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SUMMARY

The experimental data on the release of radioactive fission products from
BN-600 reactor untight fuel elements are given in the report. Various groups of
radionuclides: inert gases Xe, Kr, volatile Cs, J, non-volatile Nb, and La are considered.

The results of calculation-experimental study of transfer and distribution of
radionuclides in the reactor primary circuit, gas system and sodium coolant are
considered. It is shown that some complex radioactivity transfer processes can be
described by simple mathematical models.

I. INTRODUCTION

The reactor is a complex structural system in which the behavior of radioactive
products does depend not only on physical and thermohydraulic parameters but also on
such factors as the structural features of coolant path and of gas system, degree of
equipment tightness, and content of admixtures in sodium. The influence of these
factors on the radioactivity transfer process is difficult to account theoretically. Hence,
a series of problems concerning radionuclides' behavior in the sodium system is
expedient to solve performing the experiments.

Before BN-600 reactor startup the release of fission products from untight fuel
elements and their distribution in the primary circuit was studied mainly in low power
reactors BR-10 and BOR-60. Startup of BN-600 reactor which is a prototype of fast
reactor now under construction in Russia has given the possibility to realize an
extensive program of radiation investigations. It should be noted that realization of this
program became possible thanks to the support of Beloyarskaya NPP administration.

2. PRIMARY CIRCUIT RADIOACTIVITY

After startup in 1980 the BN-600 reactor has continuously operated with untight
fuel elements. Their number in the core reached appr. 0.1% of the fuel elements' total
number. The maximum radioactivity of BN-600 reactor primary circuit is given in
Table 1.
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Table

BN-600 reactor primary circuit maximum radioactivity

Nuclide

Ar41

Xe133

Na24

Na22

Cs134

Cs137

J131

Nb9 5

La140

Gas, MBq/1

10
6.35 103

Specific activity

^_ Na, MBq/kg

7.6 105

43.9
43.9
127
37

Surface, MBq/m2

600*
3800*
280

430
380

Note. *Data for surfaces in sodium.
Activity of gas system of the reactor in respect to fission products exceeds Ar41

level by appr. 1000 times. Average ratio of gaseous fission products' specific activity
amounted to :

Xe133/Xe135/Kr85m/Kr87/Kr88 = 1.0/0.17/0.016/0.016/0.022

At loss of fuel elements' leak-tightness monotonic growth of radioactivity in gas
system of the reactor was observed. A series of successive gas releases was also observed.

An intense growth of cesium activity in sodium occurred during 1983-1984. In
this period cesium activity exceeded Na22 activity by appr. 3 times. After a series of
separations of cesium from sodium using graphite traps the activity of Cs137 in sodium
had stabilized on the level of Na22 activity and in 1995 amounted to ~44 MBq/kg.

The experience of reactor operation with untight fuel elements showed the
following:

1. Inert gases Xe, Kr release from the fuel element at any size of crack in the fuel
element clad. A value of activity released from the fuel element depends on the location
of the crack.

2. A considerable release of volatile nuclides J131, Cs134, Cs137 was observed at a
large crack in the clad when short-lived volatile fission products (iodide, bromides),
which are emitters of delayed neutrons start to release from an untight fuel element. A
value of activity release from the fuel element depends on the size of crack and on the
period of reactor operation since the moment of crack formation to reactor shutdown.
Long-lived nuclides (Cs134, Cs137) are released into the sodium also at small cracks but
their release is then considerably (by 10-20 times) lower.

3. Non-volatile fission product Nb95, La140 are released into the sodium only at
large crack in fuel element clad. A value of activity release is influenced by location of
crack.

The release of nuclide from untight fuel element depends on many factors: fuel
temperature, pressure of gas in fuel element, size and location of crack. Nevertheless,
the release of a nuclide can be characterized by one parameter: coefficient of release.
This is a fraction of one fuel element nuclide total activity released into sodium or gas
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system. Coefficient of release of fission product from untight fuel element was
determined by increment of activity of nuclide in sodium or gas system of reactor and
from variation of this increment versus time. From the other side, this coefficient was
determine on the basis of gamma-spectrometric investigations of fuel element in special
(hot) chamber of reactor.

For pelletized U-fuel and fuel assemblies (FAs) of different enrichment in U235

the coefficient of release for Xe133 turned to be from 1.9 to 40% at average value of
appr. 15%. For experimental U-Pu FAs with low content of Pu higher isotopes the
coefficient of release is equal to appr. 13% (pelletized fuel) and 11% (vibro-compacted
fuel).

For other radiation-important nuclides the coefficients of release from fuel
element with large crack in the clad are:

Cs134 ,Cs137 - 20-70%,
ji3i . 7.20%,
Nb95, La140 -0.4-1%.
The coefficient of release from untight fuel element without relation to a value

of crack in the clad was for J131 2-8%, Nb95 and La140 0.03-0.1%.

3. DISTRIBUTION OF RADIONUCLIDES IN PRIMARY CIRCUIT
SODIUM SYSTEM

Non-volatile fission products Nb95, La140 are deposited mainly on cold surfaces
on primary circuit. Their content in cold traps for sodium oxide is less than 1%. As a
rule, they did not determine radiation environment in rooms with primary circuit
equipment and at removal of equipment from primary circuit.

Iodine forms in the coolant soluble compound NaJ. Therefore, radioactive J131 is
localized mainly in sodium. Its content in gas cavity of reactor is considerably lower
than Cs137 content. An inspection in 1984-1989 of primary circuit pumps removed from
the reactor showed the absence of J131 in deposits in the region of the pump gas cavity.
At the same time cesium nuclides and non-volatile fission products and products of
corrosion of Nb95, La140, Mn54, Co58, Co60 were surely registered in deposits. J131 is
effectively captured by sodium oxide cold traps. J131 content in them is more than 65%.

From fission products the most influence on reactor radiation safety was
from Cs137. At reactor operation radioactive Cs137 is contained in primary circuit
sodium. Cesium is highly volatile product.

A part of Cs137 is released into gas cavity of reactor and is deposited on surfaces.
The inspection of primary circuit pumps removed from the reactor during 1984-1989
showed that radioactivity of deposits in the pumps gas cavity is determined by Cs137

(Fig. 1). Surface activity of Cs137 in the gas cavity by 3-20 times exceeded the level of
activity of surfaces in contact with sodium. Sodium oxide cold traps hold 4-10% of
cesium total activity in the primary circuit.

In the behavior of radioactive cesium in sodium system two periods of reactor
operation can be discerned: 1980-1986 and after January 1987.

During the first period of operation cesium was mainly in the coolant both at
operating and shutdown reactor. At shutdown reactor the activity of cesium in sodium
did decrease by 10-20%. The fraction of radioactivity on reactor surfaces amounted
to 25%.

The behavior of radioactive cesium changed since 1987. One of possible reasons
is the increase of carbon content in sodium. During the reactor shutdown the activity of
cesium in sodium did decrease by appr. 4 times. The same effect was observed on the
surfaces of removable parts of pumps which had expired their life-time (Fig. 1).
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pump
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x - radioactive depositions'
sampling points

Fig. 1. Distribution of radioactive caesium - 137 along the PCP removable part height
of BN-600 reactor



In 1987 in separate sections of shutdown reactor circulation path an abnormally
higher level of cesium activity was observed sharply worsening the radiation
environment. In accordance with gamma-spectrometric data for central part of reactor
bottom (the region of coolant discharge from cold trap for sodium oxides) the level of
radioactive contamination of Cs137 reached (0.4-5)-106 MBq/m2. In the same period the
rate of catching cesium using cold trap had increased. In the next period of the time the
redistribution of radioactivity occurred and the radiation environment under reactor
bottom and of cold trap returned practically to the previous level. At the same time the
lowering of cesium activity in sodium during reactor shutdown is observed till
nowadays.

4. DISTRIBUTION OF RADIONUCLIDES IN PRIMARY CIRCUIT
GAS SYSTEM

The main elements of primary circuit gas system which diagram is shown in Fig.2
are: reactor gas cavity (RGC), pressurizer, gas cavities of reactor main equipment
(pumps, heat exchangers, mechanisms of control and protection system (CPS), refueling
mechanism, etc.).

The analyses of transfer of nuclides into main equipment were performed for
CPS mechanism as the most accessible element of the gas system. Gas cavity of the
mechanism represents annular gap of 1 mm width, full height over sodium level being
appr. 8 m.

For determination of fission products activity in CPS mechanisms above the
flooring of rotating plugs sampling gamma-spectrometric measurements of reactor gas
were carried out. The results of the measurements are given in Table 2.

Table 2

Distribution of Radionuclides in the System "reactor - CPS Mechanisms"

Nuclide

Ar41

Xe133

Xe135

Kr85m

Kr88

Measurements in February 1982
A CPS

(MBq/1)

0.0555

-

-

-

-

ARGC/A.CPS

105

-

-

-

-

A
(I/day)

1.05
-

-

-

-

Measurements in June 1982
A CPS

(MBq/1)
0.021

41

1.2

0.037

0.039

ARGC/ACPS

280

9.7

50

110

120

H
(I/day)

0.39

0.18

0.44

0.42

0.6

Note: 1. Acps, ARGC - specific activity of gas in CPS mechanisms and in RGC,
respectively.

2. Specific activity of nuclides in CPS mechanism were measured at a
distance of 5.6 m from the level of sodium in the reactor.

As follows from the results of analysis, specific activity of fission products above
the level of flooring of reactor rotating plugs is considerably lower than that of
radionuclides in the reactor gas cavity. For short-lived hard gamma-emitters of
cryptons and argon this difference amounts to 100 - 300 times, for Xe133 and Xe135 it is
appr. 10 and appr. 50 times, respectively.
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circulation regime after 1981 year

rotary plugs

upper stationary shielding

CRDM
cladding leaktight
monitoring
gas loop

design circulation regime

to elevator throat

vessel guard vessel

gas pressunzer
pipeline

sodium overflow
pipeline

argon

pressunzer
argon

— sodium — — —;/

PC - pressure chamber
PCP - primary circuit pump
IHX - intermediate heat exchanger
CPC - control and protection system
CDRM - control rod drive mechanism

Fig. 2. BN-600 reactor primary circuit gas system
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The transfer of radioactivity in the system can proceed by convective exchange or
gas leakage through untight places in the equipment. Considering the equilibrium
process of radionuclides buildup in the gas system, the specific activity of gaseous
nuclides in the equipment (A) can be determined knowing the specific activity of gas in
the reactor cavity (ARGC) from a formula:

( 1 + ^ ) - I , ( i )

where,
A, - radionuclide decay constant;
V - volume of gas in the equipment to the point of the activity measurement;
JX - parameter denoting stable convective exchange or constant leakage of gas.
Using the data of gamma-spectrometric measurements of gas by formula (1) the

rate of transfer of gaseous nuclides (parameter "JX") into CPS mechanism was
calculated. The results given in Table testify to a low value of leak (or to convective
exchange) through BN-600 reactor CPS mechanisms which is estimated by a value of
0.2-1.0 I/day. This value of leak corresponds to allowable (according to normative
documents) untightness of equipment.

The pressurizer is connected to the reactor by two pipelines (of 0.2 m in diameter
and appr. 65 m length) enclosed in heat insulation and provided with electric heating:
by gas compensation system pipeline built into the inclined roof of the reactor and by
sodium overflow pipeline built into the elevator and filled with argon (Fig. 2).

The experimentally measured distribution of fragmentary and induced activity in
the system: "reactor-pressurizer" is shown in Table 3.

Table

Distribution of Radionuclides in the System: "reactor - pressurizer"

Year of
measure-

ment

1981

1988-
1989

Parameter under
investigation

Specific activity
(MBq/1):

RGC
Pressurizer
Fraction of

activity in RGC

Specific activity
(MBq/1):

RGC

Pressurizer

Fraction of
activity in RGC

Xe 1 3 3

740-1500

0.15-0.37

1.0

2.4-11

1.3-7.5

0.27-0.38

Xe 1 3 5

100
-

1.0

0.23-
0.62

0.058-
0.31

0.4-0.61

Nuclide

KjSSm

-

-

0.044

0.015

0.5

Kr87

-
-

0.065

0.0058

0.79

Kr88

-
-

0.078

0.034

0.43

Ar41

5.9
-

1.0

4.1-5.9

0.4-0.9

0.6-0.83
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In the first period of operation (1980-1981) all activity of gaseous fission
products was concentrated in the protective gas of the reactor. This indicated negligible
gas exchange between the reactor and the pressurizer. After 1981 the pattern of the
transfer of activity changed qualitatively and quantitatively. The fraction of activity
concentrated in the reactor was (from 1988-1989 measurements data)
for Xe133 - appr. 30% and for other nuclides - 50-80% of the total activity in the gas
system.

This result showed good convective heat exchange of gas between gas cavity of
the reactor and pressurizer.

The significant difference between the results of investigations in 1981 and those
of the following period is due to the mode of fuel elements clad leak-tightness control
system gas loop operation. The most significant was the fact that the part of the
pipeline of fuel elements clad leak-tightness control system looking from the reactor is
inside the gas compensation system pipeline (Fig. 2).

In the initial period of reactor operation (design variant) the sampling of gas and
its delivery to clad leak-tightness control instrumentation was done out of gas
compensation pipeline and the return of gas - through clad leak-tightness control
system pipeline into the plenum under the inclined roof of the reactor. The gas flowrate
in the loop was 0.9 m3/hr. Evidently, such circulation mode has promoted buildup in
the initial (looking from the reactor) gas compensation pipeline section of some limited
(-20 m long) circulating volume of gas functioning as barrier and preventing transfer of
radioactivity from the reactor into pressurizer. The change of gas circulation direction
in the loop done at the end of 1981 brought about qualitative change of radioactivity
transfer pattern: the development of stable gas interchange in the system: "reactor
(gas temperature ~400°C) - pressurizer (gas temperature ~250°C)" due to loss of barrier
functions by this compensation pipeline gas volume.

The transfer of gas activity out of the reactor into the pressurizer (PR) can be
calculated from the formula (1). The parameter "/J" characterizing the convective gas
exchange is determined in the following way:

1) by the ratio of specific activities of Xe133 and Xe135 in the reactor gas plenum
when in the core there were no leaking fuel elements and the source of activity was the
surface contamination of fuel elements with fuel. In the BN-600 reactor in this period
Axe133/Axe135 was equal to 0.5 (1988), whereas with no gas removal from RGC this ratio
should be 1.1-1.2. At convective gas exchange:

(A Y00
 K+A I+ -v IV

Xe1-

A.'=
1 - V N~'
A V pR

where:
a - cumulative yield of nuclide at fission;
K - velocity of radionuclide escape from the coolant into the reactor gas cavity

which for BN-600 reactor equals 0.3-0.5 hr.
Using formula (2) we obtain ^=1-2 m3/hr;
2) by the ratio of specific activities of radionuclides in the pressurizer and the

reactor gas plena (Table 3). In accordance with formula (1) the solution is reached at
A=3-4 m3 /hr.

Hence, from the data presented, it comes out that the convective gas exchange in
the system: "reactor - pressurizer" proceeds with flowrate of 2-3 m3/hr.
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5. CONCLUSION

At BN-600 reactor operation with untight fuel elements the most important
fission products from radiation point of view were are inert gases Xe, Kr, and Cs137.

The behavior of cesium in a sodium system depends on the content of carbon
compounds in sodium. The increase of their concentration can lead to a considerable
redistribution of sodium in the system: "sodium - surface" in a shutdown apparatus.

Distribution of radionuclides in primary circuit gas system can be described
using a simple mathematical model. As the main parameter of the system the rate of gas
leakage through untight places in equipment or the rate of convective gas exchange is
used.

Leakage of gas and convective gas exchange are the main mechanisms of
radioactivity transfer in the reactor gas system.
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