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ABSTRACT

Certain corrosion and fission products of importance in reactor
waste management cannot be measured by gammaspectrometrie
techniques. In this study, a method is suggested by which the
occurrence of such nuclides can be quantitatively related to
suitable gamma-emitters of similar origin. The method is tested
by statistical analysis on the waste data recorded from two
Swedish nuclear power plants. As this method is not applicable

for Carbon-14, this nuclide was meeisured directly in spent ion
exchange resins from three Finnish and Swedish power plants.
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i INTRODUCTION

Nuclide content is one of the most significant factors affecting
the optimization of procedures for reactor waste management.
Insufficient knowledge of the activities of the most critical
nuclides in reactor wastes can result in substantial economic
losses; ultraconservative estimates can lead to oversophisticated
waste management systems, whereas underestimation may necessitate
later modifications of the waste management system.

At present concentrations of various nuclides in reactor wastes
are insufficiently known. This is due to the lack of systematic
measurement data of nuclide contents as well as to the lack of
knowledge of generation of active nuclides and their subsequent
release and transportation in reactor circuits.

During the last few years, attempts have been made to develop
routines for activity measurement in wastes at Swedish and
Finnish NPPs (Nuclear Power Plants). Monitoring equipment has
been constructed, which is designed to meet the requirements
laid down by the radiation protection authorities; to meet these
requirements the activities of all significant nuclides must be
determined in reactor wastes to be stored for later disposal.

The monitoring systems for reactor wastes used at Swedish and
Finnish NPPs are based on garnmaspectrometric measurements, thus

they omit a number of pure beta emitters or weak gamma emitters.
In order to obtain a complete understanding of nuclide content
in wastes, the activity of such ''problematic" nuclides needs to
be determined - either direcrly or indirectly. In the present
report the main emphasis is placed on indirect methods, where
the activities of the problematic nuclides are determined by
relating them to a few prevailing, gamma-emitting nuclides,
which have analogous behaviour in reactor circuits with the

nuclides to be determined.

In the present study, only those nuclides are considered, that
are significant in reactor waste management. They are charaterized



by relatively long halflives (about or more than one year), and

at least one of the following properties: prevalent occurence in
reactor wastes, high radiological toxicity, high tendency to
escape from wastes and migrate in air, soil or rock medium.
Chapter 2 provides a list of the significant nuclides including
their relevant properties.

Chapter 3 summarizes a study of published literature on nuclide
contents in reactor wastes. As the data are sparse and often
incompletely reported, only a rough understanding of the pre-
valence of various nuclides is obtained. In this chapter the
connection between activities in the primary coolant and wastes
is also reported.

At Swedish NPPs, gamma-activities in practically all stored
waste packages have been monitored by means of specially designed
equipment. The comprehensive data files from Oskarshamn and
Barseback NPPs were available for the study offering a firm base
for systematic statistical analyses. Although only gamma-emitting
nuclides are included in the analyses, the information obtained
could probably be more widely applied to identify the factors
contributing to variation ranges, correlations between nuclides
etc. The analyses made are described in detail in ref /!/ and
summarized in chapter 4.

The main objective of the study, development and evaluation of
methods for determining the activities of nuclides which cannot
be detected with present measurement techniques is dealt with

in chapter 5.

Indirect methods can be used in order to determine the most
problematic nuclides; this is feasible because of the distinct
relations between nuclides of similar origin, as proved by the
statistical analysis. The usefulness of existing models for
generation, release and transportation of nuclides in reactor
circuits is evaluated. For Carbon-14 a direct method of determina-

tion was selected, as its origin is quite different from the
other nuclides considered. Experimental efforts to measure



Carbon-14 in spent ion exchange resins from three NPPs are
reported in detail in ref /2/.

This study did not include the extensive series of measurements
which would be necessary for verifying the suitability of the
models and determining the parameter values. If such work is to
be performed, the present study may be a useful basis for
identifying the shortfalls of the present knowledge.



2 NUCLIDES OF SIGNIFICANCE IN REACTOR WASTE MANAGEMENT

2.1 CORROSION PRODUCTS

Only those corrosion products, which possess quite high genera-
tion rate and relatively long halflife (about or more than one
year), are of significance in reactor waste management. Those
nuclides and their principal characteristics are summarized in
Table 2-1.

Among the corrosion products listed only Iron-55, Nickel-59 and
-63 are not gamma-emitters and thus cannot be detected from the
outside of waste packages. It is therefore necessary to estimate
their activity indirectly, for instance by relating their activi-
ties to the activities of certain gamma-emitting nuclides. It is
evident that there are good grounds for such connections since
Iron-55 has a gamma-emitting isotope Iron-59 with the same
parent element whereas Nickel-59 and -63 have a common parent
element with Cobalt-58, a gamma-emitter.

2.2 FISSION PRODUCTS

Table 2-2 summarizes the relatively long-lived (T, /--, £ one year)
fission products, which are considered to have significance in
management of reactor wastes. Some of their principal characte-
ristics are summarized as well.

It is obvious that Ruthenium-106, Cesium-134 and Cesium-137 can

be easily detected gammaspectrometrically, the detection of

Cesium-144 is more difficult whereas Strontium-90, Technetium-99
and Iodine-129 cannot be detected at all and therefore their
activities have to be determined by indirect methods. Because
the nuclides given in Table 2-2 may be chemically quite different
from one another, the existence of applicable relations between
various nuclides is not as evident as in the case of corrosion
products. Even in other respects, fission products form a more
heterogeneous category than corrosion products; there are sub-
stantial differences in volatility, radiotoxicity, tendency to



Table 2-1 The most significant corrosion products in reactor
waste and their principal characteristics
(T > 1 a)

NFucl ide

Mn-54

Fe-55

Co-60

Mi-59

Ni-63

Zn-65

Ag- 1 1 Om

Half
life

0.83 a

2.6 a

5.3 a

8-104 a

92 a

0.67 a

C.69 a

Parent
Nuclide

Fe-54

Fe-54

Co-59
Ni-60

Ni-58

Ni-62

Zn-64

Ag-109

Radiation
mode

strong gamma
emitter

x-rays

strong gamma
emitter

x-rays

weak beta
emitter

strong aamma
emitter

strong gamma
emitter

Chemical
characteristics

metallic, (amphoteric )
dissolved (cation-t-
anion) and crud form

metallic, crud form

metallic, dissolved
(cation) and crud form

metallic, dissolved
(cation+anion) form

metallic, dissolved
(cation+anion) ^orn

metallic (amphoteric
dissolved (cation-t- j
anion) form.

metallic, dissolved
(cation+anion) form



Table 2-2 The most significant fission products in reactor
wastes and their principal characteristics
(T1/2 > 1 a)

Nucl ide Ha 1 f

life
Radiation
mode

Chemical

characteristics

Sr/Y-9O

Tc-99

29 a pure beta
em i 11 e r

2.1-lO^a | weak beta

emitter

Ru/Rh-106 1.0 a
jI

1-129

I Cs-134

Cs-137

Ce/Pr-144

1.7-10a

2,1 a

0.78 a

strong gamma
em i 11 e i-

weak beta

emitter

strona gamma

emi tter

strong namma

em i 11o r

weak oamma

metallic, dissolved

(cation) or crud form

metallic (amphoteric) dis-
solved (cation+anion) form.

metallic, crud or

particulate form

non-metal1ic (gaseous)

dissolved (anion) forir

metallic, dissolved
(cation) form

metallic, dissolved

(cat ion) form

metallic, crud or

nartionlate form



leach out of waste and in migration properties in soil and rock.
Therefore it is not possible to give preferences to certain
fission products according to their harm in waste management,
but their relative significance is to a great extent dependent
on the sequence of the events in question.

2.3 ACTINIDES

The content of actinides in the primary circuit is generally so
low that they cannot be detected in primary water by routine
methods. Radiologically all actinides are quite similar, all are
strong alpha emitters except for Plutonium-241 which is a beta
emitter. Their gamma and x-ray emissions are very weak. Because
of their similarity and low concentrations it is not practicable
to separate them so for this purpose they are treated as a group
and their concentration is measured as Plutonium-239-equivalent.

As the amount of Uranium contamination on fuel surfaces is now
insignificant, the main source of actinides in primary circuit
is through major fuel damages. The release and transportation
mechanisms of actinides are even less known, thus it is logical
to estimate the activity of actinides in wastes by relating them
to a suitable gamma-emitting fission product. As the actinides
contribute only slightly to the risks associated with reactor

waste management, quite rough, conservative estimates for their
activities are adequate.

2.4 OTHER NUCLIDES

In addition to the nuclides already mentioned, at least Carbon-14
seems to deserve consideration in reactor waste management.
Practically all Carbon-14 accumulated in reactor wastes origi-
nates from the Oxygen of the coolant or its Nitrogen-containing
additives. Carbon-14 is relatively longlived, its halflife is
5730 years, and it emits only soft beta radiation.

Most of the Carbon-14 in coolant escapes through the gas puri-
fication system of the reactor. Carbon-14 contributes a substan-
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tial fraction of the long-term collective dose from LWRs: the
integral over 500 years of the collective dose from the opera-
tion of LWRs has been assessed at about 0.025 manSv (2.5 manrem)
per MW year, while the limit recommended by the Nordic radiation
protection institutes for the total collective 500 year dose
commitment is 0.01 manSv (1 manrem) per MW year /3/. Even though
the amounts of Carbon-14 in reactor wastes are quite minor com-
pared to atmospheric releases, it migrates rather rapidly in
soil and rock and its dispersion there is poorer than in atmos-
phere, thus the risks from disposed reactor wastes may appear to
be locally significant.
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3 PUBLISHED DATA ON NUCLIDE CONCENTRATION IN REACTOR WASTES

3.1 WASTE ACTIVITY DATA

A review of available literature shows that the amount of waste
activity data based on systematic measurements is very small.
Nearly all the data published have rather conservative design-
basis values, often with ill-defined experimental grounds. One
cannot help noticing the striking discrepancies between data
from various sources especially those concerning nuclides
difficult to detect. The discrepancies can be partly explained
by constructional and operational differences between various
plants, but mostly they must be an indication of insufficient
knowledge of activities in reactor wastes.

In ref /4/ a study of the literature on activities of different
nuclides in reactor waste was made. Table 3-1 summarizes the
reported activities from six sources. For ease of comparison all
the data have been normalized to correspond to the annual genera-
tion of reactor waste activity from an 1 GW(e) reactor (excluding

core components). The age of waste was not well defined in every
case, which makes the data for shortlived nuclides inaccurate
in some cases.

Table 3-1 indicates that the activity data especially for Carbori-

14, Nickel-59, Nickel-63, Strontium-90, Technetium-99, Iodine-129
and Plutonium-239 are either sparse of dispersed. This is evident-
ly due to the fact that they are not gamma-emitters and therefore
difficult to measure by routine methods. The dominating corrosion
product nuclide seems to be Cobolt-60 in most cases, whereas
Cesium-137 is generally the most significant fission product.
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3.2 RELATIONSHIP BETWEEN NUCLIDE CONCENTRATION

IN WASTES AND IN PRIMARY CIRCUIT

Practically all the activities in reactor wastes have their
origin in primary circuit, either directly or indirectly, there-
fore the nuclide composition in various reactor wastes should
resemble the composition of nuclides generated in primary circuit.
The strength of relationship is primarily dependent on the trans-
portation mechanisms of nuclides from the source of activity to
the waste material. An example of a direct transport route and
accordingly strong relationship between source and waste might
be reactor waste cleanup resins, whereas - as an opposite
example - the transportation mechanisms from activity source to
air filters are very selective and consequently the relationship
between nuclide compositions is weak.

A demonstration of the distributions of nuclides in various water
streams of the reactor is given in table 3-2. The activity data
were measured at the St Lucie Plant, Unit 1 (2570 MW(t) PWR) /ll/.
The consistency between various spectra of nuclides seems to be
very good for corrosion products, whereas the correlations
between fission products are much inferior; the ratio of Cesium-
137 and Strontium-90 activity in various water streams vary by
as much as two orders of magnitude. This discrepancy can probably
be explained by the substantial differences in the physico-chemical
properties of said nuclides.
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Table 3-2 Measured activities in various water streams of the
St Lucie Plant, Unit 1 (2570 MW(t) PWR) /ll/

Huclide

Mn-54

Co-60

Sr-90

Ru/Rh-106

Cs-137

Ce/Pr-144

Primary coolant
(MBq/m3)

1.4

27

1.3

1.2

1 600

20

Fuel pool
(MBq/m3)

0.14

2.6

0.013

0.12

1 600

21

Waste water system
(kBq/m3)

0.16

3.7

0.20

0.16

250

2.3

An illustration of the distribution of corrosion product nuclides
in various parts of the primary circuit of an Asea-Atom type BWR
is given in table 3-3. The data are based on calculations made
by means of the computer code CRUD with an extensive empirical
data basis. Again the consistency of various nuclide spectra
seems to be reasonably good.
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Table 3-3 Calculated activities in primary water, on surfaces
of primary circuit and in reactor water cleanup resins
after operating period of 20 a. Reference reactor
Oskarshamn 2 (580 MW(e) BWR). /12/

Nuclide

Mn-54

Fe-55

Co-60

Ni-59

Ni-63

Zn-65

Primary water
(kBq/kg)

2.4

4.6

3.5

0.0015

0. 28

4.8

Surfaces of primary
circuit in contact
with water

(MBq/m2)

140

4 600

850

2.3

410

120

Ion exchange
resins
(TEq)

1.3

7.8

11

0.011

1.9

2.2

The third example originates from the Finnish Loviisa 1 reactor,
which is a PWR of Soviet VVER-440 type. Table 3-4 summarizes the
activities of three significant activation products in primary
coolant, in evaporator bottoms reservoir and in effluents to the
recipient /13/. Three sets of results according to the sampling
date have been reported: the first around the turn of the year
1977/1978, the second 1978/1979 and the third 1979/1980 respect-
ively. With few exceptions the correlations between various
nuclides seem to be satisfactory, especially if it is taken into
consideration that the origins of the samples cannot be compared.
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Table 3-4 Measured activities of primary coolant, evaporator
bottoms and controlled effluents to the recipient
/13/. Reference reactor Loviisa 1 (440 MW(e) PWR of
Soviet VVER-440 type). The samples were taken around
the turn of the year a) 1977/1978 b) 1978/1979 and
c) 1979/1980.

Nuclide

a)
j

^n-54 b)

c)

a)

! Co-60 b)

c)

a)

Ag-110m b)

0

Primary coolant

(kBq/m3)

190

190

670

160

8. 5

14

110

48

44

Evaporator bottoms,
cumulative activity
(MBq)

i , 5

520

2 3 On

4,4

590

4 000

48

1 600

20 000
i

Control led
effluents
(MBq/ a)

-

59O

L OOO

-

4 1 0

-

2«0

i

5 6̂ 0 |
.. ._ ... ._..._ J

In general the data published in open literature support the

objectives of the study: the determination of the activities o:

the problematic nuclides by relating them to measurable ones.

However the data available provide no sufficient basis for the

determination of coefficients for such relations.



4 ACTIVITY DISTRIBUTION IN REACTOR WASTES AND

CONTRIBUTORY FACTORS

4.1 STATISTICAL ANALYSIS OF WASTE ACTIVITY DATA

The activity distribution of certain nuclides in wastes is
affected by several factors of both random and systematic
character. Operating conditions, for instance, are mostly of
random character even though they may have systematic features
also. An example of a strong systematic influence on waste
activities is the initial buildup of longlived nuclides on the
surfaces of the primary circuit before reaching the production-
decay equilibrium.

If relatively long periods (several years) are considered, major
random variations are expected to become averaged and thus
statistical methods might offer a useful tool for visualizing
the distribution of activities and correlations between various
nuclides. As the distribution is spread over several orders of
magnitude and several random factors affect it, the log-normal
distributions are expected to be the most convenient simple
models for describing the distributions. Deviations from log-
normal distributions indicate the existence of strong systematic
effects, dependencies between affecting factors or too in-
frequently occurring strong influences.

In /!/ a statistical analysis made on waste activity data
obtained from Oskarshamn and Barseback power plants in Sweden,
is presented in detail. As the analysis was restricted to a
group of gamma-emitting nuclides - due to absence of data - it
doesn't directly promote the objectives of the study. However,
the analysis does provide background information on activity
distributions and correlations between activities of various
nuclides. Probably these distributions and correlations are not
restricted only to the nuclides in question, but are more
generally applicable for nuclides of analogous.

In the analysis, the specific activity in Bq/kg waste was first



calculated for each nuclide and for each unit of waste. The unit
of wastes from Oskarshamn was equal to one package of waste

(several types depending on waste) while the unit, of waste from
Barseback was one batch to be solidified (yielding several drums
of waste). The units of waste were arranged in sequence accord-
ing to their specific activities, and their cumulative distribu-

tions were plotted on probability paper (log-normal coordinates).
The waste units were plotted according to the plant, the waste
type and the nuclide. On most of the diagrams separate curves
corresponding to different years of production were plotted in
addition to the total curves. The log-normal fitting function
(straight line) of the total curve was also plotted. Some examples
of the distributions obtained are given in figures 4-1, 4-2, 4-3
and 4-4.

In order to test the correlations between various nuclides, a
method was selected which was considered to be the most illustra-
tive for the purposes of the study. The ratios or the specific
activities of various nuclides were calculated and their resoec-
tive statistical parameters were determined as for individual
nuciides. The deviations of the distributions nor ratios of

nuclides and for separate nuclides were compared with each

other. If there were no correlations the deviations of the

ratios should be greater than the deviations of separate nuclides;
the smaller the former are compared with the latter, the stronger
is the correlation. Tables 4-1, 4-2, 4-3, 4-4 and 4~a summar 17, :•
the results of analyses made for various waste types. The figures
obtained from both the actual distributions (measured) and the
log-normal fitting curve ''model) are presented. The variation
ranges are given as the ratio Dot we en trie 90 % quantile and the

1 0 ''-. quantile ,

Some attempts to test the suitability of the log-normal
distributions were; also made; these are described in areater
detail in ref /1/ .
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Fig. 4-1 Distribution of Cs-137 activity in concrete moulds
containing granular ion exchange resins from Oskars-
haitin NPP. Average dry waste content 40 kg/mould.
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hamn NPP. Average dry waste content 200 kg/mould.
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4.2 CONCLUSIONS FROM THE STATISTICAL ANALYSIS AND

DISCUSSION OF THE CONTRIBUTORY FACTORS

Some preliminary conclusions from the results of the statistical
analysis are given below together with some ideas of the factors
that contribute to the deviations.

1. The specific activities of the corrosion products (Manganese-
54, Cobalt-60 and Zinc-65) in powder ion exchange resins from
the two plants are fairly close to each other, while the
corrosion product activity of granular ion exchange resins
from Oskarshamn is about ten times greater than that from
Barseback. This is probably due to differences in the cleanup
systems at the plants. At both plants the nuclide composition
is similar in granular and powder ion exchange resins, whereas
a comparison shows that at Oskarshamn Zinc-65 is by far more
dominating than at Barseback. This is probably an indication
of differences in construction materials of the primary
circuits of the plants.

2. Cesium-137 and Cesium-134 in the wastes from Oskarshamn were
the only fission products encountered. The ratio of the
average specific activities of Cesium in granular and powder
resins is aroung 400 which is about the same as for corrosion
products. The dispersion of activity data for Cesiums is
significantly wider than for corrosion products: the scatter-
ing of data measured by the 90 % quantile/the 10 % quantile
is between 100 and 1000. This is due to burst releases involved
with some fuel failures: for long periods there may be practically
no fission products in the primary circuit then as a consequence
of major fuel failures they will rapidly become a dominating
source of relatively longlived activity.

;. . The correlations between various corrosion products can be
tested through the statistical parameters of the ratios of

tneir activities. They can be summarized as follows:
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Table 4-6 Summary of statistical parameters for relations
between corrosion products.

Statistical
parameters

Average

Variation
range *

NPP

Oskarshamn

Barseback

Oskarshamn

Barseback

Relative activities
Mn-54/Co-60

0.074. . .0.086

0.084. . .0.11

6.1. . .7.7

2 . 1 ... 4 . 3

Zn-65/Co-60

0.38. . .1.2

0.22. . .0.24

4.8. . .13

2.2. . .5.9

*The variation ranges are expressed as the 90 % quantile/10
quantile.

It appears that Manganese-54 is more closely related to Cobalt-
60 and that the coefficient of this relation is quite inde-
pendent of the plant. The relation of Zinc-65 to Cobalt-60 is
looser and dependent on the plant (as concluded before). The
variation ranges at Oskarshamn are 5...13 and 2... 6 at Barse-
back. The differences between the .plants can be explained by
the differences in size of the waste units. The variation
ranges for relative activities are quite moderate compared
with those of absolute activities (up to several hundred at
both Oskarshamn and Barseback). This supports the theory of
quantitative relations between nuclides of similar origin
and relatively similar chemical characteristics.

The only fission products included in the analysis were Cesium-
137 and Cesium-134, which have unlike origin, but quite iden-
tial release and transportation properties, consequently
their correlation was found to be quite close: the 90 %/10 %
variation range between 3...6. It cannot be anticipated that
the correlations between fission products are generally as
close.

There was no strong correlation between the specific activity



- 26 -

of waste and the operating age of the reactor. This indicates
that the variations are mainly due to random factors, such as
fuel failures, operating details etc.

6. Statistical tests indicated that the distributions differ
significantly from purely log-normal distribution, as expected
However, examination of the curves shows that most of the log-
normal lines agree fairly closely with the measured curves,
which was also confirmed by some quality tests. The distribu-
tions of the activities of granular resins from Barseback
turned out to be the most curved. A survey of the annual
distributions shows that the batches are divided into quite
separated groups, which causes the skewness. Probably this
skewness tends to decrease when more batches of waste are
included in the analysis.

Although the factors affecting distributions of waste activi-
ties do not in every respect fulfill the requirements of log-
normality, it is obvious that log-normal distributions provide
a useful tool where activity distributions in various items of
waste are of importance. The distribution can then be defined
by means of only two parameters: the median (the logarithmic
mean) and the logarithmic standard deviation.
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5 RELATIONS BETWEEN GENERATION, TRANSPORTATION AND

ACCUMULATION CHARACTERISTICS OF VARIOUS NUCLIDES

5.1 MODELS FOR ACTIVATION PRODUCTS

The principal mechanism for the build-up of corrosion product
activity in wastes is the following chain: corrosion of surfaces
in the primary circuit -> release from surfaces and transporta-
tion into the core -> deposition on surfaces in the core -> acti-
vation of core materials or corrosion products in coolant or in
deposits on core surfaces -> release of activated nuclides in
the core and transportation into reactor circuits -> removal of
active corrosion products by filtration, ion exchange or by
leakages. There are several analytical models for both PWRs and
BWRs which describe quantitatively the processes mentioned above.
They are mainly intended for reactor design, radiation dose re-
duction or decontamination simulation, but it appears that they
are in principle also applicable to estimates of the build-up of
activity in wastes originating from ion exchange, filtration or
by leakages.

Of course, calculation of activity accumulation in wastes by such
models is not a straightforward task. The models utilize a large
set of parameters which, besides being reactor-specific also tend
to be sensitive to the operating conditions of the reactor. In
addition, most of the models fail in the proper simulation of
corrosion products bursts after power transients of the reactor,
which can essentially alter the activity distributions in the
primary circuit. Thus, the models for corrosion product trans-
portation provide no easy way for the direct calculation of acti-
vities in wastes originating from the primary circuit, but their
value becomes apparent when searching for methods to indirectly
determine the activities of the problematic nuclides in wastes.

In the study, the value of three corrosion transportation models
was submitted to detailed examination. Two of them are of Swedish
origin and are applicable to BWRs /12, 15/, the third was of
Hungarian origin and was particularly adapted to the Finnish
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Loviisa-1 reactor during the scholarship period of the author of
the code in Finland /16/.

The CRUD code of Asea-Atom possesses a firm data basis through
the extensive radiochemical data generating program of Asea-Atom
at Swedish and Finnish BWRs. As an example of the applicability
of the model, the results of a simulation of a 20-year history
of six important nuclides in waste management have been presented
in ref /12/. Oskarshamn-2 was used as a reference reactor for
the calculations. The nuclide concentrations that were accumu-
lated in various parts of the primary circuits at the end of the
20-year period are given in table 3-3. Figure 5-1 is an example
of a graphic presentation of the cumulative activities of two
nuclides in reactor water cleanup resins. The differences in
accumulation rates due to the unequal halflives of the nuclides
are clearly shown.

Another Swedish model for corrosion product behaviour in BWR
elaborated at Studsvik, is a constant-coefficient block model,
designed primarily for the simulation of crud buildup on the sur-
faces of the primary circuit. However, it is also applicable to
calculating the accumulation of corrosion products in ion exchange
resins. In ref /15/ a demonstration calculation for Iron-59 is
presented. A disadvantage of the model, compared with the CRUD-
model, is that at present there is not sufficient experience to
establish its validity for power reactors.

The third model described in ref /16/ is the RADTRAN, an improved
version of the RADSYS code originally developed in Hungary. The
code has been specially applied to the Loviisa-1 PWR of the Soviet
WER-440 type, but in principle it is applicable to any PWR and
even BWR because of its flexible graph-theory techniques in de-
scribing the units of the primary circuit and connections between
them. The code is able to simulate a wide range of operational
modes of a typical PWR, and it is suitable for the calculation of
fluid, surface and resin activities in the primary circuit. In
its present form the code suffers from lack of measurement data
for input parameters and for testing the model.
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Fig. 5-1 Cumulative activities of Cobalt-60 and Nickel-63 in
reactor water cleanup resins during operating period
of 20 a. Reference reactor Oskarshamn-2. Simulations
were made by means of the CRUD-code of Asea-Atom /12/
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As indicated in chapter 2.1, Iron-55, Nickel-59 and -63 were the
only corrosion products which could not be measured by direct
routine methods from packages of wastes, and it is necessary to
determine their activities by indirect methods. A survey of the
list of nuclides shows that by origin they are closely related
tc certain gamma-emitters; Table 5-1 illustrates the situation:

Table 5-1 Properties relevant to the generation rate of certain
activation products having analogous origin.

I
i Parent

Fe-54

Fe-54
Fe-58

Ni-58
Co-59
Ni-58

Ni-62

Reaction

(n, p)

(n,*)
(n,*)

(n,o)
(n,*)
(n,*)
(n,*)

Daughter

Mn-54

Fe-55
Fe-59

Co- 58
Co-6C

Ni-59
Ni-63

Half-life

(a)

0.86
2.7

0.12

0.20

5.3
80 000

92

Isotopic
fraction

(%)

5.8

5.8

0.31

68
59

68
3.7

Cross section

(m2/kg)

5. 2. 1C""6*
I.S.IO'4

4.1.10~6

7. 9. 1C-5*

0.039

3.3.10~3

6.1.10"4

*Cross section for fast neutron reaction.

Judging from their origins, Fe-59 and Co-58 might be the most
suitable reference nuclides for the indirect determination of

Iron-55, Nickel-59 and -63. However, they have one great dis-
advantage: because of their relatively short half-life they have

often decayed to an insignificant level by the time the activity
in wastes is measured. Thus Manganese-54 in relation to Iron-55,

and Cobalt-60 in relation to Nickel-59 and -63 seem to be more
representative reference nuclides. The relatively similar chemical
characteristics of the said elements ensure that the relation
varies within reasonable limits even though the reference elements

are not idential with the nuclides to be determined. However, on
the basis of present knowledge it is not possible to estimate the
confidence limits for such relations.
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Models of corrosion product transportation in the primary circuit
(examples of which are given above) provide a useful tool for the
determination of the relations between various corrosion products.

5.2 MODELS FOR FISSION PRODUCTS

The main transportation route of fission products to wastes is
the following chain: generation in fuel -> release from fuel to
primary water -> transportation to various parts of reactor
circuits -> removal by filtration, ion exchange or by leakages.

The first stage, generation in fuel, is comparatively well known:
the burnup of fuel usually gives sufficient information for the
estimation of its fission product and actinide inventory. Now-
adays there are several advanced codes for the calculation of
fission product inventories of which the ORIGEN is probably the
best known.

The release of fission products from fuel can be divided into
two sequential main phases: release from the fuel matrix and
release through cladding. The main mechanisms leading to the
release of fission products from the fuel matrix can be identi-
fied as the recoil release, the knockout release and the migra-
tion. Practically all the release through cladding originates
from defective fuel elements, if gaseous fission products -
noble gases and iodines - are excluded.

Factors affecting the release from the fuel matrix depend
essentially on the mechanism concerned. The recoil process is
dependent solely on fission rate, while the knock-out process
depends on both fission rate and fission product inventory. The
migration process is nearly directly proportional to nuclide
concentration in fuel: it has strong dependence on the tempera-
ture of the fuel and it is substantially affected by the condi-
tion of the fuel and the operation mode of the reactor.

Below linear power rating of 20 kW/m the recoil and knock-out
processes dominate, whereas above 25 kW/m the release is almost
entirely due to migration.
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Cladding failures are generally caused by manufacturing defects,
internal hydriding, accelerated corrosion, pellet-cladding inter-
actions or mechanical damages. The trapping of fission products
on the cladding has an important role in the clad escape mecha-
nism. During power transients the trapped fission products may
be completely released. The inclination of certain nuclides to
be released after such transients is described by so called spik-
ing factors. Due to delay effects the spiking factors are different
for various isotopes having different half-lives. By the investiga-
tion of spiking factors the type and the location of cladding
failures can be estimated.

Transportation of fission products in the primary circuit is not
so complicated a problem as in the case of corrosion products.
In the absence of a high concentration of inactive isotopes
:contrary to corrosion products) most fission products are highly
soluble. The principal removal mechanism of fission products in
coolant is by cleanup systems, and only a minor fraction is ex-
pected to deposit on surfaces of the primary circuit. A prerequi-
site for solving the dependence between the fission product

activities in coolant and in cleanup resins or filters is the
determination of the efficiency (decontamination factor) or water
purification systems. Generally this is not a straightforward
task, as the cleanup efficiencies are dependent on species con-
cerned, concentrations, pH, temperature and other operating con-
ditions of the reactor. Proportionality between concentrations
of various nuclides in coolant and in cleanup resins or filters

is valid only provided that the decontamination factors for those
nuclides are quite high.

A traditional approach to describing the release of fission pro-

ducts from fuel are the diffusion models, semi-empiric models
which to some extent describe the physical processes involved.

They are best suited for low and medium temperatures and for

noble qases, but fail especially in describing the releases from
defective fuel elements during and after power transients. Thus
they are not very useful as far as the present study is concerned.
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Recently, some models for fission product release have been
developed, which achieve a better distinction between the various
processes involved. Perhaps the most advanced of these is the
PROFIP-code /14/. This code has been successfully applied in
estimating the number and characteristics of fuel failures by
means of isotopic ratios of released nuclides.

The RADTRAN code described in the previous chapter can also
simulate fission product release and transportation in reactor
circuits /16/. In its present form its fission product release
model is of the diffusion type and quite rough and thus not very
practical for the purposes of this study. Due to its flexible
structure, however, the model possesses a good development
potential.

The problem area treated in the present study is in certain
respects simplified compared with the application ranges of
abovementioned models; such simplifications are:

the nuclides concerned are relatively longlived, and accord-
ingly their activities can be assumed to be constant during
the release and transportation processes
primary interest is laid on integral activity during relatively
long operating periods

- only the relative proportions between nuclides are of interest
the accuracies strived for are not very ambitious.

There seem to be two main alternatives for the construction of
relations between fission products (and actinides) in wastes.
They can either be based on measurements of fission product
activities in primary water, or on estimates of fission product
releases from fuel.

The first method has a few disadvantages. As discussed earlier,
the decontamination factors are dependent on species, concentra-
tions and other factors, therefore the relative fractions of the
various nuclides released in coolant and in wastes are not the
same or even constant. Measurements indicate that both the
activities of separate fission products and their relative
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activities in primary coolant fluctuate rapidly. Measurements
made at Oskarshamn /17/ showed that the activity of Cesium-137
in primary coolant can vary within two orders of magnitude and
the ratio between Cesium-137 and Strontium-90 in primary coolant
varied between about 10 and 10 000 depending on fuel performance
and the operating mode of the reactor. Cesium seemed to have a
very strong spiking tendency while Strontium had practically
none. As the instantaneous activities in primary water can vary
so widely, the determination of the relations based on only a
few measurements of the "problematic" nuclides in primary coolant
does not appear to be a dependable method.

Tt-.e second method, estimation of fission products and actxnides
released from fuel, suffers from the disadvantage of the great
dependence of release fractions on the process in question. How-
ever, it is possible to indentify the release mechanism involved
by measuring in primary water the relative activities of certair.
short-lived Xenon and Iodine isotopes with different halflives.
These methods, primarily intended for characterization and loca-
tion of fuel failures, could also be suitable for determining
the relation between fission product activities in wastes. The
method suggested would be based on the determination of two or
three relations depending on the release type dominating during
the accumulation period •.>{ activities. Determination of such
relations requires utilization of advanced models for fission
product release and transportation as well as the completion of
experimental programs at reactors during periods of fuel, failure.

On the basis of present knowledge, table 5-2 gives a summary ::
the inventory in rue: .-md the leakage coefficient from fuel
relative to Cesium-lj" for c ertain non-gamma-emittino fission
products and actinides as well as the average activity in wastes
relative to Cesium-13" estimated by means of the previous figures.

The exceptionally wide variations of leakage coefficient from
fuel for Strontium-90 and Plutonium-239 are due to the fact that
they seem t.r .avr a weak tendency to "spiking leakage" from
fuel, ir. c >•: eras' to the rest of nuclides in table ~-2.
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Table 5-2 Inventory in fuel, estimated range of leakage co-
efficient from fuel and estimated average activity
in wastes relative to Cesium-137 for certain non-
gamma-emitting fission products and actinides.

Nuclide

Sr-90
Tc-99

1-129

Cs-135
Pu-239

Activity in fuel
relative to Cs-137

0.7

1.4'ICT4

3.4'ICT7

2.7'10~6

3.0'ICT3

Estimated range
of leakage coeffi-
cient relative
to Cs-137
10~3. . .0.2
0.1. . .1
1. . .20
1
10~5. . .10~2

Estimated average
activity in wastes
relative to Cs-137

5.10~3. . .0.1
2.10"5. . .10~4

3.10"7. . .5.10"6

3'10"6

10~7. . .10~5

5.3 MODELS FOR CARBON-14

In LWRs the main sources of Carbon-14 are the (n, a) - reaction
of the Oxygen-17 of coolant and the (n, p) - reaction of the
Nitrogen-14 dissolved in coolant; releases from fuel can be
neglected. The reported amounts of Carbon-14 originating from
coolant are around 200 GBq (5 Ci) per GW(e)-a for PWRs and
300 GBq (8 Ci) per GW(e). a for BWRs /18/, which can be confirmed
by simple theoretical calculations. There are some uncertainties
associated with the Carbon-14 production of PWRs, as chemicals
containing Nitrogen (NH.OH, N?H~) can be significant sources of
Carbon-14 and their amounts can vary within specified limits.

It is generally accepted that Carbon-14 produced in coolant almost
totally escapes through the offgas-system of the reactor. A minor
fraction of Carbon-14 is trapped by the water clean-up system and
passes through the waste treatment system, from where part of it
may be released. In the available literature there are only
vague indications regarding the size of this fraction and its
chemical characteristics.

In the view of the present attention directed towards Carbon-14,
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an experimental program for Carbon-14 determination in wet
wastes was carried out in the study; ref /2/ gives a detailed
description of the program. The measurements were performed at
two laboratories, at Otaniemi in Finland and at Studsvik in
Sweden. Samples of ion exchange resins and primary water were
obtained from three power plants: Loviisa (PWR) in Finland,
Olkiluoto (BWR) in Finland and Oskarshamn (BWR) in Sweden. The
objectives of the measurements were to find out the activity
balance in equilibrium and the chemical form of Carbon-14 in the
primary circuit.

The results indicated, as expected, that there are substantial
differences in the transportation and chemical form of Carbon-14
depending on reactor type. At PWRs the conditions are highly
reducing, thus a major portion of Carbon-14 appears as hydro-
carbons or carbon monoxide, and a minor portion (30 % in the
measurements) as carbon dioxide. At BWRs practically all Carbon-
14 (88...98 %) was found as carbon dioxide. These results were
obtained from samples of fresh ion exchange resins, while C0_
was completely dominating in spent resins. Judging from this,
hydrocarbons and CO are released from resins much more easily
and consequently only the Carbon-14 as CO needs to be considered
for reactor waste management.

There were considerable differences in the amounts of Carbon-14
accumulated in resins depending on reactor type. These differences
can be explained by the dissimilarity of the processes: the escape
of Carbon-14 in gaseous form is increased by the steam phase flow
of BWRs compared with the PWR process. Table 5-3 summarizes the
amounts of Carbon-14 in reactor water clean-up resins for the
three plants. The accumulation rate in resins for the PWR (Lovii-
sa; was about 1.0 GBq (30 mCi) per GW(e)-a and for the BWRs
(Olkiluoto and Oskarshamn) around 0.15...0.40 GBq (5...10 mCi)

per GW(e)-a. It is expected that these figures are good estimates
for Carbon-14 content in ail wet wastes, as the Carbon-14 accu-
mulation in other wet wastes is supposed to be marginal. On the
other hand air filters, especially charcoal filters, can contain
considerable amounts of Carbon-14.



As Carbon has quite a high tendency to escape from wastes, the
final amount cf Carbon-14 in disposed wastes can be much lower
-..nan in untreated wastes. For instance, during the drying phase
jf bituminization Carbon-14 is anticipated to be discharged ai-
riest totally. It. is difficult to take such effects into account
out fortunately their omission gives a conservative approach to
".he risk analysis of reactor waste management.

Table 5-3 Summary of the activity of Carbon-14 in reactor water
clean-up resins from three Finnish and Swedish NPPs.

Nominal output (MW(e)
Estimated C-14 produc-

Loviisa 1

PWR

TVO I

(Olkiluoto)
BWR

440 i 660

60. . . 150 100. . .200
I

Oskarshamn 1

BWR

450

10C. . .200

coolant (GBq/'a)

C-14 activity in reactor
wrater clean-up resins
'GBq/a)

1-14 activity in resins/
C-14 produced in coolant

0.46

C . 3 . . .0.8

< 0.17 | > 0 . 0 7

0 . 0 5 . . . 0 . ij 0 . G 5 . . . 0 . _L
\

1

Mote: 1 GBq = 27 mCi
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o CONCLUSIONS AND DISCUSSION

The experiences gained in the course of the study can be summa-
rized in the following brief conclusions:

^. The monitoring technique currently in use at Swedish and
Finnish NPPs makes it possible to detect all the significant
gamma-emitting nuclides from packages of wastes. These
measuring systems, however, omit several non-gamma-emitters
of significance in reactor waste management, and it is
necessary to determine their activities either by direct or
indirect methods.

2. The data in available literature provide no adequate basis
for estimation of the activities of those nuclides difficult
to detect, since the discrepancies between data from various
sources are strikingly large. In addition, activities in
wastes seem to be strongly dependent on the type of reactor
and its operating conditions.

5. Statistical analyses as well as published data indicate that
there is good correlation between the activities of various
nuclides in wastes and water streams of reactor circuits,
provided that the nuclides in question have analogous origin
and relatively similar chemical characteristics. In this
respect corrosion products seem to be a more homogeneous
group than fission products. From this it can be deduced that
one possible way to determine the activities of the "proble-
matic" nuclides in wastes is by relating them to the activi-
ties of certain gamma-emitting reference nuclides with ana-
logous properties; the activities of the reference nuclides
could be measured by means of the techniques referred to

above.

4. There is a variety of computer codes for simulation of genera-
tion, release and transportation of corrosion products as well
^s fission products in reactor circuits. In Sweden and Finland
there are three codes available, which are mainly intended for



the simulation of corrosion product behaviour in reactor
circuits.

Determination of the relations between corrosion products
seems to be relatively easy by means of the existing models
and a few series of measurements made at the reactor in ques-
tion. In many cases satisfactory estimates of the relations
are obtained even if the dependency on reactor age and other
operating conditions are neglected. In the case of fission
products the problem is more difficult. Identification of the
dominating release mechanism from fuel is probably needed and
application of more complex relations necessary in order to
attain sufficient accuracy. In their present form the existing
models for fission product behaviour in reactor circuits are
not sufficiently developed to provide the information necessary
for determining the relations between nuclides. Thus, their
further development based on extensive experimental verifica-
tion is desirable.

5. In the study special emphasis was given to Carbon-14 as the
knowledge of its behaviour in reactor circuits was recognized
to be not sufficient. The measurements indicated that, depend-
ing on reactor type, 0.05...1 % of all Carbon-14 generated
in coolant was absorbed by ion exchange resins, and that
practically all this Carbon-14 was found as carbonates. A
rough estimate of Carbon-14 content in reactor wastes can be
made on the basis of the measurements.

As a conclusion it can be stated, that there are no easy solu-
tions for determinino the activities of those nuclides in reactor
wastes which cannot be detected by the present monitoring
techniques. Further development of the theoretical basis as well
as experimental verifications of the behaviour of active nuclides
j_n reactor circuits will be necessary as a complement to the
routine activity determinations now performed.

It should be carefully considered, weighing the benefits against
the efforts needed, whether there is sufficient justification for



such additional work. One crucial criterion in decision making
is the importance of the role which those "problematic" nuclides
p-iay in the safety analyses of reactor waste management.
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