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Abstract

In the paper sodium leakage detection systems used at fast reactors are described. Requirements
on their main characteristics (sensitivity, response time) are formulated. Results of tests are presented
on studying the parameters of sodium leak detection systems including experiments on the measurement
of size distribution of aerosol particles that have passed through sodium systems thermal insulation
after leak initiation. Comparison of these data with dispersion of particles formed at free burning is
carried out. Experience of real leaks that occurred at fast reactor sodium systems is analyzed. It has
been shown that initiation and development of real leaks do not always follow the theoretical scheme. A
substantial role of human factor for sodium systems reliability relative to sodium leaks is stressed.

1.INTRODUCTION

The main problem of sodium-cooled reactors fire safety is that of the scale and
character of a possible accidental sodium leakage. It is obvious that taking design
decisions on sodium fire control methods and means is dependent on the correct
determination of these factors.

In this paper an analysis of sodium leaks is carried out mainly with the aim to
verify in practice the fulfilment of the "leak-before-break" criterion. As is known, this
concept presumes timely detection of a leak of some fluid, in our case - of sodium,
from a failed system. The word "timely" means that leak detection shall take place at
an early stage of its development and that until the moment of beginning of the defect
disastrous growth (reaching the "defect critical size") there is sufficient time to transfer
the failed system to a safe state.

2. A SCHEME OF CRACK DEVELOPMENT AND THE DESIGN DEFECT

For an analysis of accidental situations it is necessary to specify the design defect
as the initial event parameter of an accident. In this case the reasoning is as follows [1].
It is assumed that a through thickness opening has formed as a result of development
of some initial surface defect appearing in the process of manufacture, at mounting or
in the course of plant operation. In fracture mechanics it is assumed that the initial
surface crack is semi-elliptical. In Fig. 1 a scheme of crack development under cyclic
loads is shown. As a result of crack development analysis it has been established that
the through thickness defect has a form of a circle with a diameter equal to doubled-
wall thickness. For example, for the BN-600 (and the BN-800 project) primary circuit
auxiliary systems pipes a maximum design defect size specified on this basis
corresponds to a hole of 0=25 mm.
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After a through thickness defect occurrence it is essential not to permit reaching
a critical length at which general instability takes place resulting in a large-scale
rupture. In our case it means not to allow the transition of the design basis accident
into the beyond design basis one.

initial defect

Fig. 1. Scheme of crack development.

Numerous theoretical and experimental studies have shown that for items of
X18H9 steel and for fast sodium-cooled reactors operation conditions from the
movement of through thickness defect occurrence up to the moment of general
instability a considerable time passes (at least, tens hours).

An analogous conclusion is presented in Ref. [2] where, in particular, the curve
of leak flow rate as a function of the loading cycle number is given. The type of this
curve is qualitatively shown in Fig. 2. Sodium leakage from the pipe starts from the
moment when the crack becomes a through thickness one, long before the complete
break of the pipe. Leak flow rate increases steadily with increase of the crack size.
From the moment of leak initiation up to the beginning of the fatal crack growth there
is sufficient time and sufficient amount of sodium is poured out to actuate a signal of
the leak detection systems and for taking appropriate measures by personnel for its
localization.

Calculation estimates have shown that for operation characteristics of the BN-
600 or BN-800 primary-circuit auxiliary systems a sodium leakage through a hole of
0=25 mm will take place with a flow rate of the order of several kg/s. The sodium
leak detection systems actuate a signal at considerably lower leakage flow rates. Thus
the chosen value of the design defect size ensures, on the one hand, the fulfilment of
the "leak-before-break" criterion and, on the other hand, provides a sufficiently
conservative estimate for the design basis accident.

With the aim not to allow the development of the design basis accident into the
beyond design basis one (i.e. the transformation of the initial defect into the
guillotine-type rupture) the timely detection of a sodium leak should be ensured. For
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this purpose at our domestic fast reactors a number of engineering means are used
which are discussed below.
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Fig. 2. Development of sodium leakage.

3. SODIUM LEAK AND FIRE DETECTION SYSTEMS

3.1. System designs

The sodium leak and fire detection systems used at our domestic reactors can be
considered as an example of the BN-800 project where the positive experience of such
systems operation has been taken into account [3].

In the BN-800 project several leak and fire detection system types are used,
namely:

- the electric heater earthing detection system;
- the radioactive sodium aerosol detection system;
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- the smoke detection system;
- the system for gaseous medium temperature measurement within sodium-

containing premises.

In Fig. 3 the lay-out of electric heaters and thermal insulation on sodium piping
is shown. The heaters have 100% reserve. Earthing of the main and stand-by heaters is
continuously monitored. Leaking sodium creates an electric contact between the
heater and the pipe wall. Simultaneous failure of both the operating and stand-by
heaters is indicative of a sodium leak. Such systems have been installed at all our fast
reactors. Their operation experience has shown high reliability and sensitivity of such
systems.

1. Pipeline
2. Electric heaters

3. Thermal insulation
4. Jacket of thermal insulation

Fig. 3. Lay-out of electric heaters and thermal insulation on pipeline.

There are two versions of the sodium leak detection systems based on the
radioactivity detection principle:

- taking gas samples from the monitored area, pumping them through the
aerosol filter and measuring the filter radioactivity;

- measuring radioactivity of air at the exhaust ventilation pipe of the monitored
area (radiometer sensor is placed directly on ventilation piping).

The first version of such system is presented in Fig. 4. The air samples from the
exhaust ventilation pipeline are pumped through a special aerosol filter where sodium
aerosols are accumulated. The radiometer measures the filter radioactivity and
generates a signal at an excess of some specified level. Such a system was introduced at
the BN-600 reactor and showed very high operating characteristics.
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1. Pipe of exhaust ventilation system
2. Sampling tube inlet
3. Valves
4. Aerosol filter

5. Sensor of radiometer system
6. Secondary radiometer system
7. Fan

Fig. 4. Sodium aerosol detection system.

The ionization smoke detectors are used in the BN-800 project both for the
primary and secondary sodium circuit areas.

Large sodium fires can be also detected by the gaseous-medium temperature
monitoring systems of the rooms.

Besides, for monitoring of sodium ingress into some cavities the spark-plug-type
sensors are used.

3.2. Characteristics of the systems

3.2.1. Experimental studies

For the correct choice of requirements on sodium leak and fire detection systems
parameters a number of experiments were carried out in our country. Investigations
related to sodium smoke detection-based systems are described below.
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3.2.1.1. Sodium aerosol release from under thermal insulation

As has been already said all sodium systems are provided with thermal
insulation. Situations when a sodium leak (at least, at the initial stage of an accident)
takes place through a small-scale defect are practically quite real. During some time
the leaking sodium in this case will remain under thermal insulation. Aerosols forming
as a result of sodium contact with atmosphere components and possibly with the
insulation substance due to their high mobility will escape into the technological room
space. For an analysis of some sodium leak and fire detection system types operation
it is essential to have information concerning aerosol behaviour during this process.

These phenomena were investigated experimentally. In Ref. [4] results from
studies of phenomena taking place at sodium leaks through holes of various shape and
size with various types of thermal insulation and cladding are presented. The time
from leak initiation up to smoke appearance within a wide range of leak conditions is
a few minutes and increases only at small sizes of the hole and relatively low values of
sodium pressure (<1 bar).

Several experiments aimed at determining a fraction of leaking sodium released
into gaseous medium of a technological room at under-insulation leaks were carried
out. A mock-up of a piping section with thermal insulation used on sodium circuits of
domestic reactors was employed. Samples of gaseous medium from the experimental
cell were taken for the purpose of determining the mass concentration of aerosols and
their dispersion composition. The mass balance of leaking sodium remaining under
thermal insulation and of that released from it in form of aerosols was drawn up.

7 tests were carried out. An average value of the aerosol release coefficient
according to their results is 1.1% with a standard deviation of 0.7%.

Size distribution of aerosols particles releasing from under thermal insulation is
characterized in Fig. 5 where the obtained aerosol particles size distribution for three
tests is presented. It is seen that distribution is log-normal.

As a result of experimental data processing by particles size distribution it has
been found that the value of the mass median aerodynamic diameter dmmd is equal to
4.2|a and the geometrical standard deviation is ag=3.8.

Using the formula

presented in Ref. [5] the value of the average geometrical diameter dg for aerosol
particles released from under thermal insulation was obtained. It proved to be equal to
0.025u. These data are indicative of that very fine particles are mainly present in the
composition of released aerosols. It is possibly the result of some peculiar "filtration"
of aerosols through thermal insulation in the course of which large-size particles are
retained.

260



80.00 ..!„ J

8"

60.00

25

40.00 L 4- - .
I
I

_| | 4 - -

g 20.00

o.oo
1.00 10.00

Aerodynamic mass median diameter, microns

m Test 1
O Test 2
A Test 3

Fig. 5. Distribution of sodium aerosols with size.

3.2.1.2. Aerosol deposition ventilation and in sampling lines

At the development of sodium aerosol detection systems one should take into
account aerosol deposition in ventilation and in sampling lines. This effect was
experimentally studied. Small amounts of sodium (not over 50 g) were burned in one
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of technological rooms and the propagation of aerosols in the exhaust ventilation and
in various sampling lines was studied. The following main points were stated.

Characteristics of formed aerosols are: dg=0.25u and ag=2.

Deposition of aerosols with such characteristics in the ventilation lines is no
more than 1-2% of the total mass of aerosols transferred. Besides, deposition in
pipelines is determined by the length and geometry of pipes, by gas flow conditions, by
the presence of local obstacles of which the greatest effect is exerted by valves.
Deposition in sampling lines is substantially higher than in the ventilation pipelines.
During the tests it has been found that in straight steel lines of 15 mm in diameter and
about 5 m long approximately 10% of transported aerosols are deposited.

Deposition of aerosols released from under thermal insulation in ventilation and
in sampling lines was not studied. However, it will be lower than presented above
because of lower dg values. Therefore, the figure of 10% can be taken as a conservative
estimate.

3.2.2. Required sensitivity and response time

For formulation of requirements upon the system parameter values the following
initial preconditions have been adopted:

- the system sensitivity threshold by amount of leaked sodium: 100 g;
-time from the beginning of a sodium leak up to the moment of system

actuates a signal: lOmin.

In our opinion, the fulfilment of these requirements will allow with a very large
margin to meet the requirement of fulfilling the "leak-before-break" criterion.

With the aim to check the fulfilment of these requirements the performance of
the system was experimentally studied. Sodium samples with specific activity by 24Na
radionuclide equal to 20 MBq/g (~0.54 Ci/kg) were burnt in a room of 100 m3 volume.
The room was ventilated with a ratio of 5 hr l . Air samples were continuously pumped
from the exhaust ventilation pipeline with the use of a special gas blower onto the
accumulation filter (see Fig. 4). The time of aerosol transport through the piping is
-30 s, the time of movement in the sampling line up to the accumulation filter is ~1 s.
In has been experimentally found that the system actuates a signal at accumulation on
the filter of 370 Bq (1 108 Ci) of 24Na. At a specific activity of coolant by 24Na equal
to 3.7 10" Bq/kg (10 Ci/kg) that is the least for commercial type reactors it
corresponds to accumulation on the filter of 1 103mg of sodium.

Using these data the operation of the sodium leak detection system by the
appearance of aerosols within the fast reactor nuclear power plant area can be
analyzed.

Variation with time of sodium aerosol mass concentration C in the ventilated
room at a constant rate of sodium leakage is described by the formula
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were

^ ^ ( i - e - 1 1 ) , (2)
A. V

is the mass flow rate of sodium leakage,
6 is the coefficient of aerosol release from under thermal insulation,
X is the parameter of aerosol removal from the room,
V is the room volume,
t is the time.

It was shown above that at the initial stage of an accident only very fine aerosols
escape from under thermal insulation. Their deposition in the room and in the
ventilation system during transport can be neglected. Deposition in the sampling line
can be taken into account, and for this purpose it is convenient of use the
breakthrough coefficient e. Then sodium mass m accumulated on the filter during time
T at air flow rate through the sampling line Q is determined by the integral

(3)

Using the above adopted requirements for system sensitivity by leaked sodium
mass (100 g) and response time (10 minutes) we obtain the average leakage flow rate
value GNa=0.17 g/s. As was shown above the values 5 = 0.01 and s = 0.9 can be taken.
A volume V=1000 m3 can be assumed because such is the order of the volume of the
largest room of the primary circuit systems. Removal of very fine particles from the
room volume takes place mainly due to ventilation system operation the ratio of
which is of the order of 5 hr1. Therefore in equations (2) and (3) A,= 1.39 • 103 s1. Air
flow rate through the sampling line Q is usually equal to 75 1/min, i.e. 1.25 10-3 m3/s.
The value of x should be chosen equal to 530 s, because, as was said above, the time of
aerosol transport from the room to the accumulation filter is about 30 seconds.

The calculation by formula (3) shows that at the above preconditions and
parameters values in 10 minutes after the beginning of sodium leakage ~2 104 g of
sodium will be accumulated on the filter, i.e., an amount more than by two orders of
magnitude exceeding the threshold value. And the threshold amount of sodium will be
accumulated approximately in 1 minute.

4. OPERATION EXPERIENCE

For this statement of the problem the fast reactor sodium systems operating
experience in our opinion should be considered in two aspects:

- how far the above adopted (described in section 2) mechanism of the initial
defect

development is realized;
- how reliable the sodium leak and fire detection methods and systems have

proves in practice.
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In this paper only leakages at the reactors of the former Soviet Union are
considered as we have no information on leakages at foreign reactors detailed enough
for our purposes. Besides, the designs of specific units and systems of reactors have
definite peculiarities and should be analyzed with taking into account this
circumstance.

4.1. Defects realized in practice

During the operation of domestic fast reactors the following quantities of
sodium leaks took place [6 - 11]:

BR-1 19
BN-350 15
BN-600 27

At the BOR-60 practically no sodium leaks occurred.

According to their initiation causes the leaks have been distributed as follows:

BR-5/10:
pipe burning-through by electric heaters 2
failures of pump-vessels level indicator sensors 6
sodium valve failures 7
improper procedure of sodium unfreezing 2
manufacture defect 1
crack formation on a pipe 1

BN-350:
flange joint defects 2
improper procedure of sodium unfreezing 6
intercircuit leaks in steam generators 2
mechanical formation of holes as a result of direct actions by personnel 4
uncertain (may be, corrosion) 1

BN-600:
steam generator sodium gate valve seal defects 5
flange joint defects 5
improper procedure of sodium unfreezing 4
mechanical formation of holes as a result of direct actions by personnel 2
manufacture defects 3
sodium valve failures 2
crack formation on pipes 6

4.1.1. Burning-through by electric heating

Burning-through of pipes by electric heating occurred at an early stage of BR-5
reactor operation when experience in designing and operation of sodium systems was
insufficient, and incorrect decisions were often made. These burns-through occurred
due to earthing to the frame of an electric heater and formation of short circuit and
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electric arc between the electric heater and piping. Later on the scheme of heaters'
power supply was changed: a transformer with insulated neutral wire was used. This
scheme has been used at all domestic fast reactors. No losses of tightness due to this
cause occurred any more.

4.1.2. Defects of valves

At the BR-5/10, sodium valve leaks took place as a result of two causes: during
the initial period of operation - because of bellows seal defects, and in the subsequent
period - because of introduction of valves with improperly designed casings. In the
first group of causes sodium did not leak outside the boundaries of a back-up gasket
seal (i.e., leak volume did not exceed several cm3), and in the second group the valve
casing was crushed by sodium expanding at heating up but the leaks were also very
small. At the BN-600 in one case the leak occurred because of wastage of packing
between the casing and the bellows (less than 1 kg of sodium leaked out, no fire
occurred) and in another case the leak was caused by a poor-quality joint weld in
which some craters developed ( also less than 1 kg of sodium leaked out, no burning
occurred).

4.1.3. Improper procedure of unfreezing

Rather high percentage is made up by leaks taking place as a result of improper
procedure of unfreezing of sodium that was frozen within some section of the system.
Unfreezing should be carried out from the free level of sodium, by switching the
heaters in a strict sequence, after melting of sodium in the preceding section of the
pipe. At sodium expansion within a closed volume as a result of phase transition some
seal ruptures of sodium valves, pipes, electromagnetic pump vessels took place. The
causes of these events were improper arrangement of heaters, errors in operating
instructions, personnel errors. As a rule, leakages took place in the presence of
personnel, at changing operating conditions of systems, mainly at start-up or repair
work.

4.1.4. Manufacture defects

Four leaks occurred because of poor-quality manufacture of sodium system
units. So, at the BR-5/10 immediately after mounting of the primary circuit impurity
cold trap a leak occurred at the trap nozzle through a microcrack in the joint weld at
sodium heating up in the pipe. The cause of the leak was poor quality inspection of
joint welds after completion of assembling. Similar situations took place at the BN-
600 as well. Such leaks were detected immediately after putting into operation of a
failed section of the system.

4.1.5. Flange joint defects

In sodium systems the joints are made, as a rule, by means of welding. Some
exceptions include flange joints of the sodium preparation system. Tanks for sodium
transport (for example, tank cars) are connected to sodium circuits with the use of
removable sections. Often after carrying out of the connection operation some leaks

265



through flange joints appeared. These leaks were immediately detected by personnel
carrying out the operations and (or) by monitoring systems.

Sodium gate valves cutting off the BN-600 steam generator modules from the
circuit have flange joints which are backed up by welded sealing lips. It was initially
supposed that the flange joints would assure tightness, and no due importance was
attached to weld joints quality. After appearance of sodium leaks through these seals
the sealing lips were welded and weld quality was carefully checked. Subsequently no
leaks on gate valves occurred.

4.1.6. Intercirarii leaks in steam generators

At the BN-350 two rather large sodium leaks occurred as a result of defect
formation in steam generator heat transfer tubes. In the first case after "sodium-water"
reaction occurrence the operation of the steam generator safety system and sodium
and water draining from its spaces took place. However, because of personnel errors
the cutting-off of the steam generator third circuit and sodium draining were
incomplete and into the secondary circuit the ingress of water continued which
interacted with sodium remaining in the circuit. Approximately in 5 hours after
carrying out activities on steam generator draining a sodium leak from the sodium
drainage pipe-line was detected. The pipe break and leakage of sodium with products
of its interaction with water occurred as a result of the effect of this reaction products
upon pipe material and of high temperature. Leaking out took place through an
opening of 10-15 mm in diameter formed in the area of a joint weld at the butt joint
of pearlitic and austenitic steel. In the second case leaking out of sodium through the
evaporator vessel of other steam generator type took place. As in the previous case,
the cause of the leak was a loss of tightness of an evaporator tube and sodium-water
reaction in the intertubular space. The failed tube was located adjacent to the
evaporator vessel and the leaking-out jet of water was aimed directly at the vessel. The
effect of reaction products and of high temperature resulted in the development of the
opening in the vessel and sodium leakage.

4.1.7. Mechanical formation of holes as a result of direct actions by personnel

Several sodium leaks were the result of immediate personnel actions. For
example, cuts on pipe-lines at carrying out repair work followed by erroneous supply
of sodium at the place of cut. In one case, the leak occurred as a result of a gross error
of personnel who started the withdrawal of the BN-350 secondary-circuit sampler-
distillator level indicator without cutting off the distillator from the circuit. All these
leaks were recorded immediately.

4.1.8. Crack formation

One leak at the BR-5/10 and six leaks at the BN-600 took place through cracks
developed at pipe-lines in the process of operation. All of them were the result either
of improper design solutions, or of improper assembling and were related to
insufficient temperature self-compensation of pipe-lines. So, at the BR-5/10 a leak of
sodium in the region of drainage pipe-line adjacent to the main pipe-line took place.
Leak volume did not exceed several tens of cm3. Sodium did not leak outside the heat
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insulation boundaries. At the inspection of the leak site there was detected a crack in
solid metal of the drainage reducer pipe connection. The crack was -0.5 mm wide and
spread to about one half (40 mm) the diameter of the pipe. Adjacent to the through
crack on the inner surface of the pipe connection there were microcracks up to 0.4 mm
deep. The cause of crack formation was insufficient freedom of drainage pipe
movement at changing temperature conditions of the main circuit. Cracks at the BN-
600 had an analogous cause and were of the same character.

4.1.9. Defects of level indicators sensors

The BR-5/10 reactor pump level indicators sensors are made of stainless steel
tube 20 mm in diameter and with wall thickness of 0.2 mm. They are divided into
sections to which current collectors are welded. Leaks took place through cracks
formed in joint welds of these sections. After improving the joint welding technology
of current collectors there were no cases of level indicating sensors. On the rest of the
reactors the level indicators of other design are used. No leaks due to such cause
occurred.

4.1.10. Uncertain cause

The cause of one of the leaks remained uncertain. At the BN-350 a rupture of the
electromagnetic pump channel wall of the secondary circuit auxiliary system. A
possible cause of this event was corrosion resulting from prolonged operation of the
pump at pumping of coolant strongly contaminated with sodium-water interaction
products.

4.1.11. Resume

Thus, of the total number of 61 considered leaks only to 7 events (i.e., to 11.5 °o)
one can try to apply a scheme of crack development and the considerations
concerning a design defect value presented in section 2.

About one third of all the cracks that occurred resulted from erroneous actions
of operating or repair personnel. About one half of cracks occurred at repair or start-
up activities or at the sodium preparation system (i.e., at the system which in no way is
related with reactor safety).

Nevertheless, in our opinion the design defect value is some required reference
point that allows to evaluate conservatively sodium leak flow rate at a design basis
accident and to formulate some measures on preventing the transition of the design
basis accident into the beyond design basis one.

4.2. Sodium leak and fire detection systems operation

Experience with sodium leaks at our domestic reactors indicates that all leaks
without exception, were timely detected. All leaks that occurred on the electrically
heated sodium system sections were registered by heaters control systems. In addition,
primary sodium leaks were sensed by the radioactive sodium aerosol detection
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systems. In some cases (mainly at sodium valve bellows leakages) the contact leakage
detectors (of a spark-plug type) came into action.

Operation experience of sodium leak and fire detection systems indicate that
design solutions on these systems have been made properly.

5. CONCLUSION

5.1. Analysis of sodium leaks occurring at our domestic fast reactors has shown
that:

• only about for one tenth part of all cases it can be assumed that the defects
developed in accordance with the scheme adopted in the fracture mechanics:

• about one third of leaks occurred through personnel faults;
• about one half the leaks occurred during the period of start-up, adjustment or

repair activities;
• All leaks were reliably registered by the available detection systems and (or)

directly by personnel.

5.2. Calculation and experimental analysis of the radioactive sodium aerosol
detection system has revealed its high sensitivity and fast response.

5.3. At our domestic fast reactors there have been introduced reliable sodium leak
detection systems based on various physical principles.

5.4. Analysis of real sodium leaks and analysis of detection systems operation
confirm acceptability of the "leak-before-break" principle.
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