-5
— t : +
tess Za) 0.01 0.003 7.e-6
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Reynolds number) in the plenum is very low compared to that in
the Inconel sections (17 times lower), or because of different
initial surface roughness.

From table 5.1 it can be observed that the iron is depleted in
the oxide on Stainless Steel; this can be explained by an
hypothetical preferential corrosion release of iron from the steel,
and could explain the higher iron concentrations on the Inconel
and Zircaloy.

Also of interest are th¢ high chromium values oa the
Stainless Steel and Inconel compared to the the initial base metal
concentrations. Because chromium is very insoluble, it could
concentrate in the oxides rather than being released. A low
chromium concentration on the Zircaloy appears to support this
hypothesis, especially if one notes that Zircaloy also contains

chromium as an alloying element.

5.3 Chapter Summary

In this chapter, representative pieces of the loop as they
existed before the in-pile run were studied. Special methods were
developed to descale what were presumed to be thin oxide
deposits with low concentrations of metal. Dissolution of base
metal was minimized to avoid contamination.

The results show that the initial inventory, in amounts and
composition, on the PCCL surfaces is representative, if compared
to the typical values observed in a Westinghouse PWR (P-1).
Moreover, the observed inventories are fairly consistent from run
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to run, with the exception of PNZ, which had a larger inventory to
start with; this may be due to the high O2 concentration (~100ppb)
observed during PNZ preconditioning (to be compared to <1 ppb O2
for the other runs). In view of the large differences later
observed in activity deposition for PL1 and PHI, it is interesting‘
to note that their pre-irradiation inventories are comparable.

If further work is planned in this area, SEM pictures of the
surface before an in-pile run should be taken; differences in the
initial oxide/crud layer structure may explain some of the

differences observed at the end of the in-pile runs.
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6.1 Introduction

It was of considerable benefit in the planning and the
interpretation of PCCL experiments to have analytical predictions
of activity deposition on the loop surfaces using state-of-the-art
computer models. Three codes were made available to MIT:
CRUDSIM from its developer Dr. W.T. Lindsay (formerly of
Westinghouse), PACTOLE from the CEA (Commisariat 3 I'Energie
Atomique) and, more recently, CORA from Westinghouse.
Separate efforts, mostly parametric studies, using CRUDSIM and
PACTOLE are reported in refs. (L-1) and (B-1), respectively. An
earlier review of crud transport modelling as it applies to the
PCCL is contained in the thesis by Morillon (M-2). In the present
work, the three codes have been used to model the MIT PCCL, to
predict activity deposition at the end of each run. However, code
specialists have cautioned against the use of the codes (PACTOLE,
in particular) for simulation of periods less than a month, and
therefore, it was prefered to run the codes for a one year period
and then scale back the results. Code runs were 1 year at 100%
reactor capacity factor, hence fluences are approximatively 20
times those of a typical loop run (30 days at 60% reactor capacity
factor).

To help future researchers to run the codes, input
instructions and typical PCCL input data are documented in
appendix C.
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6.2.1 CRUDSIM (B-5)

The approach that was chosen in the development of this
model is very simple, and is illustrated in Fig 6.1 (B-5). As shown
in the figure, CRUDSIM is a two node model, one being the in-pile
part of the primary system (hot) and the other one being the
entire out-of-pile of the loop (cold). Corrosion products are added
at a constant, or pH dependent, rate R; tanks are mixed to achieve
equilibrium between solids and solution at the conditions of each
tank; solids are filtered in each tank and an empirical fraction BF
of the flow goes to the core tank and is equilibrated with the hot
tank contents. It should be noted that transport of iron is done
only by dissolved species. The basic equations used in the
CRUDSIM model are as follows:

Alp=PF(Sc-Sp) A6 | (6.1)
AL=[R-BF(Sc-Sn)1A0 (6.2)
anc=(-BFsle . Sulay An 140 (6.3)
Ay={oPly+BF(le . Suluy 1,100 (6.4)
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where,

Ih= iron inventory in the hot tank (kg-Fe)

= iron inventory in the cold tank (kg-Fe)
Sh = iron sclubility in the hot tank (kg-Fe/kg-H20)
Sc = iron solubility in the cold tank (kg-Fe/kg-H20)
An = activity inventory in the hot tank (Co58 or Co60)
Ac = activity inventory in the cold tank (Co58 or
Co60)
R= iron input into the cold tank (kg-Fe/day)
A= decay constant (day-!)
a= neutron activation factor (Ci/kg-Fe % power day
B= empirical transport factor for the crud and
activity
F= primary system flow rate (kg-H20/day)
P= percent of full power (% power)

C. B. Lee has studied the CRUDSIM model in great detail, and
has elaborated upon the basic code (L-4). He has shown that its

approach is fully compatible with the surface-to-bulk mass
transfer models used in CORA and PACTOLE.

6.2.2 CORA

CORA, uses some of the same basic ideas as CRUDSIM, but is

a much more comprehensive code. The model is semiempirical. It

is based on a theoretical understanding of the physical processes

involved in radiation field buildup, but also uses experimental
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data from plants. Therefore it is primarily useful for evaluating
the effect on radiation level and crud characteristics for system or
chemistry changes.

The model is a multinodal one, as shown in Fig 6.2, in which
crud characteristics and transfer paths are indicated. Various
theories, as well as data from plants were used to define an
analytical approach consistent with observation. Basic mass and
radionuclide balances are used to describe exchanges between
nodes. For example, the transport between node 1 and node 2 is
given by (L-4):

B2.1-B12=kA12(C2-C1) (6.5)
where, .

P21 = amount of material passing from node 1 to 2

P12 = amount of material passing from node Z to 1

k= first order transfer coefficient for material, m,

passing from nodes 1 and 2

A = interfacing surface area between nodes 1 and 2

C2 = effective concentration in node 2

Ci = effective concentration in node 1

Furthermore, CORA considers most of the effects of coolant
chemistry and other transport mechanisms, such as recoil release
or erosion. However, it is noted in ref (K-1) that the corrosion
input from auxiliary systems such as the Chemical and Volume

Control System (CVCS) is not included. Nevertheless, CORA is
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considered as one of the most comprehensive codes available

worldwide for corrosion product transport in PWRs.

6.2.3 PACTOLE

Pactole , developed in France, is able to handle as many
zones as neccessary to describe a circuit. Each zone is
characterized by its average temperature, its wall temperature, its
dimensions, the fluid velocity, the composition of surface material
and other physico-chemical variables.

Fig 6.3 (B-2) summarizes the exchange modes used in
PACTOLE.

If one considers a region at a point y in a system (B-6),

the concentration of ions of element j is given by:

at Iy A
(6.6)
with,
x=P ifCiy>Sip  (precipitation)
and X=AsMjy+RP jf Ciy<Sjp  (dissolution and release)
where,

= mass transfer coefficient (cm.sec-1)
= wetted perimeter (cm)

= wetted surface area (cm2)

= cross sectional area {(cm2)

Ciy = ion concentration in the bulk of the fluid
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Sjp = Solubility (ion concentration at the surface of
the wall)

A; = specific area of the deposits (cm2.g-1)

Vy= Fluid velocity (cm.sec-1)

M;y = element mass per unit area (g/cm?2)

R= parameter defining the kinetics of the release
The concentration of element j in the particulate form is given by:

oN;y ., ON; h, o,P
iy Iy bR -Cy) - —REN,-,, My
ot dy (6.7)

precipitation deposition erosion
if Civ<Sip)
where,
hp = mass transfer coefficient of the _particles (cm.sec-1)

Qy = erosion constant

« and the deposit mass per unit area (Miy):

dMj, ..
S = hpNiy + hAM;y(Cjy-Sjy) -0yMiy (6.8)

if Civy<Sip)

The equations above (B-6) represent the basic equations. To
these basic equations, representing the basic phenomena, are
added equations which simulate state-of-the-art mechanisms and
phenomena. Table 6.1 lists the phenomena which are treated by

the code, as well as their link with various variables. However, it
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the code, as well as their link with various variables. However, it
should be noted that, like the other codes, PACTOLE is not
adequate to study transients, or even runs shorter than a month
or so, due in part to dependence on initial conditions which are

unfortunately very often not well known.
E 3 C i IQ I.

Activities per unit area predicted by CRUDSIM, CORA and
PACTOLE, for a one year run using PCCL characteristics are
presented in Figs. 6.4, 6.5 and 6.6, respectively. It can be noted
that all three codes exhibit the same qualitative trends; low pH
produces a high radionuclide inventory in the core as well as in
the steam generator, and high pH (ie higher than 7.1) reduces
significantly the deposits on surfaces. In that key respect, the
codes are in agreement with experimental results.

Since PACTOLE allows cne to model a loop region by region,
it was possible to separately model the cold leg and hot leg of the
PCCL steam generator. It can be seen from Fig. 6.6 that the Co58
and Co60 activities are higher in the hot leg than in the cold leg
for PACTOLE runs for which the pH was 7.0 and less; on the other
hand, for pH=7.2 and 7.5 the activities are higher in the cold leg
than in the hot leg. With these predictions in mind, if one looks at
the experimental results (Figs. 3.4 and 3.5), it can be seen that the

observed trends in the PCCL are similar.
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Table 6.1

Corrosion Product Contamination (B-6)

Main Phenomena and Mechanisms Involved in

Mechanisms and Phenomena Dependent on or Governed by Treated by
PACTOLE
Nuclide Formation Neutron Flux Yes
Neutron Capture Power Yes
Atomic Ejection Time Yes
Decay Time Yes
Molecular Diffusion Temperature ~ Yes
(isotopic exchange) Time
Filtration Temperature Yes
Purification Time empirical
Gamma Atienuation Flow Rate Yes
(dose rate calculation Resin Efficiency
Convection Fluid Velocity Yes
Particulation Thermohydraulics Yes
Brownian Diffusion Particle size Yes
Turbulent Inertial Projection Reynolds & Schmidt numbers Yes
Gravity Temperature Yes
Thermophoresis Geometry, etc.. Yes
Lift Force Hydraulics & wall roughness Yes
Surface Charge Temp. pH, etc.. No
Sticking Probability Surface charge? empirical
Dissociation of soluble products:
H20, LiOH, H3BO3, H),.. Chemistry Yes
Solubility of Metallic Ferrites Chemistry Yes
Passivation Cperation empirical
Oxide Formation+ Elemental Release Material comp., chemistry Yes
Wear Release Material comp., chemistry empirical
Deposit Dissolution Chemistry Yes
Precipitation (Co) Chemistry Yes
Interaction Between Elements Chemistry Yes
Shutdown Chemistry, Time empirical

note: "empirical” implies that the user can not affect the phenomenon by

external data input
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Crudsim predictions: Steam Generator
one year runs, 100% power, PCCL experiment
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Fig 6.4 PCCL: CRUDSIM Predictions for Experiments
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Cora predictions: Steam Generator
one year runs, 100% power, PCCL experiment
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Fig 6.5 PCCL: CORA Predictions for Experiments
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Pactole (new version) predictions: Steam Generator
one year runs, 100% power, PCCL experiment
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Fig 6.6 PCCL: PACTOLE Predictions for Experiments
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Worth noting is the fact that PACTOLE predicts a substantial
participation of the CVCS in metal release in real PWRs as well as
in the PCCL.

Finally, none of the codes model the phenomenon observed
at the interface of cooled region of the steam generator and the
adjacent adiabatic region (see chapter 3 section 2.2).

Furthermore, this phenomenon is not explained with classical
solubility driven mass transfer analysis; this suggests a
phenomenon not taken into account in the computer models. SEM
pictures of the crud layer in these regions will be taken in the

near future and reported in (Z-1).

6.4 Chapter Summary

This chapter has presented the predictions of CRUDSIM,
CORA and PACTOLE when applied to the PCCL. Because these
codes were designed to simulate full-scale PWR units for long
cycles, they were applied to the PCCL for a one year period
(instead of the actual month-long runs). Similar trends, and more
particularly low radionuclide deposition at high pH (pH300°c>7.1),
were observed both in the predictions and the experimental
results, which confirm, at least, at a qualitative level the ability of
these codes to predict the effect of conditions and chemistry

changes on activity deposition in plants.
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Extensive work in the computer code area is planned in the
1991 and 1992 time frame. In particular, comparison between
the three codes is planned using French and US plant data, as well
as PCCL data. Moreover, work will be performed to improve the

models. This work is to be funded by Framatome.
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In an effort to understand, and ultimately reduce radiation
field build-up, a research group at the Nuclear Reactor Laboratory
of MIT has designed and built a small in-pile loop to simulate a
PWR primary system, to study chemistry effects on corrosion
product behavior. The first two campaigns of runs were aimed at
the optimization of coordinated LiOH/H3BO3 (pH) chemistry to
minimize radionuclide deposition on out-of-core surfaces. The
success of the subject experiments depends on the ability to
determine, both before and afterwards, the inventory of deposited
corrosion products and their associated radionuclides. This task
was the principal focus of the present work, to include both
methods development and their application.

Because the entire PCCL is placed in the MIT Reactor core
wank, some of its components become activated, which makes
direct assay of radionuclide deposition impossible. In the present
work, descaling methods were developed from plant
decontamination techniques in order to acquire data from end of
run loop surfaces. Ultrasound and electrolysis were shown to be
very effective to decontaminate Inconel and Stainless Steel tubing
with a minimum of base metal dissolution. Aqua Regia was used
to descale the core Zircaloy tubing. Results from the Inconel,
Stainless Steel and Zircaloy surfaces show clearly the advantage of
runing at high pH (e. g. above pH30p°c=7.1) compared to low pH
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(pH300°Cc=6.5). A summary of the results obtained from the
Inconel steam generator tubing is shown in Fig 7.1, where
radionuclide inventory is plotted versus pH. The similarity with
PACTOLE predictions is impressive. CRUDSIM and CORA show a
reasonable, but more qualitative, agreement in the deposition
trends.

In the present work, charging water chemistry analyses
have been carried out to evaluate the importance of impurities
introduced from the PCCL charging system. Different methods,
such as NAA, AA, ion chromatography and colorimetry have been
used. Globally, the PCCL chemistry is clean and within the EPRI
guideline specifications. On the other hand, the charging system
may consitute a non negligeable source of transition metals.
Materials used to build the loop components were analyzed using
NAA; they were found to be within specification and
representative of full scale PWRs, for the EPRI/JESEERCO as well as
for the NUPEC loops.

Work was performed to assay the initial surface inventory
on loop surfaces prior to the in-pile run, and post-preconditioning.
This work was done mainly because this data is required in
computer models of crud transport, and in some cases, such as
CRUDSIM, the final predictions are very sensitive to the initial
inventory (L-4). Descaling methods were developed, using the
process developed to decontaminate activated PCCL components
as a basis. Ultrasound, electrolysis and aqua regia were used to

solubilize the initial crud and oxide layers; AA (flame technique)
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and NAA were performed to assay the composition. The PCCL
initial crud inventory was found to be representative of the
inventory seen in Westinghouse plants.

Table 7.1 presents a summary of the work reported in this

thesis, as well as findings and representative results.

The success of the descaling techniques as well as the
success of water and material analyses techniques, is encouraging
for the NUPEC PCCL campaign. Good performance of the computer
code models, particularly PACTOLE, suggests that more work using
the model should be done and used in decision muking and

interpretation of the results.

1.4 _Recommendations for Future Work

It is recommended that further work be done on the impact
of the input of metals from the charging system on final
radionuclide inventory. Samples should be analyzed using
graphite furnace AA whenever possible. Furthermore, crud
composition in the different PCCL components should be analyzed
and compared with typical crud compositions seen in plants. This
would be another important step in the qualification of the
computer models. SEM pictures should be taken in order to
explain the behavior of radionuclide deposition observed at the
interface of the cooled region of the steam generator and the
adiabatic region (see chapter 3 section 2.2). SEM pictures of the
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Table 7.1 Summary of Principal Findings

Measurement Principal Findings
7, "'. DL '| d [1) 2. mventOl'y ~0.008 mycm Fe -
final radionuclide inventory /cge than 10 times higher than in the
L1>>PR1&2>PH1 (Co60)
6.5>>7.0&7.0>7.5)
[PLENUM frinitial metal inventory 0.1 mg/om? Fe

final radionuclide inventory |-twice that in the S/G

L1>PR1&2, PBR, PH1 (Co60)
6.5>7.0&17.0, 7.2, 1.5)

[S7G (hot Teg) ffinitial metal inventory -0.09 mg/cmZ Fe

f-final radionuclide inventory |.g nCi/cm2 Co60 for PL1

-1 nCi/cm2 Co60 for PR1&2, PBL
0.3 nCi/cm2 Co60 for PBR, PH1

[PL1>>PR1&2, PBL>PHI1, PBR
(Co60)
(6.5>>7.08&7.0,7.200 B>7.5, 7.2)

iS/G (coldTeg)  geinitial metal inventory -0.09 mg/cm? Fe

Ifinal radionuclide inventory | 0 5 nCi/cm2 Co60 for PH1, PBR

~ 1 nCi/cm2 Co60 for all other runs
CONSTRUCTIONjeelemental composition by  [0.7 ppm Co in PCCL Zir-4
MATERIALS INAA ~400 ppm Co in PCCL Inconel 600
: ~800 ppm Co in PCCL SS316
KEUP fclemental composition on negligible transition metal input
ATER m the makeup water
SHUTDOWN __[radionuclide release under portant release from core surfaces
Mifferent conditions hen exposed to DI or borated aerated
: ater

f-Predictions for PCCL runs _jqualitative agreement with experimental

CRUDSIM, sults for deposition vs pH.
CRA, ACTOLE predicts activity deposition in
ACTOLE) G hot leg/cold leg with very good
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post-preconditioning surfaces would also be useful to help
optimize the preconditioning conditions in plants.

Since discrepancies have been observed in the resuits from
the aqua regia treatment, better methods to decontaminate the in-
core Zircaloy section should be developed. More particularly,
ultrasonic descaling should be tried.

Evaluaztion of shut-down condition effects on radionuclide
reiease could be improved using a small loop in order to better
simulate PWR conditions.

Finally, the éomputer codes, and more particularly PACTOLE,

should be used mcere intensively in the data analysis process.
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The appendix consists of:

1- Manufacturer certificate for EPRI Inconel

2- Manufacturer certificate for EPRI Plenum Stainless Steel

Manufacturer certificate for EPRI Stainless Steel

W
'

Manufacturer certificate for NUPEC Titanium

E-S
[

Manufacturer certificate for NUPEC Stainless Steel

W
1

Manufacturer certificate for NUPEC Inconel

O\
1

Manufacturer certificate for AE Pump Stainless Steel

~
'
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ruwu PRODUCTS IN CARSON STEEL. ALLOY STEEL, STAINLRSS STEEL. ALUMINUM, NICXEL AND MASTELLOY
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S Brico riTANUM, INC.

24581 Crestview Court ® Farmington Hills. Michigan 48331
(800) 521-4392 e (313) 478-4700 » FAX (313) 478-0223
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Fig A.7 Manufacturer certificate for AE Pump Stainless Steel
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. The purpose of this note is to update progress and plans on our investigations of
this subject. Prior results are reported in Refs. (1) and (2).

A bibliography of the literature on this subject compiled to date is appended.

The sections which follow address a number of issues raised by evaluation of the
literature, before reviewing the status of our studies. The following topics are covered:

background perspective

comments on PWR practice, with Japanese procedures as a specific example
concurrent LiOH dosage

peroxide decomposition

computer model predictions

MIT benchtop studies

e 6 o o o o

(1)  Quarterly Progress Report for January-March 1990 Coolant Technology Research
in Support of LWR Operations, MIT Electric Utility Program, April 16, 1990.

(2) E. D. Cabello, “Decontamination Studies of Simulated PWR Primary Coolant
Sg;tgm Components,” SM Thesis, MIT Nuclear Engineering Department, May
1990.
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2.  Pammeters Defining the Problem

Activity inventories vary significantly from plant to plant, but a mature PWR can be
expected to contain the following quantities of Co-58, the nuclide of principal concemn in a
shutdown transient:

Qn Surfaces:
uCi/cm? cm? Total Cj
Core 25 6x 107 1500
SG 8 2x108 1600
In Coolant:
uCi/ce Total Cj
Normal 4x104 0.12
Shutdown Peak 0.4 120

Thus either the core or the steam generators contain enough Co-58 to account for
the large observed increase in the coolant inventory: solubilization of as little as 10% of
their crud will suffice. Early speculation implicated the steam generators (H-1), but more
recent evidence indicates that most of the activity release originates in the core. This
includes crud specific activity measurements (Ci Co-58 / g Ni), and is supported by
incidents of large activity releases in spent fuel pools (W-1).

It should be noted that the total peak waterbome Co-58 inventory cited above is
much less than the total inventory removed from the coolant by purification over the entire
course of the shutdown, which amounts to several hundred curies, and frequently in the

kilocurie range.
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3.  PWR Pmctice

The general consensus worldwide is that intervention to sclubilize transportable
Co-58 (and other nuclides), which can then be removed by coolant purification, is called
for. The major point of ditference is whether hydrogen peroxide is added in the latter
stages of cooldown, or whether aerated water (e.g., O,) is added when the main coolant
loops are no longer in use and solid.

One advantage of early H,0, addition is that the final § cc/kg or so of dissolved H,
can be scavenged: the 0.45 ppm ilz reacts with 7.6 ppm H,0, on a stoichiometric basis -
hence the rule of thumb that adding 10 ppm H,0, will scavenge H, and leave a 2 ppm
H30, residual (E-1). Oa the other hand, several references warn against the premature
estab eat of oxygenating conditions; waiting until cooldown reaches ~ 90°C (194°F) is
recommended in Ref. (A-1). .

While it might appear that H'f)z addition during cooldown has the poteatial for
speeding up the shutdown schedule, the operators of the Farley unit indicate that waiting
until partial draindown to add H,0, is a time saver (M-1).

Finally, as already noted, aeration creates Hf?f in situ. Hence the French and
i

Japanese do not separately add H,O,. Figures 1 and 2 ilfustrate the Japanese (Mitsubishi)
procedure.
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Lithium

(ppm) L /
¢ LiOH addition to avoid
0 dissolution of core crud
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Fig B.2 Plant Cool-Down Sequence for MHI Plants
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4.  Other Approaches

There is one discussion in the literature of post-shutdown pH adjustment through
addition of LiOH to inhibit crud dissolution (B-1). The principle is straightforward: if one
considers the solubility product of the hydroxides of transition metal ions, a one unit
incrzase in pH will decrease divalent ion solubility by a factor of 100, and that of trivalent
ior:s by a factor of 1000. Thus an increase of 1-2 pH units can compensate for, and hence
counteract, the increase in solubility due to cooldown. There are some potential problems
with this approach, the most worrisome being that crud dissolution might merely be
postponed unti! the fuel is in the spent fuel pool, unless it is also chemically treated.
However, an appropriate chemical treatment may be difficult to devise: an alkaline pool
open to the air will absorb CO, (which lowers pH), O, (which forms H,0, in the presence
of zamma)irmdiation). and N, %which with O,, in the presence of gamma irradiation, forms
nitric acid).

Another problem is that high lithium concentrations are currently thought to be
detrimental to both Zircaloy and Inconel at operational temperatures (~ 300°C), and there
might be concem that local oxide film concentrations of lithium cculd remain high, even
after readjustment of bulk chemistry conditions during plant post-refueling startup.

Nevertheless, the Japanese add LiOH at the outset of aeration (see Fig. 2) to avoid
dissolution of core crud, with no apparent detrimental effects.
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5. Peroxide Behavior

A curve fit to measurements at GE and MIT gives the following approximate
prescription for the chemical (thermal decomposition) half-life of H;0, in pure high
temperature water:

6274
(2_

Ty, = elTr ~ 1381 i,

Hence,
at298°K = 25°C = 77°F, Ty = 24 hrs.,

at3s1°K = 78°C = 172°F, T, = | hr,
at454°K = 181°C = 359°F, T;» = | min.

These values can be reduced by an order of magnitude or more by contact with
metal surfaces above ~140°C, or by transition metal ions in solution.

In addition, of course, H;0, is consumed by oxidation-reduction reactions.
In acid media: H,0, + 2H* + 2¢- - 2H,0
In basic media: Hy)0, + 2" — 20H"

Hence, to change Fe (or other transition metals) by cne valence state, roughly 0.5

kg of H,0, will be consumed per kg of metal ions reacted; 0.5 kg H 0O corresponds to 2
ppm H :In 250,000 kg of coolant, while 1 kg of metal represents aﬁout 109 of the crud
deposited on a representative LWR core.
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6.  Pammetric Compuyter Studies

J. Chun’s computer program, RADICAL 1.0, has been used to study peroxide
formation following oxygen (air) addition to the PWR system described in Table 1. In the
reference case, pure H,O containing 8.6 ppm O, yielded 3.68 ppm at equilibrium, as
reported in Ref. (1).

Parametric variations and sensitivity studies have now been carried out, with the
results summarized in Table 2. As can be seen, the equilibrium concentration of H O, is
sensitive to O concentration, and insensitive to temperature (in the range 40°C - 130°C),
gamma dose rate (in the range 106 - 107 R/ir), or flow velocity (varied by factor of 4).

It should be noted that these computations do not consider the following
phenomena: surface-induced decomposition, boric acid (if any), or reactions involving N,
(also introduced in air).

A much cruder calculation will yield results within a few percent of the computer
model. Assume that the following reaction is gamma catalyzed:

02"'2H20 -;‘: 2H202

Then 2.125 ppm of H;0; should be created for every ppm of O, consumed. This
prescription, when applied to RADICAL 1.0 output, gives peroxide {evels only 3-6%
lower. Of course, the computer model is still required to compute the equilibrium state:
under the conditions studied here, only about ore-fifth of the initial O, reacts to form
Hy0,. This suggests that final ppm H,0, = 0.4 initial ppm O,.

RADICAL 1.0 computes composition as a function of time, hence also indicates the
time to reach equilibrium: for the runs of Table 2, this ranged between 20 and 80 minutes
(i.e., ~100 cycles = system volume: recirculation rate; but note that the precise
correspondence between computational and flow cycles has not been confirmed).
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Table B.1 Model of Shutdown PWR for Radiolysis Computations

_ O~

Plenum | Plenum

(=)

Plant Chamcteristics:

Volume (m3) Hydmulié Dia. (em)  Velocity (m/sec)
Iniet Plenum 133
Core 23 1.2 5.1
Outlet Plenum 49
S/G 7% 2.1 5.2
Total 284

Coolant Flow Rate: 24 m3/sec

Water Properties:
Temperature: 90°C Density: 963 kg/m3
AddedHy: 2zero0

irS i G = 6cc/kg = 8.6 ppm
Alr uZO‘C[ N, = 12 cc/kg = 15 ppm

Dose Rate:
y dose rate in core = 107 R/hr
ndoce rate incore = 0
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2,

Table B.2 Parametric Studies of HO2 Formation

Case

Original Reference
107 R/
90°C
8.6 ppm O,
24 m3/s flow rate

Revised reference
106 R/hr
40°C
4.3 ppm O,

6 m3/s

Same as 2 but
130°C

Same as 2 but
1067 R/

Same as 2 but
8.6 ppm O2
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Equilibri H,0,
3.68

1.76

1.76

1.886

3.81



As reporied in Ref (2), cited earlier, we have tested the effect of H,0- and H,BO,
on Inconel tubing cut from the simulated steam generator wbing from one of our
EPRVESEERCO PCCL runs. Room temperature and 90° C exposures wese evaluated.
Essentially none of the deposited radionuclides (Co-58, Co-60, Fe-5%, Ma-54, Cr-§ 1)
were removed. This is consistent with the contention that the core (Zircaloy) region is the
source of large Co-58 rcleases in PWR units. The mbing in question had experienced loop
cooldown (at constant LiOH aad H;BO 4 concentration and without aeration prior to
draining), with subsequent exposure to the atmespherz (in the abssnce of significant
ambient radiation) prior to and during the subject tests. During cooldown we sze the first
phase of enhanced mdicnuclide release to loop coslant associated with the increased
solubility of trapsition metals.

The nem step in the investigation is to perform similar tests on in-core Zircaloy
segments. If we coa simulate plang Co-38 releases, then PCCL in-core tubing can be used
in the final phase of this worlt to evalunte ex-core re-deposition behavior of such crud
relenses.

Measurements of H;0, and NOJ are also being made in the MITR-II spent fuel
pool, which simulates conditions of interest: acrated warer exposed to high gasama fluxes.
The nitrate values are of interest because aic addition (as opposed to O, or H,0 eddition)
raises the pogsibility of nitric acid synthesis from the dissolved N ~which might in murn
lead to significantly different mdionuclide relense charcteristics. At present, J. Chua's
code does not handle N4 reactions (which are to be added), hence experimental evidence is
of pasticular interest,
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The purpose of this appendix is to give to future
researchers, interested in running the CRUDSIM, CORA or PACTOLE

codes, enough basic information to do so.

For each code, the configuration of input data, description of
input variables and an input data file for a sample problem are
given. The sample problem corresponds to a one year PCCL run at
100% power and 800 ppm Boron, 1.84 ppm Lithium (pH300°c=7.0)

The following references are useful:

CRUDSIM:

(1)-C. B. Lee, "Modeling of Corrosion Product Transport In
PWR Primary Coolant,” PhD Thesis, Dept. of Nuci. Eng., MIT, 1989.

(2)-C. A. Bergmann and W. T. Lindsay, et al., "The Role of
Coolant Chemistry in PWR Radiation Field Buildup”, EPRI NP-4247,
1985
CORA:

(3)-S. Kang, 1. Sejvar, “The Cora If Model of PWR Corrosion
Product Traasport”, EPRI Report NP-4246, September 1985.

(4)-"Cora II Code Description and User Manual",
Westinghouse.

PACTOLE:

(5)-P. Beslu, et al, "A Computer Code PACTOLE to Predict
Activation of Corrosion Products in PWRs", Proceedings of
International Conference on Water Chem. of Nucl. React. Syst.,
Bournemouth, BNES, London, 1978.
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(6)-P. Beslu, "Mechanisms and Driving Forces in Corrosion
Product Transport and Build-up: PACTOLE Code”, IAEA Specialist
Meeting, San Miniato, Italy, October, 1981.

(7)-P. Beslu and A. Lalet, "Computer Prediction in Radiation
Exposure Reduction”, JAIF Int. Conf. on Water Chem. in Nucl.
Power Plants, Tokyo, Japan, 1988.

(8)-P. Borys et al, "Parametric Studies of the MIT PWR
Coolant Chemistry Loop Using the PACTOLE Code, MITNRL-034,
September 29, 1989.

(9)-P. Beslu, F. Joyer, "Transfer of the Pactole Code:
Accompanying Memorandum”, Note Technique SCOS/LCC/89-047,
March 1989.
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Table C.1 Description of PACTOLE Input Variables (vef (9))
No.| Variable Description
1 TIILE
2 =1...read data of a previous cycle
=0...cycle 1, start-up initialization
3 =]...end cycle data output
=0...no data output
3 =0 and IPERF=1...deposit and oxide activity a: the end of a real

cycle used as data for the following cycle are not corrected for
decay time between these 2 cycles

=1 and IPERF=1...correction for decay time performed INDIC is
not used if IPERF=0

n of ¢ clements p: maximum 3) Fe-Ni-
Cr-Mn-

number of reactions processed (maximum 8) -Fe39-Mn34-Co38- |
Ni59-Ni63-Co60-Cr51-Mn56-

=1...activity calculation on the "FILT" area (=filter, see REPART)
={)...no calculation

declogging of the "FIL 1" arca every RD days
declo In efficiency of "FIL1" E%Fﬁd)

T

[a—
PN

coefticient of particle EBEi“E] on "FILT"
=]..calculation of operating pH at ang comparison with
optimum gH S%meﬁng pH - optimum pH)
optimum pH at
optmum temperature for the calculation DpH=operating pH -
optimum pH (if IOPT=1) (°C)
=; if the cycle is proiongg (with modification of IMY - cf.
TMYPRO)
=0) no prolongation of cycle

mean temperaure o uid at nominal power (°C)

mean temperature of the fluid a\ zero power (CC)

total primary circuit volume excluding pressunizer and auxiliaries

(m3)

nominal mass flow rate of the pri circuit (kg.s1)
maximum time Step (S)

; - .en . can fluid temperature at zero
wer during prolongation
%ONPROLdi enter no value and go to ELEM

write chemical clements to be processed from among: I'e, Ni, Co,
Cr, Mn (maximum 5, one element per PCB)

erosion rate of the elcments values, ELEM order)
(mg.s})

SEEIENECEECEIEED

"TLECT
'TPERF
INDIC
NELEM ™ |
NREAC
FEM

RD

EFD
COEF
TOPT
PHOPT
TOPT |
NPROL™ |
TMOY
T™MY
VOLU

DB
'DELMX
[TPI_
TPB_
"TMYFRO |
FLEM
EROS
'ROP

DA

oxide densi .cm:‘)
S )
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28 | PC probability of agglomeration
29 | DG geometric diameter = mean diameter by number for passage of
50% of the pariicles (m)
30 | ol standard deviation corresponding to DG
31 |NB number of particle size areas
32~ [PASI step of partcle size areas (m)
33 |TOBOI0 | Bi0 reaction rate (n, alpha)Li7 (s-1)
34 | CAPLI reaction rate of Li7 capture (s-1)
35 |REAC write reactions t0 be processed from among Fe39, Mns4, Cos8,
;hcsgi Ni63, Co60, Cr51, Mn56 (maximum 8 - one reaction per
36 | TOREAC | reaction rate (NREAC values, REAC order); represents the
product nesigmasphi and integrates the isotopic abundance (s-1)
37 | BJEC ejection rate (NREAC values, REAC order); represents the elastic
shocks of the neutrons on the atoms (s-1)
38§ | CAPT capture rate (NREAC values, REAC order); represents the
disappearance of the final nuclide (s-1)
39 |PARC recoil range (NREAC values, REAC order) (g.cm™2)
40 |DO frequency factor for calculating the diffusion coefficient
D=Dexp(-QACT /RT) (cm2.s-D)
4T |QUACT activation energy (see Dg) _ (cal.mole-1)
CIRCUIT MODELIZATION
1-general
42~ |NREG total number of circuit areas (maximum 38)
43~ |NRCP number of the last area of the main circuit
44 |NRCA nuniber of the Tast area of the main circuit + bypass circuits except
those in which the temperature is not between TPI and TPB
(normally the CVCS)
45 |NCAT total number of bypass circuits (maximum 10)
46 [NCD number of sites for which a dose rate calculation is required
(maximum 9)
47 | REPART Writc areas (4 characters per arca). If a REPART=FILT...area is
modelized, then IFEM=1 and the area must be characterized by
KD, QOEF, EFD. If, in addition, this area is in a bypass circuit,
enter FS=0.,only FP can be different from 0.
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2-definition of b circuit

48 | NRI arg;:umber primary circuit from which the bypass circuit is
to leave
3 [NRZ area number of the primary circuit at which the Dypass CIrcuit 1s to
arrive
30 |NUCAT number of the first arca of the bypass circuit
31 |NF area number of the bypass circuit on which purification takes place
532 |INX numBerofareasofﬁ ass circuit —
53__|FS eﬁictencyofxesmsforpm ; - bypass circuit (0<FS<]
54 |FP~ sfficien yo o purification o 2 <FF
repeatparametersTF' >
caution: dlebypasscmxs*ﬂ:"‘ssedlastarethosem which the temperature is not
%elt{wce:n TPI and TPB (normally the CvCS). The numbers of these areas are higher than
3-characteristics of cach area
55 |SMAT wetted surface of the area (m2)
356 | OOR Tatio of surface of open pores to the gEometric Suriace
57 [TERCO characterizes the distribution of ame power over out-
of-core areas
38 | RUGO surface ro aﬁ'n\ess of the area (m)
39 | IDECH =1...unlo
=0...no unloading of area
60 |FDEB or: of nominal main flow rate (DB) in the area O<FDEB<I
61 oM composition by weight of chemical elements constituting the
material in the area values, ELEM order |
62 [VIT Mofﬂmatnonn:%powcrﬁl ulated at mean temperature of
the fluid in the area (m.s1)
63 | DIAM eqmvalent hydrauhc diameter of the area
64 [1E of the fiuild in iﬁe i&cg
(3] TPA of walls at arca outlet (CC)
66 REL of the area
67 | GRAV Mcxent o; gravity of the arca (horizontal=1, vertial=0, =5¢-5
for lower part of the core)
remarks: paraieiEs SMAT io FDEE n a gl PCB
parameters COM on a single PCB

parameters VIT to GRAV on a single PCB
and repeat this group of 3 PCBs NREG times
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CHEMICAL DATA

68 | CPKiwithi | cefficients for calculating the concentration of dissolved Hy. The
from ! to 4 | code calculates: H2 concentration
=(FAC/17.7)s(CPK1+CPK2¢T+CPK3+T2+CPK4+T3) with FAC
in cm3.kg-1 TPN (see FAC), 17.7:cm3.kg-YTPN at 1 bar and
25°C, tin ture in °C
60 |OAIRW  [wnte seﬁaﬁ fog%ﬂw) of water. 3 possibiliges:
1) FT3...formulation by temperature; in this case, go to ALKWi
2)MESM...Mesmer’s formula;in this case, go to DELTAGI,j
3)MARS.. Marshail's formula; in this case, go to DELTAGI,j
70 | ALRKWiwith | E%ﬁacnt for calculating log (Kw) of water using a poiynomxh
ifrom 1 to4 | which is a functicn of the temperature, as follows:
ALKWI1+ALKW2+¢T+ALKW3+T24+ALKW4 T3
71 coefficients for calculating Gibb's free energy of reaction
with 1<i<4 | expressed in cal.mol-!. DG(-T)j=
and 1<j<20 | pE] TAG1+DELTAG2sT+DELTAG3sT2+DELTAG4+T3
with T in °C
remarks: Enter the coefiicients of DELTAGI to DELTAGA for each reaction, processing

one reaction per PCB (total 20 reactions) in the following order:
Fe304....Fett,... Fe(OH)*,.... HFeOy',.... Fe(OH),
NiFez04....Nitt,....Ni(OH)*,.... HNiO,-
CoFe304....Cott,....Co(OH)*,....HCoOs-
MnFe704... Mntt,... Mn(OH)*,... HMnO»-
Cr204....Cr(OH)*+,....Cr(CH);+,....CrO2"
Ni under a different form than ferrite....Ni++,....Ni(OH)+,... HNiO2-
NiFe204....Ni(OH)2
It is possible to enter O for reaction 17, 18 and 19; the other reactions must at least
have a coefficient not equal to 0.

and 1¢j<4
enter coeiticients
following order:

cocfficients of dissociation constants of the j reactions:

DISFLU}]
with i<i<4 | K=i0.**(DISFLU1+DISFLU2sT+DISFLU3+T2+DISFLU4sT3)

with T in °C
UT to DISFLU4, processing one reaction per PCB in the

1- LiOH....Li* + OH-
2- B(OH)3 + OH- ....B(OH)4"

3- 2B(CH)3+ OH- ....
4- 3B(OH)3+ OH- ....

B(OH)y
B(OH)10°
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OPERATION

1-general
number of calculation operations (maximum 200)
number of calculation cycles (maximurmn 200)
total duration of the calculation (days)
time during which the reactor is in cycle prolongation
%’I)'PR(()dI?D)T, if NPROL =0....no prolorgation, enter DTPROL
=, ys
step of boron concentration _(ppm)
step of lithium coacentration  (ppm)

NFONC
'NCYCLE

DT
"DTPROL
PBO

PLY
'NARRET | number of intermediate pauses during an operating and
'NRELA
NUMREL
DEC2

RECZ |
BOR2

BR2

modelization cycle. If NARRET =0 go to DEC2
number of releasing areas
reference numbers of releasing areas

2-c§1aracteﬁsﬁcs of the cycles

duration of one "NCYCLE" ¢ cie (sum of DEC2 =D1s) (days)
duration of pauses between m cycle (days)

initial boron concentration of one“mﬁf“ cycle (ppm)
disappearance rate of boron during one W‘ﬁ%ﬁ" cycle (days)
FREC fraction of fuel unloaded at the end of each NCYCLE cycle

if FREC =-1....intermediate cold shutdown XRELA else,
return to DEC2

at the end of the NCYCLE cycles (or one fuel cycle, 0<FREC<1)
XRELA release fraction, multiplied by NRELA, for previously defined
NUMRELs (mg.cm-!) |
remarks: parameters DEC2 to FREC on a singie PCB, repeat this PCB NCYCLE times,
interpolating XRELA PCB if necessary

GEEEE zﬁ ﬁaﬂ ﬁﬂﬂd

]

3-characteristics of the operations
88 | TFONC duration of operation (cumulative from start-up....]last value of
TFONC =DT) (days)

80 minimum concentration of lithium during operation  (ppm)
Ed initial concentration of lithium dun'n operation  (ppm)

91 mMaximum concentration o um during operation 3___gppm)
(92 dissolved hydrogen content dunn&operanon (cm kgj‘ TNP)
93 fraction ofﬁ'ommal power during operation

number of intermediate entries during operation (if
NIMPR =0, no TIMPR PCB....process TFONC+1 operation)
days for which intermediate printouts are required (included in
THRONC-1 and TFONC times, NIMPR values) |
remarks: parameters TFONC to NIMPR on a single PCB and repeat this PCB NFONC
times

caution: if NIMPR is different from 0, interpolate the TIMPR PCB between TFONC and
TFONC+1 operations

CLl
X1
CL2
FAC
Lo
54 circuit leak rate during operation (g.s*1)
"NIMPR E
TIMER
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DOSE RATE

97  |RDDD name of area for which a dose rate calculation 1s required
(maximum 9)
98 [1CD number of areas included in the dose of the RDDD area
9 [IR reference number of area included in the dose
(100 dose rate coefficient compatible with activitics in GBg.m™2
(NREAC values, REAC order)
remarks: COED on a single
and repeat the IR-COED group of PCBs ICD times
then repeat the RDDD-IR-COED groups of PCBs NCD times
INITIALIZATION OF THE CALCULATION
i-cycie 1 scenario:
10T [ETA composition by weight of chemical elements constituting the
deposits at the end of precritical hot tests (NELEM values, ELEM
order)
102 |ESURF initial mass release for cach area on reactor start up (NREG values, |
REPART order) (mg.cm2)
goto 117 (ADENT)
2- >1 cycles scenario:
103 [1CAL total operating time of previous cycle (s)
104 [ESURF thickness limit at end of previous cycle (NREG values, REPART
| order) (cm)
105 |RPR release at end of previous cycle (NREG values, REPART order) |
_ (m
106 |MASDEP | mass of "surface +deep" deposits at end of previous cycie (NREG
w(lalues. REPART order) and repeat NELEM times in ELEM order
mg)
107 | MASINT | mass of "decp” deposits at end of previous cycle (NREG values,
REPART order) and repeat NELEM times in ELEM order
(m;
108 | MASINT mass of oxides at end of previous cycle (NREG values, REPART
order) and repeat NELEM times in ELEM order
(mg)
09 [EIA composition by weight of crud at end of previous cycle (NELEM |
values, ELEM order) -
110 { MASST Inass in suspension in the 1luid at end of previous cycle (NELEM |
values, ELEM order) é_tgﬁ)
1T | MASS2 mass in solution in the fluid at end of previous cycle (NELEM
values, ELEM order) (mg)
112 | YTand Y2 | number of active atoms in suspension and solution in the fluid at
end of previous cycle (NELEM values, ELEM order)
13 | YDS number of active atoms in the "surtace deposit at end of previous
cycle (NREG values, REPART order) and repeat NELEM times in
ELEM order
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114 [ YDI number of active atoms in the "deep” deposit at end of previous
cycle (NREG values, REPART order) and repeat NELEM times in

ELEM order

115 | YOXY number of active atoms in the oxide at end of previous cycle
(NREG values, REPART order) and repeat NELEM times in
ELEM order

116 |ASP number of base metal atoms in flux of daughter nuciide per gram

of parent element at end of previous cycle (NREG values,
REPART order) and repeat NELEM times in ELEM order

[T17 JADENT [wite FIN in columns 1, 2 and 3
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TITLE

ILECT PERF NELEM NREAC
IFEM KD EFD COEF IOPT PHOPT TOPT NPROL
™QY TMY VOLU DB DELTA DELMX TPI TPB
if NPROL # 0 ... TMYPRO then go to ELEM
if NPROL = 0 ... go to ELEM
ELEM (1 element per PCB)
EROS (NELEM times)
ROP DA PC DG SI NB PAS1
TOB010 CAPLI
REAC (1 nuclide per PCB)
TOREAC (NREAC times)
EJEC (NREAC times)
CAPT (NREAC times)
PARC (NREAC times)
DO QACT
NREG NRCP NRCA NCAT NCD e )
REPART (to 18A4) e
NR1 NR2 NUCAT NF NX FS FP (NCAT times this PCB)
SMAT COR TERCO RW IDECH FDEB | (NREG times
COR (NELEM times) | this group
vIT DIAM TE TPA REL GRAV i of 3 PCBs)
CPKi (i from 1 to 4)
OALKW (to 1A4: choice between FT3-MESM-MARS)
if FT3...g0 to ALKWi
clse...go to DELTAGi,j
ALKWi (i from 1 to 4)
DELTAGI (i from 1 to 4) (20 times this PCB)
DISFLUi (i from 1 to 4) (4 times this PCB)
NFONC NCYCLE DT DTPROL PBO PLI NARRET
if NARRET = 0, go to DEC2
NRELA NUMREL (NRELA times)
DEC2 REC2 BOR2 BR2 FREC
if FREC = -1..XRELA (NRELA times, NUMREL order)
if FREC # -1...g0 back to DEC2 and repeat NCYCLE times
TFONC CL1 XLI CL2 FAC FL DFU NIMPR
if NIMPR # 0...TIMPR (NIMPR times)
if NIMPR = 0...go back to TFONC and repeat NFONC times
RDDD INCD times
ICD | ihis group
IR L ICD times these | of 4
COED (NREAC times) | 2PCBs | PCBs
if cycle 1: ETA (NELEM times)
ESURF (NREG times), and go to ADENT
if cycle>1: introduce the set of PCBs from the end of previcus cycle
ADENT

Fig C.1 Diagram of PACTOLE Input Data (ref (9))
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MIT pH7 runl NEW COMPOSITIONS+AVERAGE FLUX

0 0 1 5 5

0 0 0 0 1 7 300 O

296.6 270.0 7.94E-4 6.B4E-2 86400.0 3600. 272.4 336.4
FE
NI
co
CR
MN
0. e. 0. G. 0.

4.0 5.0E-1C 1.0 2.0E-07 2.00 10 10.e-7
9.26-8 4.7E-12

FESY
M54
cos8
Coé60
CR51
9.26E-14 1.9%e-13  3.40E-12 9.62-10 1,14E-11
3.95€-12 1.37¢-11 1.37e-11 3.95-12 3.95e-12
0.0 6.0 9.2-08 0.0 0.0
0.0 8.36-06 9.1€-06 0.0 0.0
1.48e-2 4.500€+04
2 19 19 1 1
out1SG1 SG2 INCIPLENSTSTZIR1ZIR2ZIR3ZIR4ZIRSZIRGZIRTZIRBINC2SG3 SG4 OUT2
PUMPCVC1CVC2CVC3

118 20 20 3 .99 .99
0.053 0.01 0.0 2.56-6 0 1.
0.09 0.746 3.7E-4 0.1575 0.0026
3.13 6.1596-3 296.1 290.2 0. 1.
0.0185 .01 0. 2.56-6 0 1.
.09 .74  3.7E-4 0.1575 0.0026
3.09 6.159€-3 291.4 281.3 0. 0.
0.0185 .01 0. 2.56-6 O 1.
.09 .76 3.7e-6 0.1575 0.0026
3.02 6.159-3 282.5 272.4 0. O.
5.26-3 .01 0. 2.5€-6 0 1.
.09 .76 3.7€-4 .1575 0.0026
2.97 6.159%-3 277.8 2717.5 0. 0.
0.0195 .04 4.E-5 2.5€-6 O 1.
677 116 S.E-4 163 .0168
A77 .02 277.3 277. 0.122 0.
3.71€-3 0.04 6.£-4 2.56-6 0 1.
677 .16 S.E-6 0.163  0.0168
2.96 6.156-3 277. 277. 0. 0.
6.4E-3 1.6-4 0.3 2.56-6 0 1.
2.6-3 1.06-5 0.76-6 1.E-3 5.£-5
2.68 5.52e-3 278.4 303.0 0.0 O.
3.22¢-3 1.e-6 1.0 2.5€-6 0 1.

Fig C.2 Diagram of PACTOLE Input Data for MITPCCL (1 year
run, pH300°c=7.0)
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MIT pH7.2run1 NEW COMPOSITIONS+AVERAGE FLUX

o 0 1 5 5

0 0 0 0 1 7 300 o

296.6 270.0 7.04E-4 6.84E-2 86400.0 3600. 272.4 336.4
FE
Nl
co
CR
MN
0. 0. 0. oO. 0.

4.0 5.06-10 1.0 2.08-07 2.00 10 10.e-7
9.2e-8 4.7E-12

FES9
HNS4
cos8
Coé0
CRS1
9.26€-14 1.94@-13  3.40E-12 9.62-10 1.14E-11
3.956-12  1.37e-11 1.37e-11 3.95-12 3.95e-12
0.0 0.0 9.2-08 0.0 0.0
0.0 8.36-05 9.1E-06 0.C 0.0
1.48e-2 4.500E+04

2 19 19 1 1
outiSG1 SG2 INCIPLENSTSTZIRIZIR2ZIRSIZIRGZIRSZIROZIRTZIRBINC25G3 SG4 OUT2
PUMPCVC1CVC2CVC3
118 20 20 3 .999 .99
0.053 0.01 0.0 2.55-6 0 1.
0.09 0.746 3.7e-4 0.1575 0.0026
3.13 6.1596-3 296.1 290.2 0. 1.
0.9185 .01 0. 2.58-6 0 1.
09 .746  3.7€-4 0.1575 0.0026
3.09 6.159€-3 291.4 281.3 0. O.
0.0185 .07 0. 2.56-6 O 1.
09 746 3.7e-4 0.1575 0.0026
3.02 6.159e-3 282.5 272.4 0. 0.
5.2-3 .01 0. 2.5€-6 0 1.
09 746 3.7€-4 .1575 0.0026
2.97 6.159e-3 277.8 277.5 0. O.
0.0195 .04 4.E-5 2.56-6 0 1.
O77 116 S.E-4 .163 .0168
77 0264 277.3 277. 0.122 0.
3.71E-3 0.04 6.€-4 2.5¢-6 0 1.
877 196 5.E-4 0.163 0.0158
2.96 6.159e-3 277. 217. 0. C.
6.4E-3 1.E-4 0.3 2.56-6 0 1.
2.€-3 1.06-5 O0.7E-6 1.E-3 5.E-5
2.68 6.520-3 278.6 303.0 0.0 GC.
3.22¢-3 1.e-64 1.0 2.5¢-6 0 1.

Fig C.2 Diagram of PACTOLE Input Data for MITPCCL. (1 year
run, pH300°c=7.0)
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2.e-3 1.0E-5 0.7¢-6 1.e-3 5.e-5
2.76 6.52¢-3 282.6 308.5 0.0 0.
226-3  1,e-4 1.0 2.5€-6 0 1.
.E-3  1.0E-5 G.7e-6 1.e-3 S.E-S
.77 6.52e-3 288.2 314.1 0.0 0.0
3.226-3 t.e-4 1. 2.5¢-6 0 1.
2.E-3 1.0e-5 0.7e-6 1.e-3 5.e-5
2.82 6.52E-3 293.7 319.7 0.0 0.0
3.22e-3 1.E-6 1. 2.5€-6 0 1.
2.E-3 1.0E-5 0.7e-6 1.2-3 S.E-S
2.87 6.520-3 299.3 325.3 G. 0.
3.22e-3 1.e-4 1, 2.56-6 0 1.
2.3 1.0E-5 0.7e-6 1.e-3 5.e-5
2.92 6.526-3 304.9 330.8 0.00 0.000
3.22¢-3 1.E-4 1.0 2.5€-6 0 1.
2.06-3 1.0E-5 O0.7e-6 1.E-3 5.E-5
2.96 6.52E-3 310.4 336.4 0. O.
6.438-3 1.e-4 0.3 2.5¢-6 G 1.
2.6-3 1.0e-5 0.7e-6 1.e-3 S5.e-5
3.06 6.52e-3 314.6 316.0 0. O.
1.38e-2 0.01 2.7e-4 2.56-6 0 1.
.09 0.746 3.69E-4 0.1575 0.0026
3.35 6.159¢-3 315.5 309.4 O. c.
.0185 0.01 2.e-6 2.5€-6 0 1.
0.09 0.746 3.69%e-4 0.1575 0.0026
3.26 6.159€-3 310.6 300.5 0 O.
0.0185 0.01 0. 2.56-6 0 1.
0.09 0.746 3.69e-4 0.1575 0.0026
3.16 6.1596-3 301.7 291.7 0. 0.
0.0490 .01 0.0 2.56-6 0 1.
0.09 0.746 3.69e¢-4 0.1575 0.0026
3.13 6.159¢-3 297.1 295.8 0.0 1.
Z.25¢-2 0.04 0. 2.5¢-6 0 1.
0.677 0.116 5.0e-4 0.163 0.0138
0.26 0.0226 296.6 296.6 0. O.
9.66¢-3 0.07 0. 2.5e¢-6 0 B8.8e-4
0.083 0.76 3.69e-4 0.15 0.01
0.020 2.16e-3 240. 200. 0. 1.
0.065 0.02 0. 2.5¢-6 0 8.8e-4
0.50 0.1 5.e-4 0.1 0.02
2.68°3 5.33e-3 21. 65. 0. 1.
5.80-2 0.01 0. 2.5E-6 0 8.8e-4
0.063 0.75 3.69¢-4 0.15 0.01
1.6e-2 2.150-3 21. &5. 0. 0.

NN

1.07236933 .138710998£-02 -.350908058E-04  .578307970€-07
F13
-14.613 3.13376e-2 -8.839940-5 6.953240-3
-47400.0000 85.592689 .389512181€E-1 - . 10603985€-3
-11778.0000 S4 . 1680000 27033209881 - .975000001E-4
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79335.£0000 +43.8900000 1.01237774
31620.3594 22.4742279 349869072
-45710.0000 74.820282 .691640973E-1
-10630.0000 67.5000000 .R47350931€-1
78673.0000 -50.8023987 1.06607964
-45000.0000 72.7433777 .75489521€-1
-10350.0000 81.7584686 . 198225975€-1
79850.00 -33.1825409 .952556789
-46157.9531 69.4519806 151711345
-8668.37891 61.3527527 .625853133E-1
84095.125 -46.7049103 1.02793026
-141746.25 73.7179671 132757008
3016.58447 59.4344482 . 12481159
54760.2734 -45.2883911 . 738931239
-15000. 41.00 -9.366-4
-6003. 49.0 -0.0380
22700. 1.53 0.327
37707.359 16.5611267 361570954
- 821699977 -.310000009€-02 .0
5.32617965 -, 258145109€-01  .635595843E-04
5.35170555 -.231929117€-01  .561919878E-04
6.96832230 -.3930636126-01  .788164762E-04
1 1 365 0. 1.0 0.00t O

345. 0. 800. 0. O.

365 1.8 1.8 1.8 24. 1.0 0. 0

365.

1

1

6

3 1.5 1.5 6.7 7.5¢-3

0.00700 0.0023 4.E-06 S.c-04 2.e-Cé

-.154120000€-2
- .514469575€-3
- . 15B460476E-3
~.116000000Z-3
-.150000000€-2
- . 1632321443
-.101300000€-3
-.143150000€-2
-.32687257CE-3
- 117160939€-3
-.1598831956€-2
- . 706932333E-4
-.650002476E-4
-.927461078¢E-3
-6.6E-5
-3.00e-5
-6 .54E-4
- .535633301€-3
.0
-.555539685E-07
-.549930093E-07
-~ T49785T2TE-07

0.05 0.05 0.05 0.05 0.1 0.15.e-3 5.e-3 5.6-3 5.E-3

5.6-3 5.E-3

5.¢-3 S.e-3 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

FIN
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Table C.2 Description of CORA-II release 2.0 Input Variables (ref

(4))

Variable

Description

Any alphabetic or numenc information
numEE f

of isotopes (max. of 10)

number of materials (max. of 10)

number of parent elements of K 150tOPes

éﬁéj

8

No of cycles for ith isotope (CT 31, Mn 54, , , Fe 59, |
Co6)

reactor coolant volume (hot conditions) (cc)

total out of core surface area (cm?)

total in-core surface area (cm?)

urification 110w Tate (Cc/sec)

coolant velccity-in core (cmy/sec)

"RCS coolant velocity-in loop (Cim/sec)

RCS coolant density (g/cc)

core flow splitting factor

factor to calculate transient in-core deposit

Max. permanent in-core deposit (mg/dmi as oxide)

factor to calculate transient out-of-core deposit

Max. permanent out-of-core deposit (mgldmi as oxide)

oxide to metal ratio of crud

operating time during which out-of-core crud deposits grow faster
due to high corrosion (sec)

Avg. core thermal neutron flux (n/cmi-sec

Avg. core fast neutron flux (n/cmi-w:)

coolant transit ime-in-core (sec)

"RCS coolant transit ime-out-0f-core (5ec)

Demineralizer resin volume (cc)

Purification systen: DI for particulates

Purification system DF for solubles

"Reactor coolant system core avg. temp. (deg F)

Reactor coolant syst%m S/G avg. temp. (deg F)

1sotope (e.g. Cod?

Atomic number of ith parent Toment

decay constant of ith parent element (1/sec.)

Thermal reaction cross section (.

ithermal reaction cross-section (cmf)
Fast reaction cross-section (cmi)

T S T

with i=1 to 7

_Aggﬂs%g;_ Abundance of ith parent isotope
1) | Camma cmission rate for E Group 1

%&ewdis)
ype of crud- considered in calc. of solubility (MAG or FER)
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40 SN Substtution number for nickel in magnetite
41 CH2S [ concentration of hydrogen in solution (cc/k
42| MNSOL ™ | Corrosion behavior at E@i pH Gmin soiudxgity)
O-increase
1-constant
2-decrease
43 () Tdentifier of parent element (e.g. Ni, Co,..)
7| NO(I Atomic number of ith parent element
435 XA Atomic weight of ith parent element
46 umeric identification of ith matenal
47 1J eight fraction of jth element in 1th material
i=1to
NMAT
j=1to NP
48 NCORB No. of cycles over which the weight fraction of elements can vary
in material compositions
49 IELM [ Element number which varies from cycle to cycle
50 REL(ij) | crud clemental release fraction of jth element in ith material
i=lto
NMAT
i=1to NP
31 NRCM [N umber of cycles over which the matenal corrosion releaes rate
varies
52 —R;CI\II(U) Corrosion release of ith material during cycle 1 (mg/dm2-mo)
1=1t0
NMAT
j=1toN
33 AINGO) In-core area of 1th matenal (sq.cm)
i=1lto
NMAT
54 Aout(i) | Out-of-core area of ith material (sq.cm)
i=1to
| NMAT ) _
55 XSOL(1) | Solubility factor [sol.(i)/sol.(Fe)] for ith isotope (based on R&D at
Westinghouse
36 DEPS Constant for CL (subroutine COIN) RCS crud deposition constant
(1/sec)
normally=1.7E-4
37 CL4 constant for CL. (subroutine COIN), period after which in-core
crud layer thickness remains constant - does not affect results
. except coolant activity-
58 RCLA [ Constant for RCL (subroutine COIN)
50 RCL7 | Constant for RCL (subroutine COIN)
60 RE3 Constant for KP3 (subroutine COIN) particle deposition constant -
in-core
normally=2.52E-5
61 RE6 constant for KP6 (subroutine COIN) particle deposition constant-
out-of-core :
normally=2.48E-5
62 REN3 | Reynolds number in core
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RENG

Reynolds number out-of-core

AREASP

constant for A52 and A82 (subroutine COIN)

Growth affinity factor for B4 (subroutine COIN)

Growth affinity factor for B/ (subroutine COIN)

LIMHCC

IFIXB

%cle limit for high in-core crud growth

n contro! option
1=constant boron
2=variable boron

N45TAB

Cycle no. after which Node 4 (permanent in-core metal inventory)
has stabilized (coin)
0O=no restriction on deposit growth

No. of refueling factor sets
constant for C?% and C/2 (subroutine COIN)

constant for surface precipitation (COIN)

constant for A82 (subroutine COIN)

Cycle number for standard 1ERM2

Transient in-core crud activity (previous cycle) -not used 1f
NRFF=1-

Permanent in-core crud metal (previous cycle) -not used if
NRFF=1-

Permanent in-core crud activity (previous cycle-cycle 1} -not used
if NRFF=1-

Permanent in—core crug activity (previous cycle-cycle 2) -not used
if NRFF=1-

Permanent in—core crud activity (previous cycle-cycle 3) -not used
if NRFF=1-

FEEEEEE

Transient out-of-core crud activity (previous cycle) -not used if
NRFF=1-

81 R6 l-’enFn;nerxt out-ofcore crud activity (previous cycle) -not used if
NRFF=1-
32 R7 %atlion system crud activity (previous cycle) -not used if
83 R81 Structural core component activity , cycle 1 (previous cycle) -not
used if NRFF=1-
84 “R82 Btructural core component activity, cycle 2 (previous cycle) -not
used if NRFF=1-
85 RS3 Structural core component activity, cycle 3 (previous cycle) -not
used if NRFF=1-
86 NCY number of operating cycles
37 CY() | operating time of the cycle (sec)
83 SDNT() | Shutdown time at end of cycle (sec)
890 Tnitial RCS Lithium concentration at start of cycie (ppm)
%0 "Tnitial RCS boron conc. at start of cycle (ppm)
91 Refueling cycle option
1=no refueling
2=refueling at end of cycle
92 | _CCH2S | RCS hydrogen concentration (ml/kg)
03 TB1 cycle time associated with boron reduction (sec)
04 DELTA | Ininal printout ime (seC)
95 UDELTA | Opper ﬁt of printout ime intervals (sec)
06 TIMES | pnintout step size multiplier
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97 MXCY | Number of cycles containing sub-periods
98 CHEM  [chemistry cﬁangcs in sub-periods
y=yes
N=no
2 —JCY | Cycle no. which contains sub-periods
100 | NSCY | Number of sub-periods within the cycle
101 'S ) | End of jih sub-period in cycle 1 (sec)
102 {i,}) | Fraction of full power of jth sub-period in cycle i
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TITLE

K NMAT NP
LCY(1) LCY(2) LCY(3) LCY(4) LCY(S) LCY(6) '
V2 Ab A3 VIX VELC VELL DENF
CFSF CTF cp ETF EP OMR TOP
PHIT PHIF TC TL DVOL DFP DFS
TEMPH TEMPG CONTH CONTG
(1) NO¥(1) XLAM(1) SIGTH(1) SIGEK(1) SIGF(1) ABUNIX1)
IDQ2) NOP(Q) XLAM(2) SIGTH(2) SIGEK(2) SIGF(2) ABUND(2)
D(3) NOP(3) XLAM(@3) SIGTH(3) SIGER(3) SIGF(3) ABUND(3)
D4) NCP(4) XLAM(4) SIGTH(4) SIGEP(4) SIGF(4) ABUND{4)
mxs) NGP(S) XLAM(9) SIGTH(S) SIGEK(S) SIGF(S5) ABUNIXS)
IX6) NOP(6) XLAM(6) SIGTH(6) SIGEX6) SIGF(6) ABUNIXS6)
EPDIS(1,1) EPDIS(1,2) EPDIS(1,3) EPDIS(14) EPDIS(1.5) EPDIS(1,6) EPDIS(1,7)
EPDIS(2,1) EPDIS(2.2) EPDISQ2)3) EPDI3{2.4) EPDiS(2.5) EPDIS(2.6) EPDIS(2,7)
EPDIS(3.1) EPDIS(3.2) EPDIS(33) EPDIS(3.4) EPDIS(3,5) EPDIS(3.6) EPDIS(3,7)
EPDIS(4,1) EPDIS{4.2) EPDIS(4,3) EPDIS(4 4) EPDIS(4.5) EPDIS(4.6) EPDIS(4,7)
EPDIS(S.1) EPDIS(5.2) EPDIS(5,3) EPDIS(54) EPDIS(S.3) EPDIS(5.6) EPDIS(S,7)

EPDIS(S.1) EPDIS(6.2) EPDIS(6,3) EPDIS(6.4) EPDIS(6.5) EPDIS(6.5) EPDIS(8,7)

CRUDTYP SN CH2s MNSOL

IMl) NO() XA(D)

P2) NO@Q) XAQ)

P3) NO@G) XAQ)

IP4) NO@) XA@4)

PS) NO(O) XA()

TITMA(1) TITMAQ2) )

F(L.1) FQ2.1) F(3.1)

F(12) F(22) F(32)

F(13) F2J3) F33)

F(14) F24) F(34)

F(1.5) K2.3) F39
NCOB

NRCM
RCM(1) RCM(2) RCM(3)
AIN(1) AINQ) AING)

XSOL(1) XSOLQR) XSOL®) XSOL(4) XSoL(s) XSOL(6)

DEPS Cl4 RCL4 RCL? RE3 RE6
REN3 REN6 AREASP BACONT B7CONT LIMHCC FIXB
NASTAB NRFF AREASOL CONTP? AREASS NCSTD
RI(N) RAN) R3IN) RI2(N) R33(™) RYN) R&(N)
%(;‘) R3I(N) RE2(N) R83(N)
cYm SDNT(T) RITH(®D BORF(D NFUEL(D) CCH2S 81
DELTA UDELTA TIMES
MXCY CHEM
ICY NSCY STIME(L))

CAPS(1,1)

Fig C3 Diagram of CORA Input Data
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PCCL(CORA%RZ) CASE USING FER CONSTANT

1 1
6.17 +2
1.0000 +0
2.500+13
5.607 +2

CR~51
MN-54
MN-56
Co-58

$5-304
0.1000
0.0200
0.5000
0.0005
0.1000

2.000
5.000
5.000
5.000
5.000
i
1.0000
0.0
4.7230
0.05
1.70
1.5

1.0
0.0

1
31.5
4.320

1

Fig C4

24
26
28
28
26
27
-2

24
25
26
27
28

0
-2
-1
-1
-1
-1

+0

+2
+0
-4
+5

0
+0
+0

+6
+6
1
1

3

1 1
2.414 +3
1.500 +1
4.300+13
S.616 +2
2.880 -7
2.560 -8
7.460 -5
-7
-7
-9

-1
-1

+0
52.01
54.93
55.85
58.94
58.69
ZIRC ¢4
0.0010
0.00005
0.0020
0.00000067
0.00001

2.000 -2
5.000 -1
5.000 -1
5.000 -1
5.000 -1
RCM
0.0001-4
2.7300+2
1.3700+2
1.00+0
1.0+40
1.47+5
1
1.0+0
1.0+90

0.00+0

4.320 +6

N

31.5+6
1.0

5
1 1
4.02 +2
5.0060 -1
7.000 -1
1.730 +1
1.350-23
0.0
1.330-23
000
1.200-24
1.944-23

-1
-2
+0
+0
+1

INC 600
0.1500
0.0100
0.0630
0.00037
0.7600

2.000
5.000
5.000
5.000 -1
1.000 -1

4.0000+0
0.0
1.9420+3
0.50+0
0.50+0
5.00+1
2.50+1
1.0+0
1.040

1.840+0
1.000

-2
-1
-1

8.3
2.000
4.500 +0

5.5 +0
1.730-24
0.0
4.580-24
0.0
4.440-25
2.132-23

-2
+1

1.000+0
0.50+0
1.0+0
1050-2
1.0+0
1.0+40

8.000+2

2.84 +2
5.000 +0
1.000 +2

.0

.013-25
.230-27
.683-25
.820-27
.830-27

20 -1

.
.

COO0ODOOHLHHNNHO
o« .

oOocosaOC

1.0+0
2.52-5
1.0"1
5.00+1
1.0+0

0

3.18
1.400
1.000

1.00-
2-48-

1.0+0

24.0+0

+2
+0
+2

-2
-2

-1
-3

3
5

LITHIUM AT 1.84,fast flux+2

7.000 -1
0.000
1.000 +2

OOCOOoOo
e o e o o .
cocooco0O

1.0+40

31.5+6

Diagram of CORA Input Data for MITPCCL (1 year run,
PH300°c=7.0)
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Table C.3 Description of CRUDSIM Input Variables (ref (1)

No.| Variable Description
1 duration of operation (day)
p) IN time step size of numerical calculation (day):0.1 recommende
3 NTMA number of time steps per printing output
4 NTS number of meshes in numerical integration of solubility by
temperature (normally 1<nts<50): 10 recommended
3 BETAC crud transport factor in CRUDSIM/MIT
6 BETAA activity transport factor in CRUDSIM/MIT
7 | BORON concentration of boron (ppim)
3 ALIT concentration of LIOH ngm)
9 CH2 hydrogen conicentration (cc/kg-H>0)
0| ToW monmtmé%ﬁ:%f
11 ONOFF coolant flow, on or of: (1 or

12 P1 % power for calculation of neutron activation

13 TIN core inlet temperaure
14 TOUT core outlet temperature (C

13 DTBLIT temperature difference across the boundary layer in the core (CC) |
16 DIBL3 | temperature difference across the boundary layer in the 5/G (°C) |

17 FPUR bypass flow rate of purification system g_l}z@/daﬂ

18 DEN average density of the coolant (kg/m°)

19 VIS average viscosity of the coolant (n.sec/m?)

20 TH initial crud inventory in the core (kg-Fe)

21 1C initial crud inventory in the SIG ZEE—F«:)

22 AH1 initial activity in the core (C1)

—73 AH2 imitial Co-58 actvity in the core (C3)

24 ACI initial Co-60 activity in the S/G (C1) _

25 AC2 initial Co-58 activity in the S/G (C1)

26 ADI initial Co-60 activity in the purification system (C1)

27 AD2 inittal Co-58 activity in the purification system (C1)

28 TREF refuelling of fuel assemblies, on ro off (1 or 0)

29 IPAR particulate precipitation in the coolant, on or off (1 or 0)
30 | INPRIN printing of input data and detailed output, on or off (1 or 0)
31 DEI hydiaulic diameter of core fuel channel (m)

32 "DE3 printing of input data and detailed output, on or oft (1 or 0)
33 ART hydraulic diameter of core fuel channel (m)

34 AR3 hydraulic diameter of 5/G tube ()

33 AFT coolant flow area in the core (m2)

36 AF3 coolant flow area in the S/G (mi)

37 ~DSOL diffusion coefficient of solubie species (milsec)

38 | DPAR diffusion coefficient of particulates (m</sec)

[ 39 ALPHI Co-60 production rate in core 1{5% Cik -lge.da .%power)
40 | ALPHD Co-58 production rate in core (Cod8 Ci/kg-Fe.day.%power)
41 TAMDI decay constant of cobalt-60 (day-!)
42| TAMD2 decay constant of cobalt-58 (day"!)

43 | RRS58 fractional direct recoil release of Co-58 produced by (n,p)
7 RR6&D fractional direct recoil release of Co-60 produced by (n.,r)
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45 | HCRYSC | crystal growth coefficient of corrosion productsin the core (m/sec)
46 | HCRYSA crystal growth coefficient of activity in the S/5 (m/sec)

47 HDISSC dissolution coefficient of corrosion products in the S$/G (m/sec)
48 | HDISSA dissolution coefficient of activity in the core (m/sec)

49 CR corrosion rate of the g/day)
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DAYS,INNTMANTS BETAC BETAA
BORON,ALIT ,CH2 FLOW,ONOFF,P1,TIN,TOUT DTBL,DTBL3,FFUR,DEN, VIS
IH,IC,AH1,AH2,AC1,AC2,AD]1,AD2
IREF,JPAR

INPRIN

DE1,DE3,AR1,AR3,AF1,AF3
DSOL,DPAR
ALPH1,ALPH2 LAMDI1 LAMD2
RRS8,RR50

HCRYSC,HCRYSA HDISSC,HDISSA
CR

Fig C.5 Diagram of CRUDSIM Input Data
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365.,0.1,10,10,0.01,0.005

800.,1.84,25.0,5914.,1,100.,273.9,315.6,23.22 ,~5.57,4.617,723.,9.278e~-5
103-10'0.2506-4'00 '00'0- '00 '00 ‘00

1,0

1
0.652e-2,0.615%e~2,0.026,0.097,3.34e-5,2.98e-5
1.08e-8,6.9e~10
2.400e-3,3.94€~-2,3.6e-4,9.78e~-3

0.0 ,0.0

l.e6,1.@6,1.86, 1.e6

3.55e=7

-1,-1,-1,-1,-1,~1

Fig C.6 Diagram of CRUDSIM Input Data for MITPCCL (1 year
run, pH300°c=7.0)
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