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INTRODUCTION

The specialists' meeting on "Fast Reactor Cover Gas Purification" was held

at Rich I and, Washington, in the United States on September 24-26, 1986.

This meeting was sponsored by the International Atomic Energy Agency, (IAEA)

and Its1 International Working Group on Fast Reactors (IWGFR). The meeting

was attended by eighteen participants from the IAEA, France, the Federal

Republic of Germany, Italy, Japan, the United Kingdom and the United States.

In addition, ten observers from the United States attended various sessions.

At the outset of the first session, W. J. Schuck, the Meeting Chairman,

welcomed the participants and Introduced Mr. V. Arkhipov, the recently

assigned Scientific Secretary of the IWGFR who spoke about the IAEA and the

goals of the IWGFR and the Specialists' Meetings.

The tentative agenda was adopted by the participants without comment and was

followed throughout the meeting. The following topics were discussed at the

subsequent sessions.

1. National Position Papers*

2. Impurities: Sources and Measurement

3. Cover Gas Purification Techniques

4. Sodium Aerosol Trapping

5. Radiological Considerations

*Mr. Arkhipov has noted that In the future these papers will be known as

national "status" papers as it is not always possible to have a "position"

on a meeting topic.

Based on the papers presented and the discussions following, session

summaries and conclusions were prepared. These follow below. Please note

In the "Conclusion" the Idea of an "IAEA coordinated research program" that

Mr. Arkhipov has put forward for consideration.
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SUMMARY OF SESSION I - Position Papers - Chairman: William Schuck

From each country's presentation, it is apparent that common methods have

been used to purify and process reactor cover gas. Special problems to date

have largely been overcome, for example, plugging aerosol filters, and

adding equipment to receive and process larger amounts of radioactive

products. Use of past experience has been apparent on newer plants.

Details are anticipated in presentations and discussion during the rest of

the meeting. A situation where there appears to be less knowledge and

experience is the behavior of radioactive gas handling systems in extended

operation with fission product sources from leaking fuel.

-2-



SUMMARY OF SESSION 11 - Impurities: Sources and Measurement - Chairman;

Patrick Michaille

Copies of the material presented are included. The chairman obtained a list

of issues for discussion and the summary of the discussions Is as follows:

Regarding the question of what are the reasons to change cover gas from

argon to helium in a large plant other than eliminating Ar-41, the group

could not arrive at a definite conclusion at this time. After the

discussions of aerosol formation and control, a more positive (definitive)

statement can be made. The only operating experience with both helium and

argon was on the RAPSODIE reactor, where It was noted that use of helium

reduced thermal convective aerosol transport, the reactor head temperature,

and allowed more efficient trapping of krypton. In spite of the apparent

advantage of He cover gas, switching from Ar to He cover gas needs further

evaluation.

A complete model of the rate of fission gas species release from the sodium

to the cover gas is lacking, and it is apparent that differences exist

between predictions from the model and behavior observed In operating

reactors. A better understanding of the reasons for differences (such as

delay of the gas release due to slow nucleation of gas bubbles, or solution

of precursors in sodium) is necessary, so that application of present

knowledge to future reactors can be done with confidence.
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SUMMARY OF SESSION II (continued)

The transport of radioactive cobalt, manganese, and especially cesium in

cover gas regions is not always in good agreement with theory, and again a

better understanding is required to control radiation exposures to workers

during maintenance of components in cover gas spaces. It appears that

deposition of Cs-137 poses the most severe maintenance problems in cover gas

spaces. The installation of traps to remove cesium from sodium was strongly

endorsed by the US delegation.

The UK delegate reported that they have initiated a experimental study to

understand the fundamentals of Cs-137 transport from sodium into the cover

gas. This study will be similar to the Zn transport study reported by UKAEA

at th is meeting.

Specifications of cover gas are similar in all nations, with differences

only for specialized uses. Every nation reported incidents of impurity

inleakage from operations such as fuel handling operations, failures of

components (pump diaphragms, seals, etc.), residues from cleaning solvents

and oil inleakage. There is considerable interest in developing methods for

early detection of oil leaking into the sodium.

Improvement in impurity monitoring techniques, and change in procedures to

minimize impurity ingress, was noted.
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SUMMARY OF SESSION II (continued)

The US and Japanese delegations were more inclined to use tag gas for

detection and location of failed fuel elements. The European community rely

on DND and sodium sipping for detection and location of failed fuel. The US

delegation claimed that they have developed fairly elaborate tag gas method

and do not foresee any problem of using it in a core with over 300 elements,

depending on cover gas volume.
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SUMMARY OF SESSION III - Cover Gas Purification Techniques - Chairman;

Dr. Hans Stamm

Copies of the papers presented were included. Following the presentations,

the chairman again obtained items for discussion, and the summary of the

discussions is as follows:

1. What cover gas cleanup capability is required to operate with failed

fuel? Most reactors have designed their cover gas system to be able to

operate with \% failed fuel, even though very few reactors plan or

expect to do so. The Phenix and Super Phenix plants have cover gas

systems capable of handling 0.1$ failed fuel; 20 and 100 pins

respectively. It is noted that these are not test reactors like

RAPSODIE, BOR-60, or EBR-II and would not expect large amounts of fuel

fa I lures.

2. Is cooling the charcoal in adsorption beds necessary? There was a

consensus that adequate fission gas removal can be obtained with room

temperature beds. Room temperature beds, however, require

significantly more space and charcoal (e.g. 9 tons at 30°C and 52 Kg at

-170°C); on the other hand a cryogenic system is expensive, requires

liquid nitrogen, and could have reliability and maintainability

problems.
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SUMMARY OF SESSION III (continued)

3. Is charcoal (cooled or uncooled) sufficient, or is cryogenic

distillation required? Charcoal adsorption is sufficient, but

cryogenic distillation systems have also been proven successfully. If

"zero release" is a issue, cryogenic distillation can effectively

concentrate Kr-85 for long term storage.

4. What is the opinion of recycling the gas, versus cleanup and disposal?

If a tag gas system is used, recycling can complicate the

identification of multiple failures. Recycling may introduce other

gases (e.g. N2) into the system. The French delegate recommended

recycling the cover gas with provisions of charcoal beds, If needed.

The French are considering operation with a sealed system, similar to

the US innovative design, PRISM, for future fast reactors.

5. What is the required number of redundant absorbers? Super Phenlx has

two charcoal beds and FFTF has two cryogenically cooled charcoal

systems containing multiple beds. The charcoal beds in Phenix are

regenerated every three months in order to keep the operators educated.

The FFTF beds showed signs of fouling due to adsorption of H2O and CO2,

which are regenerated once every two years.

There was an interest by the Federal Republic of Germany, on the database on

adsorption of impurities by charcoal, particularly co-adsorption with Xe,

Kr, and No impurities present.
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SUMMARY OF SESSION IV - Sodium Aerosol Trapping - Chairman;

SatoshI Ishiyama

Papers presented are Included. The different nations employ a variety of

designs and equipment to remove aerosols from sodium; In general they all

work satisfactorily. Questions and answers developed by the specialists are

as fol lows:

1. Is there any experience cleaning and reusing sintered metal filters?

Most nations reported experience doing so, involving vacuum

distillation, or cleaning with alcohol or water. These operations,

however, were either on test rig components, or on reactor components

that were to be discarded, not reused. Cleaning and reuse of filters

in reactors was not recommended, because of the uncertain reliability

of cleaned filter elements.

2. What are comparisons between sintered metal filters and mesh type

filter elements, or other types? Representatives from EBR-II presented

a description of a series of baffle plates with small holes, with mesh

filters above. This unit has given up to two years of satisfactory

service, under low conditions. The UK reported "wire-wool" is better

than sintered metal filters if impurities are present. The

distribution of pore sizes in sintered metal filters is much narrower

than in a cylinder packed with wire wool.
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SUMMARY OF SESSION IV (continued)

3. Compare the performance of heated and unheated sintered filter

elements. The USA reported that unheated elements were effective

immediately, but plugged rapidly. Heated elements did not become

effective for several hours, but then became quite effective. This

phenomenon is attributed to coalescence of aerosol particles into

liquid sodium in the filter pores. The cold filter has no liquid

phase.

4. What are the vapor concentrations in the argon gas directly above the

sodium pool? US tests indicate concentrations up to 200 times

saturation (referring to the liquid pool temperature) are possible.

JOYO has measured concentrations of 5 to 10 times saturation. The

supersaturation is due to the suspended aerosol developed in the lower

temperatures of the cover gas space. It was mentioned that more data

are available in the Specialists' Meeting on heat and mass transfer

meeting report. The meeting was held at Harwell, UK in October, 1985.

5. Are difficulties observed with plugging from aerosols In small gaps?

At the FFTF it was reported that a downward purge of argon, with design

to produce high gas velocity, retards plugging problems in rotating and

other equipment in the cover gas space. Following completion of out-

of-reactor development testing In the US, EBR-II was able to partially

solve their plugging problems with use of the recommended downward

argon purge. Other reactors use similar techniques with success.
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SUMMARY OF SESSION V - Radiological Considerations - Chairman: Alan Thorley

Details of the presentations are In the papers. The presentations alI

mentioned that releases of radioactivity to the environment were extremely

low, because of the techniques and equipment installed in cover gas systems.

Cesium-137 was the only element, other than noble gas species, mentioned In

the presentations. Questions and answers discussed:

1. If cesium is transported through aerosol filters, will it poison the

charcoal beds? There was no firm conclusion, since extrapolating the

well-known affinity of cesium for carbon, observed in liquid sodium at

temperatures 100°C and above, to room temperature or below In a gas

system may or may not be accurate. In a practical sense, use of high-

efficiency particulate filters ahead of the charcoal beds can protect

the beds. There was a consensus that this is a manageable situation

for future plant design and operation.

2. Discuss the presence of tritium in the gas processing systems, with

regard to adsorption/absorption on charcoal beds, and subsequent

release. France, UK, and Germany all mentioned that tritium in the

primary cover gas was at extremely low levels in reactors with steam

generators, because of effective tritium removal from sodium in the

purification cold traps. FFTF mentioned tritium presence in water

condensate in gas spaces adjacent to the reactor primary sodium cooling

system, but at very low levels.
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SUMMARY OF SESSION V (continued)

3. Discuss the hold-up time of Kr-85 and Ar-41. The US observes a 7 to 10

day passage of Kr-85 through the charcoal beds. There was no

additional contribution.

4. Are there observations of Ar-39 and Ar-37? JOYO attempted to measure

these species, but levels ( i f the nuclides were present) were below the

detection l im i t . The Ar-37 value measured at Phenix is : 0.2 GBq/M3.

5. Have partlculate releases to the environment been observed? None have

been detected. Rb-88 observed at Phenix was proved to be the daughter

of Kr-88 that leaked through the roof. In general, the charcoal beds

and high efficiency particulate f i l t e r s employed in primary cover gas

lines and gas systems connected to auxil iary systems, such as refueling

equipment, essentially eliminate release of particulate species and

daughters of gaseous f ission products.

-11-



CONCLUSIONS

Victor Arkhipov of the IAEA suggested consideration of a "coordinated

research program" under the auspices of the IAEA. The specialists agreed to

discuss this possibility within their national programs. Topics for

consideration might Include:

1. Transport of Cs-137.

2. Modeling and validation of gas release from sodium including tritium.

3. Generation and transport of Na aerosols in the reactor cover gas space

and piping systems.

4. Instrumentation for evaluating aerosol behavior in cover gas spaces.

5. Comparison of argon and helium or a mixture as cover gases.

6. Coordination and extension of data regarding behavior of charcoal in

removal/purification of gases.

Session 2 - It was concluded that there is no particular difficulty for

operation of a reactor arising from known sources of impurities, nor from

radioactive contamination of the cover gas. Examples of remaining problems

to be considered include transport of Cs-137 and modeling of gas release

from sodium.
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CONCLUSIONS (continued)

Session 3 - Several methods of cover gas purification are used successfully.

These include holdup In tanks, In charcoal beds (cooled and noncooled), and

cryogenic distillation. More Information on the behavior of charcoal is

desirable, in particular in the presence of contaminating gases such as

nitrogen. The possibility of elimination of on-line cover gas processing

was discussed as a goal for future reactors.

Session 4 - Sodium Aerosol Trapping

Methods of sodium aerosol trapping including condensers, filters and

settling tanks was discussed and compared. It was concluded that a variety

of these methods are successful and applications are a function of given

conditions. Such successes are the result of variety of R&D programs

followed by the demonstration on current reactor plants.

Session 5 - Radiological Considerations

As a consequence of the R&D work performed with aerosol traps and

radionuclide (gas) traps, no unmanageable problem of radiological releases

exists. Gas leaks from new reactor tank closure designs must be eliminated

for current processing systems to be successful.
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CHAIRMAN'S OBSERVATIONS

A brief review of the list of publications of past IAEA, IWGFR meetings

reveals only two reports that are topically related to fast reactor cover

gas. These are IWGFR/15, Aerosol Formation. Vapor Deposits, and Sodium

Vapor Trapping. 1976. and IWGFR/57, Heat and Mass Transfer in the Reactor

Cover Gas. 1985. These meetings, judging from the summaries, dealt

primarily with sodium aerosol and vapor phenomena. While the interaction of

sodium and the cover gas is of fundamental importance to fast reactor

performance, there are many other considerations whose importance varies

with the specific reactor design. The Specialists' meeting in Richland,

Washington in September, 1986 was the first IAEA sponsored meeting in which

many of those other cover gas related topics were on an agenda together.

Today's fast reactor designs all have flowing gas systems. Sampling of the

cover gas is done to detect and locate failed fuel and for analysis of the

gas for evidence of lubricant leaks and air ingresses. Fresh gas Is often

supplied to reactor equipment to prevent damage from accumulations of sodium

on moving components. The gas used in all of these applications must

ultimately be processed either for reuse or before release to the

atmosphere. In total, these functions and activities have provided a rich

source of interesting problems for scientific study, design, and invention.

It is clear from the papers in this report that not a I I of the fundamental

issues are fully resolved and that each reactor configuration has unique

problems with new opportunities for innovation.
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CHAIRMAN'S OBSERVATIONS (continued)

In contrast to the flowing cover gas designs of today's fast reactors,

future reactors may well have static cover gas plenums. This will present a

set of new problems while obviating others. Failed fuel detection and

Impurity monitoring If they are done at all will take on new aspects and

cover gas purification may be reduced to a periodic refueling function.

The IWGFR Specialist's meeting summarized In this report was significant

because It provided the participants an opportunity to place In a new

perspective some fast reactor problems that assembled nicely under the

common topic of Fast Reactor Cover Gas Purification. There was to me a

surprising variety of subjects covered In the meeting. This was perhaps the

result of emphasis on unique problems faced In each of the national fast

reactor programs. With each nation clearly active in design and operation

of new reactors, a future IWGFR Specialists' Meeting on cover gas issues

would surely produce many new interesting and valuable findings.
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1] RBSTRRCT

With regard to the problems related to the cover gas of LJIFBRs, the French
position based on the experience of RAPSODIE and PHENIX can be summarized as
follows:

• 1. No particular difficulty has been encountered with impurities such as air.
The consequences of lubricants leaks were limited to the maintenance of big
components.

• 2. Concerning the contamination by radioactive species, the main source in
the reactor tank is 23Ne, but fortunately its half decay period is very short (38
s).

Two managements of fuel failures were experienced.

- On RAPSODIE, the failures were numerous for experimental purpose and - in
the absence of an efficient localization device - often simultaneous.

- On PHENIX, the fuel failure rate appears to be very low. Furthermore, the gas
analysis unit of the fuel failure localization device (LRG/gas) has been
improved steadily, which permits to localize and follow the evolution of each
individual failed sub-assembly from the very beginning of the clad failure.

For both of reactors, leaks through the roof were observed, for which
solutions were found.

• 3. The analysis equipment of RAPSODIE and PHENIX evolved to account for:
- the needs of the operator;
- experimental programs.

The experience gained permitted to select for SUPER PHENIX a simple
instrumentation.

• 4. Limited efforts have been paid to the purification techniques towards the
fission products:

- On RAPSODIE, the use of helium as cover gas allowed to use trapping with
charcoal cooled with liquid nitrogen with an high efficiency not only towards
xenons, but also kryptons.

- On PHENIX, it is not necessary to trap krypton: the release rates of 85Kr (T*
= 10,4 a) are very low, of the same order as 3 7Ar (T* = 35 d) produced by
activation, and the fuel failure localization is not performed by gas tagging.
Therefore, cooled charcoal adsorption is sufficient.

For experimental purpose, a cryogenic distillation column has been
installed at PHENIX, but has not yet been put into operation except for testing.
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• 5. Aerosol formation, transportation and trapping were considered to be of
particular concern.

- Experience proved that aerosol formation modelization was not at hand: the
effort was limited to a parametric study.

- Concerning the transportation, the sedimentation is correctly accounted by
the CEA calculation code AEROSOL A2, but not the thermophoresis.

- To avoid pluggings of annular spaces (e. g. : gaps of rotating plugs),
different technological solutions were found at RAPSODIE: helium injection,
and at PHENIX: sodium drips acting as aerosol barriers.

- For commercial reactors, it is recommended to foresee largely dimen-
sionned and easily regenerable aerosol traps, viz. condensers filled with Pall
rings or vapour traps filled with wire gauze, as well as efficient preheatings.

• 6. Radiological concerns were limited to some leakages to the RAPSODIE and
PHENIX reactor halls: simple and efficient measures were taken to avoid this
contamination.

To illustrate the absence of major problem encountered in this field, it is
only to say that, save for a peak of 8 TBq in 1976, the gaseous contamination
release of PHENIX is about 5,5 TBq/a.
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2 ] COVER GflS PIPE WORKS: DESCRIPTION, INSTRUMENTATION

The LMFBRs cover gas pipeworks consist of:
- the reactor gas plenum and the hot pipes;
- the radionuclides decay line, separated from the hot line by vapour traps;
- the radionuclides purification unit, before release to the stack;
- the analysis unit.

With regard to this general description, the 3 French reactors: RAPSODIE,
PHENIX and SUPER PHENIX have particular features that will be described
below.

2.1] RAPSODIE

2.1.1] description of the cover gas pipework (Fig. 2.1)

The reactor gas plenum is = 2 m3 ^*\
The cover gas was initially argon. Due to difficulties to rotate the great

rotating plug (ch. 5), an helium flow (- 250 i/h) was tempted successfully,
which yielded a composition of about 80% He - 20% Ar. In 1974, argon was
completely removed.

Continuous injection of gas was performed through the annular spaces of
the rotating plugs to avoid leaks of short-lived radioactive species and
aerosols. About 150 i/h were used for the the analyses, the rest being
evacuated to the exhaust valve for regulating the pressure (= 20 hPa above
pressure of reactor hall). The whole flowrate was aspirated by a compressor to
the desactivation tanks (2 tanks of 30 nr*, pressure up to 4 bars, transit time =
30 h) and the purification unit that retained the fission products before
throwing to the stack.

The hot gas pipework was maintained at 250* C to avoid sodium vapour and
aerosols freezing, with a slope to a hot collector whence the sodium dripped to
the cold storage tank. The hot pipes could be washed by liquid sodium to dis-
solve oxyde and hydride deposits (this operation was performed every 2 or 3
years).

The vapour traps between hot and cold pipes are tanks partially filled with
a stainless steel knit.

Because of problems due to air leakages, and to the absence of radionuclide
purification up to 1977, the recirculation of the cover gas was abandonned very
soon.

All the volumes are given at normal temperature and pressure.
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2.1.2] gas purification

• at delivery
Argon and helium were delivered in bottles with i 50 vpm of total impu-

rities, particularly i 5 vpm of 0 2 and H2O. A supplementary purification was

performed by bubbling through a NaK tank.

• after the reactor gas plenum
The purification unit (ch. 4) was installed in 1977. It has been dimen-

sionned for 1 year of operation with a rate of 10~2 fuel failures.

• before release to the stack
The gas to be released is collected in a 1000 m^ volume, filtered on abso-

lute filters (glass gauze) and controlled (a , p and / measurements).

2.1.3] gas analysis

The instrumentation was essentially experimental and fitted to the needs
of the operators and of the experimentators.

• analysis of inactive impurities

o oil detector (Fig. 2.2)
In case of fissuration of the compressor membrane, some oil can be carried

along the gas pipework.
Principle: A glass plate, covered by a wire gauze is placed perpendicularly to
the gas flow. In the absence of oil, the light emitted by a lamp is reflected by
the glass plate. In the presence of oil, that stretches out on the wire gauze by
capillarity, the light diffuses in the wire gauze. The change is observed by a
photoelectric cell that delivers an alarm.

^ ENSPECT (enrichment/mass spectrometry)
was used to measure the stable xenons emitted by failed fuel and to facilitate
the localization of the failed subassembly. Experimental fuel elements were
tagged. For the others, stable gases measurements allowed to determine the
burn-up of the failed element, which helped for localizing.
The enrichment was performed with charcoal traps cooled by liquid nitrogen (a
few hours), then the charcoal was heated for desorption, and samples were
taken for mass spectrometry analysis.

o gas chromatograph
was used to survey eventual leaks of compressor membranes (increase of the
nitrogen signal in case of air entrance) and bellows of control rods (increase of
the argon signal). Normal operating values were about 100 vpm of nitrogen and
argon. I t could reach 3000 vpm of nitrogen after a fuel handling campaign.

The hydrogen measurements were made difficult by the presence of neon;
the detection limit was about 500 vpm. Methane was not measured.
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• analysis of radioactive species

$ Ionisation chamber (MX 32)
It measures continuously the global (p , j) activity of the cover qas that

circulates in it. A delay line allowed the radioactive decrease of ^Ne. The
change of argon to helium as cover gas decreased the sensitivity by 4, helium
being less ionizing. This was not an inconvenient for the detection of low con-
tamination levels, since it was compensated by the lowering of the 41Ar back-
ground level. On the other hand, it permitted to measure higher contamination
levels before reaching the saturation of the ionizing chamber.

o Gammachromatograph
A sample of cover gas is drawn by a gas carrier to a chromatographic

column for separation of Ne, Ar, Kr and Xe. Gammametry is then performed by a
Nal cristal. The cycle of sample selection, chromatography and gammametry is
performed automatically.

o Gammaspectrometer "COSINUS f
It was used experimentally with a Ge-tt detector.

o PM radon
It detects the cc emission of radon used for tagging.

• analysis of samples
- small volume of gas (10 cm3) for direct gammaspectrometry;
- big volume of gas for mass-spectrometru;
- paper filters for radioactive aerosols (8°Rb, 138Cs).

2.2] PHENIX

2.2.1] description of the cover gas pipework (Fig. 2.3)

The cover gas is maintained at an overpressure of 5-50 hPa, with a normal
regulation between 15 and 40 hPa. The normal flowrate is 7 m3/h, occa-
sionnally 20 m3/h in case of fuel failure.

2.2.2] purity at delivery

Argon is delivered liquid with the following specifications:
nitrogen < 30 vpm hydrogen < 5 vpm hydrocarbides < 1 vpm
oxygen < 20 vpm helium <5vpm
water < 15 vpm CO , CO2 < 5 vpm
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2.2.3] purification

At the exit of the primary tank, the argon flows through a condenser-
separator filled with Pall rings (ch. 5) where it is cooled to 130'C, then
through a filter consisting of 4 p o r a l ^ cartridges (porosity = 20 urn). Both
devices are preheatable and regenerate.

2.2.4] desacttvation

The argon then flows through the primary sodium storage (6 tanks of 100
rrr5) that plays two roles:

- decay of fission products;
- pressure absorber in case of failure of argon supply during a scram.

2.2.5] decontamination

I t is performed by the purification unit (charcoal cooled by liquid nitrogen).
The efficiency is 99% for Xe, 1% for Kr. The unit is dimensionned for 1 year of
operation with a rate of 10"3 of fuel elements failures. The trap is regenerated
by heating. The gas is stored in a 1,6 m 3 pressurized tank (2-3 bars) before
being delivered to the stack.

2.2.6] analyses

The comprehensive gas analysis unit (Fig. 2.4) consists of:
- 2 ionisation chambers (one for the reactor gas plenum, the other for the
outlet of the purification unit surveillance); their signals are recorded in the
control room of the reactor;
- a gammachromatograph (see RAPS0D1E); the signals are recorded on a central
computer;
- a gammaspectrometer with a Ge diode, for particular needs;
- a mass spectrometer, used to discriminate the failed subassembly from the
group of three localized by LRG/gas, by estimating the burn-up;
(The tagging has been abandonned very soon for cost reasons.)
- a chromatograph used to survey the air-tightness of the pipework after works
of maintenance. The only cases when oxygen was observable were leaks of the
compressors membranes. Hydrogen has been detected after important handlings
of components. Methane is not surveyed continuously.

As shown on Fig. 2.4, the gas analysis unit can be used to survey the diffe-
rent parts of the gas pipework.

"poral" : sintered stainless steel
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2.2.7] the LRG/gas device

This analysis device specific to PHENIX is an extension of the LRG plug used
to localize the defected subassemblies by delayed neutrons (Fig. 2.5) [1].

The fission gases carried by the sodium are separated by the means of a
counter current degassing column and analysed by the gas analysis unit. Its
poral filter having been plugged by aerosols at the start up of the reactor, it
was only operational in 1980. Due to the short life of the filtration device
before regeneration is needed (ch. 5), the LRG/gas is used only in case of an
increase of the signal of the ionisation chamber and a confirmation by the
gammatograph of the presence of xenons.

The scanning period of the 41 positions has been reduced by increasing the
rotation speed of the selector: a normal complete rotation is now achieved in
45 minutes, and the signal is still readable when the scanning period is reduced
to 15 minutes.

The best illustration of the efficiency of this system is the fact that it has
been possible to localize a failed subassembly some minutes after a reactor
scram due to the delayed neutron detection system (Fig. 2.6).

2.31 SUPER PHENIX

2.3.1] description of the cover gas pipework (Fig. 2.7)

The overpressure is regulated between 70 and 110 hPa. The flowrate is
normally 10 to 25 m3/h and can peak exceptionnally at a maximum 130 m3/h in
case of start-up. The reactor gas plenum has a volume of 500 m3 and a
temperature of 450'C in normal operation. Argon is cooled to 70*C in a tank of
40 m3 containing - 15 m3 of frozen sodium (used for washing the separating
column), then passes into three 580 m3 tanks that can be used to empty the
primary sodium, and through two parallel filtration devices.

2.3.2] purification

o Towards oxygen: by sweeeping through a tank filled with knitted
stainless steel doughnuts and NaK in which argon bubbles.

o Towards aerosols: at the outlet of the primary tank, argon sweeps
through a condenser-separator. The filtration devices are equipped with 8
PORAL cartridges containing each 19 tubes of 20 urn porosity (ch. 5).

o Towards radioactive species: the 2 purification units (charcoal cooled by
liquid nitrogen) (ch. 4) are planned for a decontamination factor of 104 at 20
m3/h and 0,5. 104 at 130 m3/h, xenons being considered to contribute to 99%
of the total activity to be treated.

An annual regeneration at 150*C is planned. The desorbed gas can then be
stored 3 - 4 months in 10 m3 tanks before release, if necessary.
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2.3.3] analyses

• of the cover gas

A continuous sampling plug (Fig. 2.8) is equipped of two parallel lines: one
in operation, the other in regeneration or stand by. The inner cold trap is
regenerate (at 280*0, the poral filter not. The normal transit time at nominal
flowrate (30 i/h) is 14 min to suppress ^Ne . The flow is then divided in 2
parts:

o 1 /3 goes through a ionisation chamber (p , j) that permits to follow the
range 0,7 - 0,7.106 MBq/m3 and delivers an alarm at 700 MBq/m3 ;

o 2/3 flows In front of a gammaspectrometer (Ge diode + IN 96B
computer). It can work either with a fixed period (1 h) in the absence of
cladding failure, or with a predetermined counting in order to avoid saturation
of the multichannel analyser. The treatment necessitates 8 - 10 min for
achieving: automatic research of the peaks, comparison with the recorded
table, output on BENSON plotting table and on the core surveillance computer
CORA. It delivers a message of good operation, based on the surveillance of z
liquid nitrogen level, low voltage, high voltage, electronic chains.

Sampling into bottles is possible for other measurements.

• before release to the stack

- total p + jr measurement with recording and alarm in the control room;
- continuous surveillance of the activity integrated on filters and charcoal
cartridges.
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3] FISSION/flCTIVflTIQN PRODUCTS flND TRRNSPORT

3.URAPSODIE
3.1.1] Activation products

Changing the cover gas from argon to helium offered the following
advantages:
- the background level of the ionisation chamber was lowered: from 15 GBq/m3

to - 0,5 GBq/m3 ;
- the separation of argon and krypton by chromatography was improved ;
- the influence of 41 Ar on gammametry of kryptons and xenons was suppressed
- the enrichment before mass spectrometry was improved .

3.1.2] Fission products
In case of several cladding failures simultaneously present in the core, the

total activity of the cover gas reached = 7 TBq/m3 [200 Ci/m3]. Apparition of
new failures has been frequently observed by mass spectrometry (importance
of stable xenons, in case of a high burn up pin), since it was difficult to
discriminate between new and old signals from gamma-measurements only.

3.2] PHENIX
3.2.1] Activation products

• 2 3 Ne (T* - 38 s)
Current measurements show an activity of 5 - 7 TBq/m3 In the cover gas.

This low value compared to production can only be explained by an important
delay for coalescence of the atoms and degassing (T» * 50-80 min).

• 4 ! A r ( T * = i lO min)
The activity of 4 1 Ar extrapolated from RAPSODIE (direct activation of the

cover gas) proved to be underestimated by several orders of magnitude in com-
parison to the measured \ ,5 GBq/m3 [40 mCi/m3]. To explain this discrepancy,
it was first assumed that the cover gas of the pumps could be carried along by
the vortex and activated when flowing through the core. Recent calculations
showed that the activity of 4 W could be explained only by (n,p) reaction on
4 1K (the potassium content of the sodium is = 200 ppm, among which 6,9 % of
4 1 K ) .

The degassing constant of argon was analysed during a fast shut down of
the reactor: after a small peak, the activity decreases with an exponential
asymptote (Fig. 3.1). I t is interpreted by the use of two degassing constants: a
nominal constant when the reactor is in operation, and a higher constant at the
moment of the shut-down (possibly due to the coalescence of the bubbles when
the sodium cools).

The adjustment of the calculated curve to the measured values yielded a
nominal constant of 2,4.10"4 s""' (T* Z 48 min), and a shut-down degassing
constant about 3 times higher.
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The fact that the nominal degassing constant has a comparable value as the
neon's is in favour of a similar mechanism of formation: activation of single
atoms, rather than of argon bubbles for which one could expect a higher degas-
sing constant.

• 3 7 A r (T* = 35 d)
It has been measured by gas sampling at a level of 0,2 ± 0,03 GBq/m3.
The possible formation reactions are:

3 7

(n,oc) 37Ar (3).
3*

le formation reactions
36Ar (n,jr) 37Ar (1);
38Ar (n,2n) 37Ar (2);
^ 3 7

Calculation of direct activation of 3*>Ar in the cover gas yields a value
3.108 times lower than measured. Supposing qas carrying (e.g. by the vortex of
the pumps) with a flowrate estimated from >̂ Ar measurements yields a value
3000 times lower than measured.

Reaction (2) does not take place in the cover gas, since it requires high
energy neutrons. It should presumably be insufficient to account for the
measured value in the case of gas carrying.

On the other hand, calculation with reaction (3) and a sodium content of 5
ppm of calcium - which is the high" limit specified for "nuclear grade" sodium -
yields 0,16 GBq/m3 , close to the measured value.

3.2.2] Fission products
The activity level of the cover gas of PHENIX is much lower than at

RAPSODIE: * 0,4 TBq/m3 [10 Ci/m3] is the maximum measured, but it is
generally much less. One reason is obvious: the cover gas volume is 20 times
greater (in operation: 40 m3 compared to 2 m3). In addition, each failure can be
individually localized as well by gas as by delayed neutrons with the LRG
device. The fission products' activity level recovers the background due to
superficial pollution of the pins (some MBq /m3) when the defected sub-
assembly is handled out of the core.

Contrarily to the activation gases (and to the fission gases due to
pollution), the fission gases escaping from a failed pin are assumed to form
bubbles. A model ("BOUFFON") has been checked that supposes no degassing
delay, only diffusion through a tiny hole in the cladding. Adjustment is made on
5 continuously measured isotopes (133, 135, 135m xenons; 85 and 87 kryptons)
of the following parameters:
- equivalent diameter of the hole (common to the 5 curves),
- fuel release rate (one for each curve).

In the example presented (Fig. 3.2), the equivalent diameter is 7 urn. (At
RAPSODIE, current equivalent diameters were found in the range 1-4 |jm.)
Surprisingly, the calculated release rates from fuel are similar (in the range 4
- 11 %), without correlation with the radioactive decay constant.
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4 ] COVER GflS PURIFICRTION TECHNIQUES

4.1JRAPS0DIE

No particular measures were taken before 1977, save decay and eventual
storage before release to the stack. Due to the increasing number of experi-
mental fuel irradiated up to failure, a purification unit was then put into ope-
ration (adsorption by charchoal cooled by liquid nitrogen). Combined with the
change to helium as cover gas, the advantages to use cryogenic charcoal
appeared to be:

- good efficiency not only towards xenon (« 100%),
but also for krypton 0 80 %);

- low investment cost in comparison with other methods (cryogenic
distillation, solvents);

- simplicity to use;
- low operation costs;
- small volume.

Two traps were used (one in operation, the other in regeneration by heating
or in.stand-by) at a working temperature of 78 K (-195*0, authorized by the
use of helium as carrier. The desorbed gases could be stored before release to
the stack in 4 storage tanks of 150i. The consumption of liquid nitrogen was
lOi /h .

4.21 PHENIX (Fig. 4.1)

4.2.1] cooled charcoal adsorber

It works with the sweeping argon flowrate of 7 to 20 nrVh. The gas is
filtered on an absolute filter (glass gauze), flows through the economizer (an
argon-argon exchanger), then through the cooler (argon coil immersed in liquid
nitrogen at 103 K l-170'C]) before entering the adsorber (6 i of charcoal under
4 bars ). It goes out through the economizer and an absolute filter. The charcoal
can be changed (the valves are remote controlled).

Its efficiency towards xenon is 99%.

4.2.2] cryogenic distillation pilot

Since the charcoal adsorber has no practical efficiency towards krypton, a
cryogenic distillation unit has been studied and installed on the reactor (Fig.
4.2). It has just been checked but it is not used continuously, because there is
no necessity in normal operation:
- the activity releases measured up to now are low (ch. 6);
- no tags are used for fuel failure localization (ch.2).
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The results of the cryogenic distillation pilot have been presented in 12]:

First, binary argon-krypton mixings were studied, with Kr volumic concen-
trations of 5.10"9 to 5.10"7 . Then, the influence of xenon and of other impu-
rities has been measured : helium, nitrogen, oxygen, methane, carbon dioxide,
water.

The purification factor obtained towards krypton was much higher than
104, which Is the performance required in the RNR 1500 project, and was not
influenced by xenon up to volumic concentrations of 10"4.

At high xenon concentration (> 2.10"^), the solubility limit is reached, and
cristate are formed. They can plug pipes, as observed on the device for contro-
ling the level of liquid argon by pressure difference. To avoid this problem, two
captors were tested: a resistive and a capacitive. The latter was recommanded
for its precision, reproductibility and space occupied.

Helium and nitrogen have no effect on the operation of the column, nor do
carbon dioxide nor water. Oxygen is partially retained, but the ozone content
measured after 6 months was very low.

Finally, only methane was found to potentially perturb the operation of the
distillation column: it is trapped totally in the boiler, where its cristailisation
can create pluggings of the ancillary pipes, and of the column in case of big
bursts.
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5] SODIUM RER050LS

5.11 EXPERIMENTAL RESULTS [3]

5.1.1] concentration of aerosols in the cover gas

We have no quantitative model to predict the formation of aerosols.
From a parametrical study performed in GULLIVER facility (0tank- bin) (Fig.

5.1), the factors favorizing the formation of aerosols were found to be:
1 ] the sodium temperature;
2] the temperature gradient in the cover gas:

at TNa = 530'C , a diminution of T r o o f from 525 to 405'C

causes an augmentation of the aerosol concentration by a factor 2 ;
3] the araon temperature:

an augmentation from 120*C to 525'C
causes an augmentation of the aerosol concentration by a factor up to 3 ;

4] the argon flowrate:
an augmentation from 10 m3 /h to 130 m3 /h
causes an augmentation of the aerosol concentration by a factor 3,3 .

5.1.2] behaviour of the aerosols

The phenomena taken into account in the French code "Aerosols A2"
developped by CEA/DEMT are [3]:

1] sedimentation (Stoke's law);
2] wall deposition by Brownian diffusion and thermophoresis (Brock's law);
3] particle coagulation by gravitational settling, Brownian diffusion and

turbulent gas motion;
4] impacts in bends.

A comparison of the Aerosols A2 calculations with experimental measu-
rements was performed on two cases:

11 Deposition in pipes.
The experiment was performed in the loop ECOSSA (21m long, 0 = 80 mm, 9
bends at 90*). The preheating of the pipes allowed to avoid thermophoresis.

The agreement lies within a range of * 2.

21 Deposition on cold surfaces.
The experiment was performed on a cylindrical cell placed in GULLIVER (Fig.
5.2). The dimensions of the cell are: 0 = 35 cm, h = 14 cm. The temperatures
were: TN a = 180*C, T A r = 108#C, T c e l l = 55-65'C.

- A good agreement was found for sedimentation on horizontal plate (factor
2 to 3).

- The deposition on vertical walls by thermophoresis was highly over-
estimated.
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5.2] AEROSOLS TRAPPING DEVICES
They should be dimensionned in accordance with the mass of aerosols to

trap but, since this is difficult to predict (e.g. the concentrations obtained at
PHENIX were higher than expected from experiments in facilities), their design
depends actually from the argon flowrate:
• no flowrate: small traps to protect the measurement apparatus (e.g. pressure
gauge);
• occasionnal argon flow (expansion tanks): traps of greater size and of simple
conception, depending on the peak flow;
• low argon flowrate (clad failure detection pipework: 30 to 300 i /h):
The vapour traps (Fig. 5.3) consist of an envelope of wire gauze filled with
knit ^ . In the new design, only two concentrical cylinders of wire gauze are
used. The gas is filtered at inlet and outlet by "porals".

This type of traps were studied and developped on the PAVANA loop [4J.
• high argon flowrate (20 to 130 m3/h) : a condenser-separator is used
(Fig. 5.4). It consists In a cold trap cooled by air, filled with Pall rings. The
sodium flows into the cold tank, the argon Is filtered at the exit by "porals".

This type of traps were studied and developped on the COPACABANA loop
(for PHENIX). The SPXl separating column was Investigated on ECOS5A loop on
GULLIVER; at high flowrate (50 nr /h) , the trapping efficiency was 98,6% .

To prevent the ingress of aerosols into annular spaces, the lower part is
designed to get plugged by a liquid sodium seal contained in a drip receiver [4]
(Fig. 5.5).

5.3] EXPERIENCE OF RAP50DIE [5]

5.3.1] Plugging of the annular space of the great rotating plug
Since the very first year (1967), ft was necessary to heat the lower part of

the rotating plug (Fig. 5.6) above 100'C and to perform rotating movements
during its cooling.

In 1969, even the upper part of the rotating plug had to be Increased up to
1 OO'C, which proved a progression of the aerosols.

The decision was then taken to Inject a flow of helium (200 i/h) in the
upper part of the annular space: this suppressed the difficulty to rotate the
plug. The observed effects were:
- the reduction of the diametral temperature dissymetrles (the temperature
difference decreased from 80*C to 10*C),
- the stratification of the axial temperatures,
- the suppression of the free-convection currents,
- a barrier of density.

(*) "knit" : stainless steel knitted wire
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A gas sweeping stop during two days showed no influence on the
temperatures: this proved that the important fact was the presence of helium,
not the sweeping flowrate. (However, the leaks through the metallic bond
necessitate a dynamic barrier.)

In 1974, argon was completely removed for other reasons (ch. 3 & 4)
without consequences concerning the temperatures of the great rotating plug.

On the other hand, the small rotating plug caused no problem - although the
gap was similar : 15 mm compared to 16 mm.

5.3.2] observations in the gas pipework

The flowrate was normally * 150 i/h but could reach 6 m3/h at maximum.
The hot pipework was preventively cleaned by circulating sodium at 250*C

every 2 or 3 years.
The filtration equipment consisted initially of a NaK pot where the

condensation of sodium vapours was performed by bubbling. After plugging of
this device, the pipework was modified: aerosols trapping was then performed
by a mere decantation in the 30 m3 storage tank and a filtration by poral at the
outlet of the tank.

The vapour trap on the pipework for cover gas surveillance had to be
regenerated several times per week, and finally plugged.
The design of the trap was changed (Fig. 5.7). At the time, the use of a helium
atmosphere diminished the concentration of aerosols. Furthermore, the vapour
trap was integrated in the small rotating plug, which prevented air entrance
and suppressed the necessity of regeneration.

5.3.3] observation of the reactor gas plenum

Pictures of the deposited aerosols have been taken at various times:
- m 1977, on the control plug that was removed;
- in 1981, just below the slab;
- in 1985, after sodium emptflng.

The layer reaches a few cm on the vertical walls of the tank and of
components and on horizontal plates.

5.4] EXPERIENCE OF PHENIX [5]

5.4.1] Rotating plugs

The gap of the annular space is 45 mm. Two endocopic examinations
performed in October 1974 and august 1975 showed no noticeable change of the
sodium layer (2 to 3 mm).
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5.4.2] Control rod mechanism

The deposit of sodium compounds along the annular space of one type of
control rod (not equipped with a bellow tightness) ceased when the argon
sweeping was stopped: it appeared to be preferable to leave the argon
atmosphere static.

5.4.3] Sodium trapping devices

11 condenser-separator
During the reactor start-up tests, pluggings occurred very fast in the outlet

filter of the condenser-separator at a flowrate of 50 nr*/h (the aerosol con-
centration was 5 times higher than that of the facility on which the condenser
-separator was tested at Cadarache). This was solved by the following mea-
sures:

- increase of the inlet line temperature up to 350'C;
- increase of the outlet line temperature up to 300* C;
- decrease of the argon flowrate to 7 rrP/h (Jn case of contamination due to

clad failure, it can be increased up to 20 m3/h).

21 vapour trap of the cover gas surveillance pipework : no problem.
The two 10 I traps filled with knit work properly in parallel: one is in ope-
ration for 100-150 h, the other is being regenerated or stands by.

31 vapour trap of the LRG/qas plug
The poral filter at the outlet of the vapour trap (2 tanks filled with knit)

plugged very early at the start-up of PHENIX, which showed that the vapour trap
was not efficient enough.

Both were changed tn 1980. The new vapour trap had no knit but Just two
cylindrical wire gauzes (Fig. 5.3). The poral filter still plugged rapidly. The
surface of the poral filter was then increased by 3-4 (cartridge of cylindrical
filters) which permitted to perform 50 scannings before plugging. A recent
improvement was found by operating the vapour trap at a lower temperature
(45*C instead of 95*C): the poral filter should not plug before several months,
and the vapour trap has to be regenerated once a week.
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6 ] RflDIQLOGICflL CONSIDEHflTIQNS

6.1] RADIATION LEVELS

6.1.1JRAPS0DIE

It appeared that, in case of a high activity level of the cover gas, the
reactor hall was contaminated. The cause of the leakage was attributed to the
powder formed in the metallic bonds of the rotating plugs. A collector of
contamination (COCON) was built on the roof and the collected contamination
released directly to the stack.

The change of cover gas (argon to helium) did not increase the leaks, but a
dynamic barrier had to be maintained by sweeping about 200 i /h.

6.1.2] PHENIX

On a few occasions, a gaseous and dust activity has been measured in the
reactor hall. It peaked at 1 MBq/m3 of gas (essentially xenons) and 2 kBq/m3

[88Rb].
The leakages (e.g. passages of thermocouples wires) were localized and

plugged. Two supplementary measures are usually taken in case the activity is
higher than A GBq/m3: the flowrate of sweeping argon is increased (from 7 to
20 m3/h), and the overpressure of the reactor plenum is decreased to the
minimum value (5 hPa). This measures appear to be sufficient to lower the
activity in the reactor hall below the maximum admissible concentrations.

6.1.3] SUPER PHENIX

The activity in the purification unit is calculated to be 300 TBq at a 12 m3/h
sweeping flowrate (500 TBq at 25 m3/h) at equilibrium with nominal failures
rates, and to peak at double values during transients.

6.2] MAINTENANCE CONCERNS

6.2.1] consumption of fresh cover gas

The consumption of helium at RAPSODIE appeared to be about A times
greater than evaluated on the basis of the 200 i /h sweeping flow. The argon
consumption was also higher (by a factor of about 4) than the theoretical flow,
due to leaks in the dynamic bonds. To suppress leaks by evaporation, argon was
delivered in bottles.
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6.2.2] radioactivity of the aerosols

After 24Na decay, the activity of the sodium aerosols is mainly due to 22Na
and also to 134Cs and'37Cs, because of a high enrichment factor.

Measurements were performed at RAPSODIE in 1977 on samples taken on
the control plug that was changed. Enrichment faptors of 100 to 400 were
obtained.

After the sodium emptilng in 1985, 3 samples were taken:
(A) under the great rotating plug (Toper = 300*C);

(B) on an anti-sodium stopping of the great rotating plug (Toper - 355*C);

(C) under the small rotating plug (Toper = 300'C).

The measurements of 22Na, 134Cs and 137Cs are very similar on the three
samples. The activity of 22Na appeared to be the same as measured by
TASTENA at 400%C in the primary sodium of RAPSODIE in January 1982 (taking
into account the decay rate). Furthermore, the ratios l'34Cs]/['37Cs] in the
aerosols and in the sodium were found to be very close. These two facts
suggest that the aerosols were formed a short time before RAPSODIE stopped.

The following activities (expressed in MBq/kg at beginning of January
1982, when the reactor was definitively shut down) were obtained:

aerosols TASTENA

15
310
6300

15
2,1
44,4

22Na
134Cs
137Cs

The ratios lCs]aer0S0|/ [Cs]Na are « 150.

6.2.3] contaminated carbon deposits

At RAPSODIE, the decontamination of the upper part of primary pumps was
made difficult by the presence of a carbonated deposit - due to small lubricant
leaks - that fixed cesium. It could be removed only by scrubbing.
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6.3] RELEASES TO THE ENVIRONMENT

6.3.1] RAPSODIE (Fig. 6.1)

Three periods of time can be considered:

1) until 1974: desactivation volume = 2 x 4 m 3 .
The annual release peaked in 1971 (first year of

operation with FORTISSIMO, 40 MW) at: 130 TBq.
2) from 1974 to 1977: desactivation volume = 30 m 3 .

The annual release peaked in 1976 at: 85 TBq.
3) after 1977: purification with charcoal.

The annual release peaked in 1977 at: 40 TBq.

The releases were mainly (80-98 %) due to 1 3 3xe.

Concerning the internal contamination of the personnel in 10 years, traces
of contamination were measured 95 times, among which 75 due to ' 3 7Cs. Only
7 cases were above 50 uSv [5 mrem}.

6.3.2] PHENIX (Fig. 6.2)

The gaseous release is 65 TBq [1770 Ci] in 12 years:
annual average = 5 TBq,

with a peak at 8 TBq /a in 1976.
(Authorized figure: 400 TBq 111 000 Ci].)

6.3.3] SUPER PHENIX

The following annual releases (TBq) are planned with a gaseous
flowrate of 12 m 3 /h : 133Xe : 0,2 ; 3 7 A r : 11 ; 8 5Kr : 11 . total = 22 TBq.
(Authorized figure: 220 TBq [6 000 Ci].)
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Fig. 2.1 : Cover gas pipework of RAPSODIE
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Fig. 2.2 : Oil detector of RAPSODIE
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-Fig:2.3- COVER GAS PIPEWORK OP PHENIX
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-Fig:2.4- GAS ANALYSIS UNIT OF PHEN1X
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-Fig2.5- FUEL FAILURE LOCATION (LRG)
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-Fig:2.6- EXAMPLE OF LOCALIZATION BY LRG/GAS OF PHENIX
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Fig. 2.7 : Cover gas pipework of SUPER PHENIX
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Fig. 3.1 : Degassing curve of 4 I Ar at PHENIX
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Fig. 3.2 : hodelisation of the release of gaseous ftssfon products
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-Fig:4.i- PURIFICATION PIPEWORK OF PHENIX
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-Fig*.2- SCHEME OF THE CRYOGENIC DISTILLATION OF PHENIX

en
CO

I

-COMOEMSER.

? ) -MPOVERBHED AREA.

5 ) -SUPPLY BOX.

T) -ENRCHED AREA.

? ) -801ER.

j



13

a.
>-

-54-



Fig. 5.1 : The GULLIVER facility
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Fig. 5.2 : Aerosol deposition cell in GULLIVER
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Fig. 5.3 : Schemes of vapour traps
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Fig. 5.4 : Scheme of condenser-separator

CS Outlet
' regulation

Argon Outlet'

Thimbles

reguwt
Aroon Met

Condensed Na

-58-



Fig. 5.5 : Annular space experimental plan
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Fig. 5.6 : Rotating plug of RAPSODIE
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Fig. 5.7 : Scheme of vapour traps of RAPSODIE
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Fig 6.1 : Gaseous releases of RAPSODIE
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-Fi96.2- GASEOUS RELEASES OF PHENIX
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A specific problem of sodium-cooled reactor plants is the

purity of the noble gas argon which is used to protect the

liquid alkali metal sodium in its systems in order to avoid

or reduce disagreeable reactions between sodium and gaseous

compounds like moisture or air and organic products like oil

and grease. But as this contact cannot completely be excluded,

we have to recycle such soiled cover gas. Simultaneous this

procedure has to correct the release of radioactivity. There-

fore the cover gas purification of primary systems of reactor

plants contains the removal of the inorganic chemical disposal

and of the nuclear waste.
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General Considerations on the German Cover Gas

Development

During the first decades of the German/DEBENE breeder

technology the cover gas purification of the KNK and

SNR-300-reactors was strongly stamped as well by the

loop character as by the sizes of the gas volumes

which protect the liquid coolant systems. In both

cases we had to look only for the conditioning of

relatively small primary gas systems. For this purification

two ways were known and succesfully operated, namely

the rinsing of cover gas by fresh argon in order to

remove all non-radioactive impurities and the reducing

of cover gas activities by the installed aerosol traps, decay

tanks, and charcoal delay beds.

In the frame of the SNR 2 design this purification

technology was modified. The known loop type reactor

changed to a pool type reactor called SNR 2. Instead of

the delay technique at nearly ambient temperatures

the low temperature adsorption was envisages mainly for

economical reasons.

Kind and Size of Cover Gas Impurities

The sources of the non-radioactive and radioactive cover

gas impurities are very different and independent on

the gas volumes, because the presence of trouble-making

substances is only related to unintentional events within

the gas systems. Thus the inactive cover gas inpurities

may be caused by moisture on the metallic surfaces,
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by air leakages during reactor operation and maintenance,

and by oil after a leak in the pump system. Except by the

nuclides Na-22 and Na-24 the cover gas activity is caused

by the release of the fission product Xe-133 from

failed fuel elements and by the activated product Ar-41.

More information about the cover gas quality and

impurity sources is given in the tables I and II (Fig. 1

and 2).

In the German reactors the determination of these impurities

in cover gas is done by the following two methods:

continuous measurement of non-radioactive gaseous

impurities by in-line gas chromatography

- discontinuous measurement of radioactive gaseous

impurities by y-spectrometry after sampling

As to that inpurity control by gas chromatography the

cover gas is pumped into the analyzing apparatus in

distances of few minutes, where species like hydrogen,

oxygen, nitrogen and methane will be analyzed. But for

moisture we like a special probe. This procedure has

the advantage, that the reactor operator gets a lot

of results from different positions by using only one

analyzer. Thus, it is possible to have a quick information

about unexpected penetration of impurities.
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3 Cover Gas Purification Techniques

Basis Techniques for Removal of Impurities

Because of their affinity to sodium the greatest part of

the oxygen, hydrogen and tritium impurities can easily

be removed via the primary sodium cold traps. Also

Jodine will mostly be retained in the sodium cold trap.

Sodium aerosols and sodium oxide can be held back in

aerosol traps, basing on sintered metal inserts or

packed beds of Pall rings. Nitrogen and methane as well

as a residue of other impurities will be removed by cover

gas sweeping or by freezing in the low temperature

adsorption technique. Active noble gases usually are

removed in charcoal beds. The cover gas cleaning normally

is a combination of different methods.

3.1 Purification Facilities

Cover Gas Purification of the KNK-II-Reactor at Karlsruhe

The combination of cold traps for oxygen, hydrogen, tri-

tium, and iodine, sintered metal aerosol traps, decay

tanks and charcoa delay beds at ambient temperatures so

far worked very successfully. Despite the transfer

from KNK I to the fast reactor KNK II with construction

work in the primary system the radiation exposure of

the operators was far below the accepted doses.
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The Purification of the Kalkar SNR-300 (Fig. 3 and 4)

As for KNK many impurities will be removed via the

primary sodium purification system by cold traps.

The cover gas continuously will be cleaned in a series

of 9 charcoal delay beds. Before fuel handling the

purification effect can be improved by an additional

parallel chain of 6 charcoal delay beds. Both chains

work at ambient temperatures. They are cooled by air.

The charcoal beds are designed for the retention of noble

gases. The delay time is 40 hours for Xe.

Moreover, the radioactive waste gas line, which amongst

others takes over the off-gas of the reactor cover gas

system, contains a group of storage tanks for decay

of mainly the Ar 41 acitivity, followed by an additional

series of 10 charcoal delay beds with a decay time of

50 days for Xe.

Each of the delay tanks in the whole system contains

220 kg charcoal.

The working pressure in the purification system is 1,5 bar,

in the waste gas line 6 bar. The purification flow is

15 std.m3/hr.

The Cover Gas Purification System for SNR 2 (Fig. 5)

For the SNR 2 a different technique will be applied.

Instead of the delay technique at ambient temperatures

the low temperature adsorption at about -180 °C is

foreseen. The reasons are
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Considerably smaller amounts of charcoal

- Lower space requirements in the expensive reactor

building region

Technique proved in the conventional and nuclear

industry

Two large decay tanks of 580 m3 each are available

(which are part of the sodium filling system in the

commissioning phase and operate as pressure buffer

for the reactor cover gas system).

The total amount of charcoal is roughly 140 1. The low

temperature will be provided by liquid nitrogen. The

cover gas will be cleaned continuously, the argon flow

is 20 std.m3/hr, the operating pressure 1,4 bar. It can be

increased to 50 std.m3/hr before fuel handling operation or

in case of an increased number of pin failures.

Experience with Sodium Vapour Traps

Though it is an unpleasant property of sodium aerosols

to deposit at places with a lower temperatur level, this

phenomena is used to remove sodium aerosols at selected

positions by specially developed vapour traps. Thereby

it is possible to reduce the content of vaporized sodium

metal carried by the cover gas through the pipes and tanks

of the different gas lines. These vapour traps must be

installed as near as possible to the sources of vapour

to minimize the potential plugging danger and to optimize

the required heating of all upstream gas lines.
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During KNK I operation from 1969 to 1974 in the

primary and secondary cover gas systems the so called

swirl chamber traps had been installed. This first

generation of sodium vapour traps were designed for

an argon flow rate between 0,25 and 1,0 std.m3/hr.

This type of traps was developed with the aims to

have a "self cleaning" and "maintenance free" component.

It consists only of a swirl chamber, a cooler, and a

small sodium dump tank below the chamber. This device

was operating with a cover gas outlet temperature of

100 °C and with an efficiency of precipitation of 99,1 %

up to 40.000 hours without heavy problems.

Whilst KNK I was converted into KNK II in 1974 all

swirl type vapour traps of the primary system were

replaced by a second generation type which consists of

a pressure vessel with a baffle plate supporting a

series of stainless steel filters (Fig. 6). The trap

itself is filled with Pall rings and operates with a

cover gas outlet temperature of 100 °C and an argon

flow rate of 2,5 std.m3/hr. Up to now these vapour

traps have been operating 90.000 hours with an

deposition efficiency of 99.99 %.

Meanwhile a third generation of sodium vapour traps

is present (Fig. 7). It is a combination between

a pressure vessel, a central suspension tube, a

variable number of filter discs, and a corresponding

number of metallic ring gaskets. Vapour traps of this

design have been built for flow capacities of

25 std.m3/hr with 60 filter discs. The operation of

these vapour traps is of course more influenced by gas

impurities than the other. Therefore the user has to look

for good conditions in the reactor gas systems.
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COVER GAS PURIFICATION IN THE GERMAN LMFBR-PROGRAMME

Radiological Considerations

The main design data given in Table III (Fig. 8)

are still in discussion.

The present preliminary basis is given as follows:

The design boundary values are proposed for calculations

of the short time flux of acitivities within the

plant, the shielding of the components, and radiological

incidents from the reactor cover gas system.

The lower defect rates are proposed for long time

radiation considerations, e. g. the calculation

of fission product inventories in the primary

sodium system, the radiation of materials, and the

maintenance and inservice inspection requirements.

Synopsis

The German cover gas purification distinguishes two methods

to get better qualities of the used argon. The first

procedure engages in the removal of non-radioactive products

which are caused by the extreme sodium affinity to other

components or elements and are carried with the cover

gas to colder parts of the plant. This task has to be

solved mainly during the comissioning phase and is executed

by sweeping with fresh argon. The second procedure engages

in the reduction of radioactive nuclides during KNK and

SNR-300 plant operation and is done by the use of sodium

vapour traps, decay tanks, and by charcoal delay beds working

at ambient temperatures. For the SNR 2 this arrangement

is modified and replaced by a low temperature adsorption.

Up to now our confidence in these cover gas purification

handlings are based on the positive experience.
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FIG. 1

TABLE I: COVER GAS QUALITY (FRESH ARGON)

SPECIES

ARGON

OXYGEN

HYDROGEN

NITROGEN

METHANE

MOISTURE

CONCENTRATION

99/99 %

< 2 5 VPM

<C 10 VPM

< 50 VPM

<ClO VPM

< 5 VPM

FIG. 2

TABLE II: GASEOUS IMPURITIES OF LMFBR PRIMARY COVER GAS

SPECIES (DECAY PERIOD)

HYDROGEN

OXYGEN

NITROGEN

MOISTURE

METHANE

ARGON-41 (1,83 H)

NEON-23 (38 s)

XENON-133 (127 H)

SOURCE

AIR. OIL/ DIFFUSION

AIR/ FRESH ARGON

AlR/ FRESH ARGON

AIR/ FRESH ARGON

OIL/ GREASE

REACTOR OPERATION

REACTOR OPERATION

FISSION PRODUCT RELEASE
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FIG.
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FIG. 6

VAPOUR TRAP FOR LOW

FLOW CAPACITY
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PRESSURE VESSEL

BAFFLE PLATE

CANDLE FILTER

STEEL WIRE CLOTH

FIG. 7
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FILTER DISC

METALLIC RING GASKET

LOCK SCREW
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I FIG. 8

TABLE III

RADIOACTIVE GAS DISPOSAL AND AIRBORNE RELEASE TO THE ENVIRONMENT FOR SNR-300 AND SNR-2

DEFECT RATE OF FUEL PINS

- GAS LEAKER
• DESIGN BOUNDARY
VALUES

• FOR LONG TIME
RADIATION CONSIDERA-
TIONS

- OPEN FAILURES
• DESIGN BOUNDARY
VALUES

. FOR LONG TIME
RADIATION CONSIDERA-
TIONS

COVER GAS PURIFICATION

OFF-GAS PURIFICATION

SYSTEM LEAKAGES

AIRBORNE RADIOACTIVITY
RELEASE TO THE ENVIRONMENT

RAD. ANNUAL EXPOSURE IN THE
ENVIRONMENT FROM AIRBORNE
RELEASE (LIMIT ACCORDING TO
THE GERMAN RULES FOR WHOLE
BODY 30 MREM/A)

SNR-300

325 PINS (1 %)

33 PINS (1/00)

30 PINS

1 PIN

- SODIUM AEROSOL TRAP

- CHARCOAL DELAY BED

- FLOW RATE 25 STD.MVHR

- REACTOR VESSEL COVER GAS
VOLUME W M3

- DECAY TANK AND DELAY BED
SYSTEM

- DELAY TIME: XE 50 D
KR 3,5 D

- OFF-GAS RATE < 3 STD.MVHR

< 1 STD.L/HR VIA SEAL GAS SYSTEM

- <2,6 • 10 1 5 BQ/A
= 70,000 Cl/A NOBLE GAS

- JODINE AND AEROSOL RELEASE
NEGLECTABLE

< 3 MREM WHOLE BODY

SNR-2

>

100 PINS (1/00)

10 PINS (0,1/00)

10 PIN FAILURE EVENTS
PER YEAR IN THE CORE

2 PIN FAILURES CONTINUOUSLY
IN THE CORE

- SODIUM AEROSOL TRAP

- LOW TEMPERATURES ADSORBER,
EFFICIENCY 2 • 10"^ FOR XE

- FLOW RATE 20 STD.MVHR

- COVER GAS VOLUME IN THE
REACTOR VESSEL 400 M3

(TOTAL COVER GAS VOLUME
1600 M3)

- NO PURIFICATION

- OFF-GAS RATE < 0,1 STD.MVHF

< 5 STD.L/HR VIA SEAL GAS SYSTEM

- <9,3 • lO14 BQ/A
s 25,000 Cl/A NOBLE GAS

- JODINE AND AEROSOL RELEASE
NEGLECTABLE

< 1 MREM WHOLE BODY
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INTRODUCTION

KNK II is an experimental, sodium-cooled fast breeder reactor.
The reactor was operated until 1974 with a thermal core (KNK I).
The plant was converted into a fast breeder reactor (KNK II) from
1974 to 1977. The commissioning of KNK II was started in October
1977 with the first fast core KNK II/1. After 400 effective full
power days (EFPD) the reactor was shut down in August 1982. After
replacing the complete core by the second fast core KNK II/2, the
plant went into operation again in August 1983. In August 1986
nearly 400 EFPD were achieved with the second fast core.

Argon is used as cover gas in the primary and secondary sodium
systems of KNK. In former times fresh argon was supplied by a
bundle of gas cylinders. Later on a liquid argon supply was in-
stalled. Purification of cover gas is done by flushing only.
During KNK I operation no fuel failures occurred. The primary
cover gas activity was characterized by the formation of Ar-41;
only small quantities of fission gas were measured, released
from "tramp uranium". Therefore, no problems existed during
KNK I operation with regard to radioactive gas disposal.

However, after start-up of KNK II, several fuel elements failed.
Until August 1986, five fuel failures were observed, two in KNK
II/1, and three in KNK II/2. Sometimes, operation with defective
fuel pins caused problems when fission gases leaked into the con-
tainment atmosphere, and the access had to be restricted. The
purging rate of the primary cover gas was limited by the capaci-
ty of the charcoal filters in the delay line.

Of all non-radioactive impurities, hydrogen (H2) and nitrogen
(Na) were of most importance in the primary cover gas. Main sour-
ce of both impurities was the ingress of air and atmospheric moi-
sture during handling operations in shutdown periods. An other
possible source for hydrogen might be a release from the steel-
clad zirconium hydride, used as moderator in the moderated driver
fuel elements. Additional nitrogen may diffuse through the freeze
seals of the primary valves located in the nitrogen-filled "pri-
mary cell" of the plant.
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2. PRIMARY AND SECONDARY COVER GAS SYSTEMS

2.1 Supply of fresh argon

During the early years of KNK I the fresh argon was supplied by
six bundles of compressed gas cylinders. A bundle consists of 12
cylinders. Each of these gas cylinders (50 liters volume) was
filled with 10 standard m of argon at a pressure of 200 bar.
Therefore, a total storage volume of 720 standard m was avail-
able. Because the argon consumption was higher than expected, and
because of some tightness problems the bundle supply was replaced
by a liquid argon supply as early as 1970.

Main components of the liquid argon supply (Fig.1) are a liquid
argon storage tank, an air-heated evaporator, and an air-heated
superheater. The capacity of the liquid argon storage vessel is
2400 kg Ar (= 1460 m ) . The maximum evaporator capacity is
30 m /h. For the cover gas supply "ARGON 5.0" (a product of the
MESSER-GRIESHEIM company) is used. The nominal purity of "ARGON
5.0" is:

Ar > 99.999 % (vol.),
O < 2 vpm,
N < 10 vpm,
CO < 0.1 vpm,
Hydrocarbons < 0.1 vpm.

The consumption of fresh argon varies between 1 and 40 m3/d. The
average Ar consumption in 1984 and in 1985 was about 15 m3/d in-
cluding all enforced cover gas flushings, as to be seen from Fig.2.
It demonstrates that the argon consumption does not depend on the
nuclear power operation.

2.2 Primary and secondary cover gas circuits

KNK II is a loop type reactor. It has two primary circuits with
two intermediate heat exchangers and two primary sodium pumps in-
stalled in the hot leg of the systems. The total primary sodium
flow rate is 1140 m /h at 100% nuclear power. The sodium inlet
and outlet temperature is 360 C and 520 C, respectively.

All argon volumes mentioned are "standard cubicmeters"
at 1 bar and 293 K.
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2 SPARE BUNDLES
(WITH 12 COMPRESSED
GAS CYLINDER EACH)

SECONDARY
COVER GAS

PRIMARY
COVER GAS

LIQUID
ARGON VESSEL

SUPERHEATER
(AIR HEATED)

EVAPORATOR
(AIR HEATED)

Fig.1: Liquid argon cover gas supply at KNK II
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2.2.1 Primary cover gas system

The primary cover gas system (Fig. 3) consists of the gas plenum
in the reactor vessel ("reactor plenum") with a volume of 2.1 m3

at 500°C sodium temperature, the cover gas plenums of the primary
sodium pumps (1.35 m3) at 500 °C, and the volume of the gas cir-
cuit for the failed fuel detection system (0.77 m3) at 0°C. This
adds up to a total volume of the primary cover gas system of 1.99
m3/h, related to standard conditions (1 bar, 273 K ) . The failed
fuel detection circuit feeds continuously 1 m3/h from the cover
gas plenum of the reactor to the failed fuel detection measure-
ment equipments. This gas flows partially back through the cover
gas plenum of the primary sodium pumps, and then into the gas ple-
num of the reactor (0.72 m 3/h). The other part is fed directly in-
to the gas plenum of the reactor in order to flush the gap between
the reactor tank and the rotating plug (0.28 m 3/h). In normal reac-
tor power operation the reactor cover gas plenum is fed with 11 li-
ters/h of fresh argon by flushing the control rods of the second
shutdown system in order to prevent sodium aerosol deposition.
5 liters/h are continuously withdrawn from the system for gas
chromatographic measurements, 6 liters/h escape by the way of
leakages. An overpressure between 10 and 30 mbar is maintained
in the primary cover gas system.

fresh
.argon ^

pump

failed fuel
detection
system

— • • t o waste gas
disposal

0.72 m3 h"1

gas chroma to-
. graph 6 I h*1

sodium dump tank

Fig. 3: Primary cover gas system KNK II

This described, normal operating mode is different from the en-
forced flushing procedures occasionally initiated in order to re-
duce the radioactive and non-radioactive impurity content of the
cover gas. Flushing is the only possibility at KNK to clean up
the primary cover gas system. Two directions of the flushing gas
flow are possible:
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supply of fresh argon into the gas plenum of the primary dump
tank, and via the reactor sodium overflow piping to the reac-
tor cover gas plenum and finally to the waste-gas line,

supply of fresh argon directly into the reactor cover gas ple-
num and out to the waste-gas system.

2.2.2 Secondary cover gas system

The secondary cover gas circuit is a static system. It includes
the gas plenums of the two secondary surge tanks, and the gas
plenum of the secondary dump tank. Again, no purification is pro-
vided in this system except the possibility to purge it with
fresh Ar. In order to do so, the cover gas pressure has to be de-
creased and increased alternately. During regular operation an
overpressure of about 4,5 bar is maintained in the secondary co-
ver gas system.

2.3 Radioactive gas disposal

The aim of the waste-gas treatment is to minimize the release of
radioactive effluents into the environment. The waste-gas treat-
ment of the primary cover gas includes to buffer tanks, two va-
cuum pumps, oil separators, and an activated charcoal bed for ra-
dioactive fission gas delay (Fig.4). Each buffer tank has a volu-
me of 5 m 3 . The charcoal filter unit consists of 12 single columns
filled with a total amount of 1000 kg activated charcoal. The to-
tal length of the charcoal beds is 25 m*. The nominal delay time
for Xe-133 is 90 days at a gas flow rate of 0.5 m3/h. The waste-
gas is filled at first into one of the two buffer tanks up to a
pressure of 0.9 bar. Then the off-gas flow is switched to the se-
cond buffer tank, while the gas from the first tank is transpor-
ted to the charcoal beds by the vacuum pumps. If the waste-gas
activity is lower than 1.85 x 10$ kBq/m3 (50 Ci/m3), the flow ra-
te through the charcoal column may be increased above 0.5 m3/h.

environment
activity
measurement

activity pressure
measurement gauge

i—(a—"*

chimney

from primary_
cover gas

Fig. 4:

coyer gas delay plant
(with 12 charcoal beds)

aerosol filter
vacuum
pump oil

- . separator

Waste treatment of the primary cover
gas at KNK II
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3. COVER GAS SURVEILLANCE

3.1 Non-radioactive impurities

The argon cover gas in both the primary and secondary cover gas
is analyzed continuously by on-line process gas chromatographs
(Fig.5). One gas chromatograph is provided for each system.

PRIMARY COVER GAS
reactor
plenum
gas plenum of
storage tank
for spent fuel
fuel element
charchinq machine

SECONDARY COVER GAS

|surge tank 1 f-«—cfe-

gas chromatograph
primary

pressure gauge

carrier gas-
gas chromatograph
secondary

activated charcoal
column i

secondary
sodium dump tank

L.

from argon
supply

sampling
valve

Fig. 5: Gas chromatographic monitoring of the
KNK primary and secondary cover gas

The cycle time for an analysis of hydrogen, oxygen, nitrogen and
methane is 20 minutes. Samples from different cover gas plenums
may be taken by the gas chromatographs in the primary and secon-
dary cover gas systems.

In the primary system it is possible to collect samples from the
reactor plenum, the gas plenum of the sodium-cooled storage tank
of spent fuel, and from the argon circuit of the fuel element
charging machine. The reactor cover gas plenum is analyzed conti-
nuously during normal operation. In the secondary cover gas sy-
stem three possibilities of sample collecting are provided. Du-
ring normal operation mainly the cover gas plenum of one of the
two secondary surge tanks is analyzed continuously. The main da-
ta of the gas chromatographs used are given in Table 1.
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Data of the KNK process
gas chromatograph

GAS CHROMATOGRAPH DATA

separating column

column packing

column temperature

detector

detector current

detector temperature

carrier gas
sampling valve
sampling volume
sampling gas flow

purge period

analysis period

IMPURITY

Hydrogen

Oxygen

Nitrogen

Methane

2mx1/4" stainless steel

molecular sieve 5A

40-60 mesh

60° C

thermal conductivity

110mA

50°C

argon ( 4 l i t r e / h )
pneumatic regulated
10ml
4 -6 litre /h

5 minutes

15 minutes

DETECTION LIMIT

(vpm)

2

20

40

40

MEASURING RANGE

(vpm)

2 - 1100

20 - 11600

40 - 23700

40 - 12500

Additional to the gas chromatographic control of the secondary
cover gas the gas plenum of both secondary surge tanks are mea-
sured for hydrogen continuously by detectors primarily instal-
led as indicators for steam-to-sodium leakages. In these detec-
tors hydrogen is converted into water on a CuO-furnace. The
amount of water formed is measured using an electrolytic cell
filled with phosphorus pentoxide.

3.2 Radioactive impurities

3.2.1 On-Line measurements

The Cover Gas Monitoring System (CGMS) comprises (Pig.6):

- the Cover Gas Control System (CGCS),
- the Experimental Failed Fuel Detection S_ystem (EFFDS), and

the grab sampling system.
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Xe-133
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Ar-41,Xe-135,Xe-133

grab sampling

flow-through ( M j
grab sampling | | __̂
Ge-detec

]Xe adsorption |—

.IHX
primary
pump

Fig. 6: Cover Gas Monitoring £3ystem
(CGMS) at KNK II

The Cover Gas Control System is a global failed fuel detection
system. It is a side loop of the primary cover gas plenum of the
reactor tank and consists of sodium vapor traps, aerosol filters,
a delay tank and membrane pumps. The flow rate through the system
is constant 1 m3/h. The instrumentation of this system includes
three gamma-detectors. Two 1.5" x 1" sodium iodide detectors with
a single channel analyzer are set at the 81 keV photo peak of Xe-
133, one of them being equipped with a collimator for extension
of the measuring range. The third 2" x 2" sodium iodide detector
is set at the photo peaks of Xe-133, Xe-135 and Ar-41. For Xe-135
a background subtraction takes place by special means of electro-
nics. This system is in operation since June 1980. All counting
channels of the CGCS are connected to ratemeters, whose signals
are recorded continuously whenever the reactor is in operation.

oiio
non-return valve

inlet
coveri
gas

pressure, ,thermo
gauge oocouple

outlet
cover
gas :fK~ •* .ecipitat.

flow
meter ,

n valve
—H—&—i

nargon
supply

Ge(Li)-detector

O- thermo couple
O- pressure gauge

(Tynembranepump

inlet cover gas

Fig. 7: Experimental Failed Fuel Detection Siystem
(EFFDS) at KNK II
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The Experimental Failed Fuel Detection S_ystem (EFFDS) was in-
stalled 1983 (Fig.7). The EFFDS is equipped with following
devices:

- an on-line gamma-spectrometer with a pure germanium detector,
a movable collimator, multichannel analyzer and a micropro-
cessor. The movable collimator of the on-line gamma-spectrome-
ter permits an automatic extension of the measuring range with
factors of 1, 102, and 104. The gamma-spectrometer operates
continuously. The results are evaluated with the computer pro-
gram RECOS,

- three different types of precipitators, (Plessey, Intertech-
nique, KfK),

- a gas chromatograph equipped with a sodium iodide detector,
and

a Xe adsorption tube, filled with a small activated charcoal
bed, and attached to a sodium iodide detector.

The gas chromatograph, the Xe adsorption bed and the three preci-
pitators are in operation continuously.

3.2.2 Grab sampling

The Cover Gas Monitoring System is equipped with two grab samp-
ling systems. The first grab sampler is a very simple device. It
is a historical relic of KNK I, but it is in operation up to the
present time. The evacuated sampling vessels may be attached with
special quick connections on a small tap line of the system, nor-
mally closed by a valve. Vessels of steel or glass are used with
volumes from 10 ml to 1000 ml. Flushing of the containers before
the sampling is limited.

The second grab sampling system, a flow-through grab sampler, is
located in the newly installed EFFDS circuit. The improvement of
this new grab sampler is the possibility of an unlimited flushing
with cover gas before the sample is taken. In addition, the pres-
sure and the flow rate may be measured during flushing and samp-
ling. A lead shielding of the station permits samplings even at
higher activity concentrations.

The advantage of grab samples is the possibility to repeat the
gamma spectrometric measurements of one sample several times. So,
short-lived and long-lived radionuclides may be assayed with the
same accuracy. As a significant example, the measurement of the
81 keV line of Xe-133 is severely disturbed by the K,*. (74 keV)
and K 0 (85 keV) X-ray lines of lead, induced in the lead-shiel-
ding by the gamma rays of shorter-lived radioactive gases like
Ar-41 and/or Xe-135.
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After some decay of these shorter-lived radionuclides, Xe-133 may
be determined with comparable accuracy as Ar-41 and Xe-135. Si-
milar improvements are possible for the determination of other
gaseous radionuclides (Xe-133m: 233 keV; Xe-131m: 164 keV;
Kr-85: 514 keV) by repeated measurements after some days of
decay after the sampling procedure.

The required calibration of the on-line measuring systems can be
done only by comparison with the grab sampling method.

The grab sampling is also used for determination the Xe-131/
Xe-134 ratio in the primary cover gas as a method of preloca-
lisation of failed fuel elements. In this way it is possible
to distinguish between Pu-containing fuel elements of the test
zone, and Pu-free fuel of the KNK-driver elements. Analyses of
that kind are performed in the IHCh ("Institute of Hot Chemi-
stry") by a computer controlled mass spectrometer.

The transit time from the reactor cover gas plenum to the equip-
ments of the CGMS circuit was found to be 15 minutes. The main
reason for this long transit time is the delay tank in the cir-
cuit. Initially, this tank was installed during the KNK I commis-
sioning phase to reduce the influence of Ne-23 on the two sodium
iodide detectors (set to the 81 keV peak of Xe-133) of the Cover
Gas Control System. Unfortunately, the tank reduces the measure-
ment sensivity of fission gases with short half-lives like Xe-138
and Xe-135m. A determination of the Ne-23 activity in the primary
cover gas is not possible.
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4. IMPURITY SOURCES

4.1 Lubricant leaks

The main impurity in the primary cover gas caused by lubricant
leaks was methane (CH4). Between December 1973 and January 1974
a methane content between 300 and 900 vpm was observed in the
primary cover gas. An oil leakage at one of the two primary
pumps was found to be the source of this impurity. Using the
methane concentration, a leak rate of 10 - 12 ml/d was estima-
ted. An increase of the hydrogen concentration in the primary
cover gas corresponds to the methane values. It was demonstra-
ted that methane in the cover gas is a reliable indicator for
oil leakages.

4.2 Air leaks

Air leaks have been observed only during repair and handling cam-
paigns with the fuel handling machine. These air leaks were de-
tected by a sharp increase of the N2 (nitrogen) concentration in
the cover gas by the gas chromatograph. Air leaks were always ac-
companied by air moisture penetration into the cover gas, indica-
ted by an increasing hydrogen (Ha) concentration. Other possible
sources of the H2 and N2 in the cover gas were already mentioned
(page 1).

4.3 Fission gases and activation products

Main activation products in the primary cover gas are Ar-41 and
Ne-23. Saturation value of Ar-41 at 100% power was measured to be
9 GBq/m. As already mentioned, it is not possible to measure the
amount of Ne-23 because of the long transit time between the reac-
tor plenum and the Cover Gas Monitoring System CGMS. The calculated
value is 10^ GBq/m3. The measured activity concentration of Ar-41
and Xe-135 indicated an over-proportional dependence on the reactor
power (during operation without failed fuel, Fig.8). This effect
may be explained by

- the well known KNK II gas entrainment into the primary sodium
circuit,

the uneven sodium flow distribution between the central test
zone and the surrounding driver zone of the core, and

- the increase of the sodium flow rate with power above 30%
(Fig.9).
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As already explained for KNK I (Chapter: INTRODUCTION), "tramp
uranium" released fission gases into the cover gas of KNK II even at
the time when no fuel failure was in the core. The upper limit of U
contamination on the outside of fuel elements is 10"8g U-235.At full
reactor power Kr-87 (10 MBq/m3), Kr-88 (15 MBq/m3), Kr-85m (12 MBq/m3

and Xe-135 (106 MBq/m3) were measured in equilibrium. This values
were lower with the second core compared to the first core as to be
seen from Fig. 8: The Ar-41 numbers are in good agreement for both
clean cores, the Xe-135 values are lower for the KNK II/2, however
(circles in Fig.8). That means that the fuel elements of the second
core have been delivered in a "cleaner condition" than the KNK II/1
elements (+ signs in Fig.8).

Because KNK II is operated as an experimental reactor with frequent
power changes, an equilibrium was never achieved for Xe-133 (33 MBq/m3)
and Xe-133m (1.5 MBq/m3). Kr-85 and Xe-131m were below their detec-
tion limits.

Table 2: Radionuclides in KNK II cover gas at
80% power (operation with failed fuel)

Radio-

nuclide

41Ar

85Kr
85mKr

87Kr
88Kr

131mXe

133Xe
133mXe

135Xe
135mXe

88Rb
138Cs

Half- l i fe

1.83 h

10.76a

4.48h

763 m

2.84h

11.9 d

5.25d

2.19d

9.10h

15.3 m

17.8 m

32.2 m

Decay

constant

(s-1)

1.052x10"4

2.041x10"9

4.298x10"5

1.514x10"4

6.780x10~5

6.742x10"7

1.528x10"6

3.663x10"6

2.116x10"5

7.551x10"4

6.490x10"4

3.589x10"4

Cummulative

fission yield

(%)

-

0.286

1.295

2.412

3.530

0.045

6.465

0.186

6.276

1.086

3.596

6.292

Activity

concentration

(GBq/m3)

5.9

4.7

36

29

36

93

3.1

227

7.3

32 * '

4.4

*) calc. with the 88Kr decay constant

-92-



- 14 -

The level of the gaseous activity increased remarkably when fuel
failures occurred. Table 2 is a compilation of measured activity
concentrations (GBq/m3) in the cover gas, when the reactor was ope-
rated with failed fuel at 80% power. Fig. 10 shows a gamma spectrum
of the same sample taken immediately after the sampling. Most of the
peaks belong to short-lived fission gases and their daughter product
aerosols (Rb-88 and Cs-138). It may be noticed from Table 2 that
Kr-85 as well as Xe-135m was assayed. Xe-138 (half-life 14.1 m) was
never detected because of the delay between its release from the
fuel into the sodium, and the release from the liquid alkali metal
into the cover gas. Xe-135m with a similar half-life (15.3 m) is
detectable because of the long half-life (6.61 h) of its precursor
1-135.

The measured activity concentrations are stored in a small compu-
ter together with other relevant data of the samplings. This data
system is used to print out the data in the desired form (MBq/m3

or mCi/m3 or number of fission gas atoms/m3, . . . ) , and to plot
the "normalized activities" (A/A • y) versus the decay constants
X(s~ 1), where A is the activity of a radionuclide and y its cum-
mulative fission yield. As usual, such plots are used for the de-
termination of release mechanisms. As an example Fig.11 shows a
plot of that kind from KNK II during operation with a failed fuel
pin.

Sometimes it was observed that the fission gas activity did not
return to the former clean-core values after removal of a defec-
tive fuel element. An example is given in Table 3: After with-
drawel of the third fuel failure from the core, the activity con-
centrations (GBq/m3 ) of the fission gases leveled up an order of
magnitude higher than before the failure. Probably, small amounts
of fuel were carried out from the defect by the hot, flowing so-
dium and remained at least partially in the core region. The risk
of such an event should always be kept in mind when a nuclear
reactor is operated with an open fuel failure.

Table 3: Activity concentration of fission gases
before, with and after the removal of
the 3 r d fuel failure

NUCLIOE

Kr -87
Kr - 88

Kr-85m

Xe-135

Xe-133m

Xe-133

Xe-131m

Kr-85

HALF-LIVE

76.3 m

2 .8U

4.18 h

9.10 h

2.19 d

5.25d

11.9 d

10.76 a

ACTIVITY CONCENTRATION M03MBq/m3]
AT 100% NUCLEAR POWER

BEFORE DURING AFTER REMOVAL
OF THE 3.KNKII FUEL FAILURE

0.033 - 0.0U

0.050 • 0.056

0.026 - 0.029

0.20 - 0.21

0.003 - 0.001

0.06 -0.12

-

-

2-6

5 - 13

I - 11

60- 131

6 - 2 5

. 210 - 1210

0.5 - i.7

0.1 • 0.9

0.29 -0.10

0.51 -0.65

0.23 -0.29

1.5 - 1.9

0.031 - 0.045

0.83 - 1.33

-

-93-



lauueqo jad

Fig.10: Gamma spectrum of KNK II-cover gas during operation
with failed fuel
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Fig. 11: Normalized fission gas activities
vs. decay constant

The maximum fission gas activity in KNK II was measured after the
fifth fuel failure had grown from a "fission gas leaker" into a
"DND failure": 5600 GBq Xe-133/m3 cover gas were measured, 120
GBq Xe-133m/m3, 1210 GBq Xe-135/m3, and values below 100 GBq/m3

for Kr-85m, Kr-87 and Kr-88 each.
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5. COVER GAS PURIFICATION

5.1 Non-radioactive impurities

As already mentioned, KNK II is not equipped with a cover gas clean-
up system. The content of non-radioactive impurities (H2 I N2 ' CH.)
can only be reduced by purging with fresh argon. The purging rate
is limited by the content of radioactive impurities (see next chap-
ter).

There are no limiting values for non-radioactive impurity levels in
both cover gas systems (primary and secondary). The recommended va-
lues (Table 4)are resulting from a long period of reactor operation
experience.

Table 4: Operating and recomended non-radioactive
impurity levels in the KNK primary and
secondary cover gas

PRIMARY COVER GAS

H2 02 N2 CH4
[vpm]

n ° r m a ; . 2-10 <20 300-500 <40
operation

max. recom-

mended 200 <20 10000 1000

values

SECONDARY COVER GAS

H 2 0 2 N 2 CH 4

I vpm]

< 2 <20 <40 -=40

100 <20 5000 50

5.2 Radioactive impurities

There is again no possibility to remove radioactive impurities
from the circulating primary cover gas besides purging. In this
case, Xe isotopes are delayed in the charcoal beds of the offgas
system.

The purging rate is limited by the total activity concentration
in the cover gas. If this concentration is higher than 1850 GBq/m3

(resulting from the former definition of 50 Ci/m3 as limit) the
maximum purging rate has to stay below 0.5 m3/h. At lower activi-
ty level, the permitted maximum flushing rate is 2 m3/h. Even du-
ring operation with failed fuel the activity concentration in the
cover gas was usually below the level of 1850 GBq/m3 (see Table 2).

The replacement of contaminated cover gas by fresh argon in the
reactor plenum may be treated mathematically according to the ru-
les of the "mean residence time in a reaction vessel". Therefore,
an exponential decrease of the fission gas activity concentrations
has to be expected. This was proved experimentally with Ar-41.
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6. EXPERIENCE WITH SODIUM VAPOR TRAPS

It is a well-known characteristic of sodium aerosols to deposit at
locations with a lower temperature level. Sodium vapor traps are
used to filtrate sodium aerosols from the cover gas. These vapor
traps are generally located as close to the source of vapor as pos-
sible to minimize the potential plugging of lines downstream of the
trap and/or to minimize the required heating of these lines to pre-
vent plugging.

At KNK, 12 sodium vapor traps are located in the primary cover gas
circuit.These 12 sodium vapor traps are distributed at the follo-
wing locations:

4 traps in the vent gas line of reactor plenum

2 traps in the pressure control line of the reactor plenum

2 traps in the vent gas line of the primary pump gas plenum

1 trap in off-gas line of the primary dump tank gas plenum, and

3 traps in the vent gas line of the cover gas plenum of the so-
dium-filled storage tank for spent fuel.

In the KNK secondary cover gas system 4 sodium vapor traps are
installed; 2 of them are located in the vent gas line of the
secondary sodium expansion tanks, and 2 of them in the off-gas
line of the secondary dump tank.

"Swirl chamber traps" were in operation in KNK I from 1969 to
1974 in the primary and secondary cover gas systems (Fig.12).
This first generation of sodium vapor traps were designed for
an argon flow rate between 0.25 and 1.0 m3/h. These vapor traps
were designed for a maintenance-free operation; that means they
should operate "self-cleaning". The traps consisted of the swirl
chamber, a cooler, and a small sodium dump tank underneath the
swirl chamber. The mixture of cover gas and sodium aerosols en-
tered the swirl chamber by a throat nozzle, in the swirl chan-
nel of the chamber, equipped with small baffle plates, the li-
quid sodium droplets were seperated from the gas. The collected
sodium was continuously drained into the mentioned small dump
tank below the swirl chamber. The swirl chamber had an electri-
cal trace heating to control the temperature at 260°C. The coo-
ler decreased the cover gas outlet temperature to 100°C.
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COVER GAS INLET
• N a VAPOR)

- COVER GAS OUTLET

GAS COOLER

SWIRL
CHAMBER

SODIUM DRAINAGE

SMALL BAFFLE
LATES

Fig. 12: Sodium vapor traps (1st generation) in
the KNK secondary cover gas system

The precipitation efficiency of these traps were 99%. They have
operated up to 43000 hours each. After this time a sodium blocka-
ge in the baffle plates was noticed. It was necessary to remove
and clean the traps before their next operation.

The "swirl vapor traps" were replaced in the primary system du-
ring conversion from KNK I to KNK II in 1974 by a "second gene-
ration" of vapor traps. These traps (Fig.13) are consisting of
a pressure vessel (total volume 64 liters) on the upper side of
which a baffle plate is welded. The baffle plate is a support for
a group of cartridge filters. A maximum of 7 filters may be pro-
vided. The lower part of the trap is filled with steel wire mesh
and PALL rings in a basked to achieve a good precipitation effect.
The gas enters the vapor trap at the bottom side and leaves it at
its top.
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COVER GAS OUTLET

DRAINAGE OF
PRECIPITATED SODIUM

THERMOCOUPLE

PRESSURE
VESSEL
BAFFLE PLATE

CARTRIDGE
FILTERS

STEEL WOOL

PALL RINGS
(15x15x 0,3mm)

COVER GAS INLET
(•Na VAPOR)

Fig. 13: Sodium vapor traps (2 generation)
in the KNK primary cover gas

The removed sodium flows back through the gas inlet line in
counterflow to the gas. Thermocouples extending into the cart-
ridge filters on the gas outlet side survey the gas temperatu-
re and control the electrical trace heating. The cover gas in-
let temperature is 220°C, and the outlet temperature 100°C.
The permitted flow rate is about 2.5 m3/h.

12 of these vapor traps are in operation in the primary cover gas
system since 1974 without any problems. The efficiency of these
traps is 99.99%. In comparison to the "swirl chamber traps" this
type of trap has a higher flow capacity, and -according to the ma-
nufacturer- a higher efficiency. So far no trap blockages have
been observed.
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A third generation of sodium vapor traps designed for higher flow
capacity was developed at INTERATOM. In this kind of vapor trap
(Fig.14) a central suspension tube is welded into a pressure ves-
sel. The suspension tube alternately carries filter discs and me-
tallic ring gaskets. The cover gas can only penetrate through the
filter discs. The electrical trace heating is controlled by a
thermocouple in the gas entry chamber. It is possible to built
vapor traps of this design for flow rates up to 20 m3/h. The op-
timum operating temperature of these traps is 130°C. The effi-
ciency of precipitation of this filter disc type vapor trap is
said to be "better than 99.99%). This kind of trap will soon re-
place the old swirl chamber traps in the KNK secondary cover gas
system.

LOCK SCREW •THERMOCOUPLE

DRAINAGE OF
PRECIPITATE 0 SODIUM

COVER GAS
OUTLET

CENTRAL
SUSPENSION TUBE

METALLIC RING
GASKET

COVER GAS INLET
(+Na VAPOR)

PRESSURE VESSEL

Fig. 14: The newest type of sodium vapor traps
(prepared for operation in the KNK
secondary cover gas system)

The more than 16 years of experience with sodium vapor traps at
KNK can be summarized as follows:

The useful operating time of swirl chamber sodium vapor traps
was limited to about 40 000 hours.

A second type of vapor trap is in operation in the primary
cover gas system since 1974 without any problems. No blocka-
ges on these traps have been observed up to the present time
after 90 000 hours of operation.

To prevent blockage of pipes between cover gas plenums and
vapor trap inlet these pipes should be as short as possible.
The diameter (I.D.) of these pipes should be not smaller than
50 mm.

Purging of these pipes with liquid sodium should be possible
when needed.
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7. RADIOLOGICAL CONSIDERATIONS

The radioactivity of the KNK cover gas indicated never problems
for the plant operation or the offgas treatment. The access into
the containment had to be restricted three times: When the first
fuel failure appeared in 1979, a leaking flushing gasline was de-
tected by fission gas daughter aerosols (Rb-88 and Cs-138) in the
containment. Such aerosols are surveyed continuously by an auto-
matic filtering and measuring station. Twice some Ar-41 leaked in«
to the containment via leaky gaskets of experimental plugs. Ar-41
was detected by a "large area counter" on a sampling line above
the main rotating plug of the reactor tank. A leakage of 4 li-
ters/h of cover gas into the containment is the operation limit.
The regular leakage rate is about 0.5 liters/h.
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INTRODUCTION

The major effort made in Italy for the development of fast nuclear
reactor is, as is known, concentrated in the PEC reactor, whose
construction is now in the completion stages.

The PEC reactor (Prova Elementi di Combustibile - Fuel Element
Testing ) is a sodium-cooled reactor with a power rating of 120 MWt,
being built for the purpose of studying the behavior of fuel elements
under thermal and neutronic conditions similar to those of fast reactor
power stations, whit particular attention to safety aspects.

The PEC reactor represents a reaserch instrument particularly suitable
for studies and experiments in the following fields:

- performances of the fuel element and its economical opitimization
(also with the possibility of testing fuel elements not necessarily
based on m i xed ox i des);

- experiments in the safety field, not only referred to fuel elements,
but also to plant subsystems.

The experimental program will cover the research of the limit
conditions of the typical parameters, such as cladding temperature,
linear power, radiaton rate, etc. PEC will also allow researches on
new-concept fuel elements and thermal, hydraulic and power
transients and cycles foreseen in the commercial power plants under
normal; upset and emergency conditions.

The high-statistic investigation on fuel elements could be performed
in the core, while the research on operative limit conditions wil l be
performed in the test channel, where also accident conditions are
investigated.

The PEC reactor' s main characteristics are listed in table 1.

As far as the PEC reactor ' s completion is concerned, the situation is
the following:
-the building construction work is complete;
-a number of the main components have been instailated, among which:
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tank, plug, test core, components tank;
-final testing in the workshop is in progress on:

the control-rod operating mechanism, core-blocking device and
centrifugal pumps.

A number of the planned deadlines are:

-mechanical completion of systems assembly
(including installation of electrical systems) Dec. 1988
-start of fi l l ing sodium storage tanks June 1989
-completion of non-nuclear tests
(combined tests) Dec. 1989

A number of the solutions regarding the PEC reactor and preparatory
approaches to its operation are reported in this paper.

Discussed in particular are:

- a description of three cover-gas circuits present in the reactor;
- an estimate of the contamination conditions foreseen under operating
conditions;
- a description of the equipment for the purification of the cover gas

and relative operating conditions.

1. DESCRIPTION AND OPERATING CHARACTERISTICS OF THE PEC
REACTOR ' S COVER-GAS CIRCUITS.

1.1 Description

There are three cover-gas circuits present in the PEC reactor. They
concern the following sodium circuits:

A) Primary reactor, primary emergency reactor and sodium purification
primary reactor

B) Secondary reactor, test channel and emergency reactor;
C) Primary test channel.
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The components typical of every gas circuit are: the high- and
low-pressure tank, the sodium-vapor condenser, the vapor traps, the
filters, the pressure-regulation assemblies and, for the primary
circuits, the instrumentation for the control of active impurities.

Each of the cover-gas circuits of the primary reactor and of the
primary test channel are equipped with a purification system for the
elimination of active impurities from the gas (LPG). The IPG circuit
functions in a closed circuit on the circuit being served. During plant
transients that occasion volume changes, the system receives clean
gas through the network or discharges gas drawn downstream of the
LP6 circuit.

Figures 1, 2, 3 show, respectively:

-PEC reactor block diagram with its primary cooling circuits and the
transfer cell;
-PEC reactor cooling circuits: primary, secondary, experimental
channel and emergency circuits;
-the cover-gas circuits of the primary sodium circuit of the reactor or
of the experimental channel.

1.2 Operation characteristics

1.2.1 The cover-gas circuit of the primary reactor, emergency reactor
and primary reactor sodium purification circuits.

Power operating

Reactor tank
Components tank
Emergency tank
Drainage tank

High pressure tank
Low-pressure tank

Temperature and pressure
Temperature

545f C
400* C
545* C

Room temp, and at
200* C for draining
and filling.

Room temp.
Room temp.

Pressure

60+/- lOmbar relative
60+/-10 mbar relative
60+/-lOmbar relative

60+/-10 mbar relative
600 mbar relative
-110 -55 mbar rel.
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Operation when shutdown:

Hot shutdown: the main sodium circuits (and hence also those of the
cover gas) are isothermic at 400* C. For the other components, the
temperature and pressure conditions are the same as those of power
operation.

Cold shutdown: the main sodium circuits are at 200* C, the rest is as
for the hot shutdown.

Under steady conditions the gas flows in a closed circuit. Additions of
fresh argon or bleeding to the stack occur only in the presence of
volume changes due to plant transients. During degasator (a component
of the cladding failure detection system) operation a continuous inflow
of gas (and consequent bleeding to the stack) occurs, with a maximum
value of 0.2 Nm3/h. The bleedoffs are picked up downstream of the
purification system after prior monitoring of the same, with the
possibility of their being automatically sent to gaseous effluent
storage plant in case of high activity.

During power operation, the LPG circuits capacity and volume values
are:

Q= 15Nm3/h
V = 3.5 m3 - reactor tank

= 8.0 m3 - components tank.

An estimate of fresh argon consumption made for a year of normal
operation is:

- continuous consumption 1 Nm3/h
- peak 3-hour consumption 5 times/year 30 Nm3/h

1.2.2 The cover-gas circuit of the secondary reactor, test channel and
emergency reactor circuits (RGS).
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Temperature and pressure
Component Temperature Pressure

Secondary reactor' s
expansion tank 350* C 20 - 200 mbar relative

Drainage tank 200' C 20 - 200 mbar relative

There is no gas circulation under normal operating conditions and fresh
argon consumption is limited to the compensation for leaks at seals.

1.2.3 The cover-gas circuit of the primary test channel (LGP)

Temperature and pressure
Component Temperature Pressure
Tank input 400-450°C
High-pressure 2 bar relative
The low-pressure and RGP tank is the same.

The gas flow-rate in this circuit is approximately 15 Nm3/h and a
consumption estimate forecasts:

-continuous consumption 0.5 NrrvVh
-peak 3-hour consumption five time/year 10 Nm3/h

2. DESCRIPTION, OPERATION, OPERATING CHARACTERISTICS
AND EFFICIENCY OF THE COVER-GAS PURIFICATION SYSTEMS

2.1 Preliminary data

2.1.1 Seals and characteristics of argon

For purpose of making an estimate of room contamination, the leak
rates assumed for design under normal conditions are:

8-10"4 Nm3/h from the tank to the room above the reactor
2-10"4 Nm3/h from the components tank to the reactor pump room
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110"4 Nm3/h from the components tank to the channel pump room

The characteristics of the feed argon are:

Pressure
Temperature
Purity:

-hydrocarbons
-oxigen
-nitrogen
-water .
-nitrogen oxides
-oil free

4 +/- 0.2 bar absolute
5 - 2 5 ' C

Ivpm
10 vpm

3000 vpm
10 vpm

1 vpm

2.1.2 Estimate of noble gas contamination under operating conditions;

The contamination data foreseen during normal power operation are
shown in table 2, in which the five columns indicate:

1 stationary reactor
2 transitory reactor
3 accumulation in the purification reactor (only stationary

contribution)
A as above (only transitory contribution)
5 total in stationary purification plus 28 transients.

The figure for the stationary reactor has been calculated assuming the
presence of cracked pins with only gas emission (non evolutive seal
defects) in the measure of 1/1000 of total number of pins; i.e., 7
cracked pins. To be added to this are the contributions of background
noise.

The figure for the transitory reactor is based on a very conservative
emission assumption. The data on magnitude (potential of the
purification circuit, shielding), discussed in item that follows, are
much more conservative for the stationary reactor in that they are
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based on the extension of PEC ' s utilization rather on the reference
core.

For the test channel, for which it is impossible to define an
operational rating state, they are the size data that constitute the
design limit as to the plant' s experimental possibilities.

By its nature the test channel does not have any operational state
rating but only limitations imposed by the plant, by safety criteria and
by economic considerations within which the experiments are carried
out.

2.2 Description of the cover-gas purification systems

There are two gas purification systems in the PEC reactor: one for the
primary reactor circuit, the other for the primary circuit of the test
channel. Purification, in both cases, is effected to eliminate Xe and Kr
isotopes from the gas which may have escaped after leak in the
fuel-pin cladding.

Semicontinuous cryogenic distillation in conjuction with the use of an
activated-carbon fi lter bed in series, which functions as a delay bed
for the radioactive xenon isotopes, has been selected as the separation
process.

The purification systems have been placed in parallel to the respective
gas circuits, as shown in figure 3. Each system consists of an
exchanger-economizer, an activated-carbon delay bed and a distillation
column (figure 4). The two systems are connected to a common
expansion tank (necessary for gas dilatation due to temperature
increases under accidental or maintenance conditions), a temporary
distilled Kr 85 storage tank, a system for the transfer of distilled
gases from the column to Kr 85 tank or to waste, two vacuum pumps
and a common liquifaction system and liquid nitrogen storage and
distribution.

The size of every system has been determinated to treat 15 Nnrr/h of
argon. Kr isotopes are eliminated from this flow rate of argon and
retained at the base of the distillation column. The Xe isotopes, on the
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other hand, are eliminated in a first phase in the activated-carbon bed.
Once the latter has reached saturation ( after approximately 140 days )
they reach the distillation column and are retained at its base. Seventy
days of continuous operation are planned for each purification system.

The main components of the system consist of the following:

Delay bed
The delay bed consist of a tube containing activated carbon and
exploits the ability of the latter to absorb Xe. The bed is immersed in
liquid nitrogen at 7 bar and 99* K.

Distillation column
It is composed of base, packing and head.
The base collects the Kr and Xe enriched liquid argon and is equipped
with heaters able to maintain a constant head of stream in the column.
The packing is constituted by dixon rings.
The head consists mainly of a liquid-nitrogen condenser and a set of
baffles to enhance contact between the condenser and the steam that
migrates upwards.

Periodically, with the reactor shut down (indicatively every two
years), the operations of gas purification and elimination of fission
products are interrupted by:

-transfer of the Xe from the delay bed into the distillation column;
-separation by distillation of the liquid argon, Kr and Xe mixture, (the

boiling temperature of these three elements are 87.3, 120.7 and
165.9'K respectively). After a control of their radioactivity, the
argon and Xe are discharged into the stack inasmuch as the Xe, during
its retention period in the delay bed has had time to decay. The
isotopes of Xe with longest half-life is in fact Xe 131, namely 11.8
days. The Kr coming from distillation, instead, is conveyed to the
storage tank to allow it to decay (Kr 87 half-life: 10.4 years).

It is expected that the system wil l normally operate continuously with
the delay bed and distillation column. In case of need, other
configurations are possible that call for the use of the column alone or
of the delay bed alone.
Figure 5, for example, shows the operating diagram with only the delay
bed.
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However, whereas operation with the column alone is always possible
inasmuch as it is able to retain both Kr and Xe, operation with the
delay bed alone is only possible in the absence of Kr or for extremely
low concentrations of the same.

After separation while Kr is conveyed to a final storage place, Xe is
distilled and sent to gaseous waste where it is retained until its
active isotopes have decayed.

2.3 Types of operation of the purification system

2.3.1 Continuous operation

In this case the function of the cryogenic column is that of an
absorption column.

It is the functioning state of the. purification systems during the
reactor-'s operation.

The gas enters an exchanger-economizer and is brought close to the
saturation temperature. It then goes to the activated-carbon delay bed
which absorbs the Xe and on to the distillation column. The purified Ar
leaves the head of the column and returns to the cycle after having
passed through the exchanger-economizer.

The delay bed is cooled by liquid nitrogen at 99" K at 7 bar and the
systems treat a constant gas flow of 15 NnvVh . The electric heater
placed at the base of the distillation column ensures a constant steam
head of 25 Nm3/h of which 10 are condensed in the head of the column
to provide the backflow necessary for the absorption function. The
liquid level at the base of the column is held constant by acting on the
nitrogen level in the condenser. The bottom mixture, argon enriched
with Xe and Kr, is kept in the column until the moment of distillation.

2.3.2 Discontinuous operation

In this case the cryogenic column' s function is that of a distillation
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column.

Operations for the separation of the components of the mixture
contained at the base of the column are begun five days after the
reactor has been shut down.

A one - to two-year operating sequence is foreseen.
Discontinuous operation occurs in three distinct phases:

r - argon is extracted and conveyed to waste after checking its
radioactivity;

T - Xe is extracted and conveyed to waste;
3" - Kr is extracted and conveyed to temporary storage.

The procedure is to apply constant heat at the base of the column while
maintaining the nitrogen at the head at a set level; such as to ensure
the required pressure and backf low in the column.

During discontinuous distillation the delay bed is normally out of
service ftra-smuch as i t .is-heated before the distillation eotttFtfh ifselfs
so as to force the deabsorbed gas into the column.

2.4 Design and operating conditions of the cover-gas purification
systems

Reactor Channel

Cover-gas pressure

Cover-gas pressure
at purification input

Cover-gas pressure
at purification output

Temp, at purification
of in- and outgoing gas

1.02 +/- 0.005 bar 1.65 +/- 0.05 bar

2.00 +/- 0.01 bar 2.40 +/- 0.15 bar

approx. 1.02 bar

23'C

approx. 1.65 bar

23'C

-112-



- 1 1 -

2.4.1 Continuous operation

Argon circuit

Actived-carbon
bed pressure

-input pressure

Actived-carbon
bed temperature

Distillation
column pressure

Condenser head temp.

Column base temp.

Heat exchanger:
- IN side: Ar/Ar temp.
- OUT side: Ar/Ar temp.

Feed flow rate

N2 circuit
Condenser column

- pressure
- temperature

Activated-carbon bed
- pressure
- temperature

Reactor

1.9 bar

approx. 1.8 bar
P - 0.27 bar

approx. 100* K

1.5 bar

9 P K

91-105° K

296- 100'K
91 -286*K

15Nm3/h

Reactor

1.23 bar
79'K

7 bar
99#K

Channel

2.5- 1.7 bar

2.2 bar
P - 0.2 bar

approx. 100* K

2.0 bar

94° K

9 4 - 1 1 0 ' K

296 - 102* K
94-283* K

15 Nm3/h

Channel

1.23 bar
79' K

7 bar
99* K

-113-



-12-

2.4.2 Discontinuous operation

Argon circuit
Activated-carbon bed
(nonoperating):

- approx. pressure
- approx. temperature

Distillation column:
- approx. pressure
- condenser temp.
- base temperature

Reactor

11 bar
296* K

11 bar
117-220'K
117-220'K

Channel

11 bar
296' K

11 bar
117-220'K
117-220'K

The Ar/Ar heat exchanger is isolated on the IN side because
inoperative.

N2 circuit
Condenser column:

- gas pressure
- gas temperature

Actived-carbon bed:
- approx. pressure
- approx. temp.

2.5 Efficiencv of the

Reactor

1.23- 1.40 bar
79 - 80° K

7.3 bar
296'K

purification systems

Channel

1.23-1.40 bar
79 - 80* K

7.3 bar
296* K

The Kr impoverishment factor in the head of column as opposed to Kr
content in the input product is approximately 1 0 1 2 at the beginning of
operation and will be 10 5 at the minimum in the case of only Kr and Xe
at the base of the column.
The Xe impoverishment factor in the head of the column as opposed to
Xe content in the input product is greater than 1 0 1 2 at the beginning of
operation and will be
base of the column.

but should only Kr and Xe be present in the
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TABLE 1
PEC REACTOR, MAIN CHARACTERISTICS

GENERAL
Total power excluding the test section (thermal)
Power of the test subassembly (max)
Neutron flux (core center)

CORE
Core active volume
Active height
Fuel (U-Pu mixed oxide)
Fuel enrichment

- Pu/(Pu+U)
- 235U/U

Number of fuel subassembly
Power density (max)
Number of pins per subassembly
Pin diameter (outside)
Total element height

COOLING CIRCUITS
(Reactor two loop in parallel)

Primary sodium flow rate
Secondary sodium flow rate
Primary sodium inlet temperature
Primary sodium outlet temperature
Inlet temperature to sodium-to-air exchanger
Outlet temperature from sodium-to-air exchanger

120MW
3MW

4- 1015n/cm2sec

325 dm3

65 cm
1200 Kg

0.30
0.11

78
520 KW/dm3

91
0.67 cm
300 cm

2 315 kg/sec
2 312 Kg/sec

400° C
545* C
495* C
350* C
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ISOTOPES

Kr85m
Kr85
Kr87
Kr88
Xe 131 m
Xe 133 m
X£ 133
Xe 135 m
Xe 135
Xe 138
Cs 135
Cs 138
RbS3
Ar39
Ar41
Me 23

TABLE
1

Doncentration in p r i -
mary cover gas reac-
tor during the statio-
nary state (ceiling

tank and ceiling reac-
tor pool ).

Bq/m3

1.95 E 04
4.69 E 03
2.09 E 06
5.52 E 06
2.47 E 05
4.76 E 06
1.34 E 08
1.69 EO?
9.09 E 07
4.08 E 05

-
-
-

2.15E04
3.7 E09
8.16 E 11

2 : ACTIVITIES FROM PEC REACTOR COVER GAS
2

Concentration in p r i -
mary cover gas reac-
tor during a transient
state ( peak values for
reactor ceiling tank)

Bq/m3

1.02 E 14
2.54 E 10
1.61 E 14
2.34 E 14

-
-

5.40 E 14
-

5.67 E 14
3.69 E 14

-
-
-
-
-
-

3
Progenitors and descendants
activities accumulated for
reactor gas purification

during the stationary state
Bq

Progenitors

1.26 EOS
3.29 E 08
3.82 E 07
2.26 E 08
1.01 E09
3.61 E09
2.43 E 11
6.34 E 07
1.19E 10
1.38 E 06

-

• • * •

Descendants

1.47 E 04
-
-
-
-

3.61 E09

6.34 E 07
-

2.26 E 03
1.38 E 06
2.26 E 08

•

V

4
Progenitors and descendants
activities accumulated for
reactor gas purification in

28 transient states.
Bq

Progenitors

1.06 E 14
7.39 E 11
1.88 E 14
2.43 E 14

-
-

7.64 E 14
-

5.90 E 14
3.84 E 14

-
-
-
-
-
-

Descendants

3.00 E 10
-
-
-
-
-
-
-
-

5.50 E 06
-
-
-
-
-

5
Progenitors and de-
scenaants activities
A A A I | fV\ 111 A t AJV «A • * * * *• *

accumulated tor rea-
ctor gas purmcation
in 300 days of opera-
tions (stationary sta-
te + 28 transient sta-
tes ) . Ba

1.06 E 14
7.69 E 11
1.88 E 14
2.43 E 14
1.01 E09
3.61 E09
7.64 E 14
6.34 E 07
5.90 E 14
3.84E14
5.50 E 06
1.38 E 06
2.26 EOS

-
-
-
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1 MAIN TANK

2 TEST CHANNEL

3 TRANSFER CELL

4 COMPONENTS TANK

5 C O M P O N E N T S TANK OF THE T F. S r C H A N N L l C O O U N G I.OOCS

6 PRIMAKV LOOP

7 I f S I C H A N N E L f R I M A H V I O '. > (•

REACTOR BLOCK PRIMARY COOLING LOOPS AND

TRANSFER CELL

F i g . 1
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Abstract

Various control methods on chemical impurities and

radioactive materials (fission products) in the primary

argon gas of LMFBRs' have been studied based on experiences

in JOYO and results of research and development. These

results are reflected on MONJU design.

On-line gas chromatographs are installed both in the

Primary and in the Secondary Argon Gas Systems in JOYO.

Also, chemical analysis has been done by batch sampling in

JOYO. Though the rise of impurity concentration had been

measured after periodical fuel exchange operation, impurity

concentration has been controlled sufficiently under target

control limits.

In MONJU detailed design, the Rare Gas Removal and

Recovery System which consisted of cryogenic distillation

equipments had been eliminated and the capacity of Charcoal

Beds in the Primary Argon Gas System has been improved to

keep the concentration of radioactive materials sufficient

low levels.

The necessity to control the impurities in fresh argon

gas which is supplied to the Primary Argon Gas System is

now considered to keep the concentration of Kr and Xe

isotopes in specified level, because their isotopes may make

background rise for the Tagging Gas Failed Fuel Detection

and Location System.
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Based on various investigations performed on sodium

vapor trapping to obtain its detailed characteristics,

design specifications and operating conditions of MONJU's

Vapor Traps have been decided.

To keep the level of radioactivity in gaseous effluents

to the environment as low as reasonably achievable, follow-

ing means are now adopted in MONJU.

• the Primary Argon Gas System is composed of a closed

recirculating path, but the exhaust gas discharged has

different path after the Charcoal Beds.

• fresh argon gas is blowed down to prevent Primary Argon

Gas from releasing to the circumference during opening

of the primary argon gas boundary such as fuel exchange

operations.
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Part I

Impurities of Cover Gases in a Fast Reactor

—Experiences in JOYO—

1. Introduction

The purpose of impurity control in fast reactor

cover gas is to control purity level of sodium as well

as to evaluate effects of various impurities on materials

performances such as corrosion, mass transfer and radio-

nuclides behavior. In JOYO, the Japan Experimental Fast

Reactor, an on-line gas chromatograph continuously meas-

ures chemical impurity level of such as oxygen, hydrogen,

nitrogen, carbon monoxide, carbon dioxide, methane and

helium in order to control the reactor cover gas impuri-

ties. In addition to this, a batch sampling is employed

to analyse cover gas impurities both in reactor operation

and in refueling conditions.

When some occurrences are observed in Fuel Failure

Detection (FFD) signals, radioactivity measurement will

be conducted for aiming Kr-85 and Xe-133 detection.

Impurity sources in JOYO are considered air leaks,

lubricant or alcohol intrusions. Although, for about 10

years of operation since 1977, a few times of impurity

level increases have been experienced in JOYO, those

levels during reactor operation were all below the target

control level which was determined from a point of view

assuring secure plant operation and management.

2. Outline of JOYO Primary Heat Transport System and Primary

Argon Gas System
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JOYO, which attained its first criticality in 1977,

raised the thermal output to 75 MW after two cycles of

50 MW operation. In 1983, the core was converted for

irradiation test use to 100 MW thermal output.

Fig. 1-1 shows an outline of JOYO Primary Heat

Transport System (PHTS) and Primary Argon Gas System

(PAGS), and also Table 1-1 indicates the plant specifi-

cation at 100 MWt.

The PAGS is to cover the free level of sodium cool-

ant in the reactor vessel, primary circulation pumps and

dump tanks with inert argon gas. Argon gas is supplied

to the PAGS from the Argon Gas Supply System where liquid

argon is vaporized. Argon gas is fed or exhausted to or

from the reactor plenum through the pressure control

header, and argon gas directly supplied to the shaft seal

of the primary circulation pump is discharged from pump

overflow column via pressure control header.

When the radioactivity of the discharged gas exceeds

the target control level, the gas should be stored in the

Gaseous Waste Processing System, mainly in the gaseous

waste storage tank, for sufficient time to decay, and

then released to the environment through the chimney

stack.

Both on-line gas chromatograph and sampling pot are

installed at the inlet part of the FFD system in the gas

circulation line from the reactor cover gas space. The

gas flow rate of on-line gas chromatograph is about 6

£/min, while that of the sampling pot is about 50 Jl/min.

The volume of the sampling pot is about 200 cm3. Sampl-

ing procedures are all remotely operated. The chemical

impurities are analysed by gas chromatograph at the chemi-

cal analysis laboratory. When the FFD signals indicate
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Unusual occurrences such as likely release of gaseous

fission products from a defect of fuel pin cladding, the

Ge detector equipped with the sampling pot measures the

activities of some radioactive nuclides such as Kr-85

and Xe-133.

General features of the sampling pot and the stand-

ard sampling procedures are illustrated in Fig. 1-2 and

Fig. 1-3 respectively. The detection limits and target

control limits of the impurities in JOYO PAGS are shown

in Table 1-2.

3. Chemical Impurities Measured in JOYO PAGS

Fig. 1-4 shows the impurities measured in JOYO PAGS.

Impurities during normal plant operations have been

maintained at comparatively low levels. Those measure-

ments are below the target impurity control limits and

show the PAGS has been well managed. However, samples

taken out after refueling during reactor shut down period

have often given higher nitrogen concentration. It is

considered that these concentration increases are likely

due to air leakage into the PAGS during refueling. Com-

pared with these N2 increases, O2 levels are not so high.

Maybe this is because 0 2 is trapped by sodium coolant.

An occasional high 0 2 concentration might be due to air

leaks into the sampling pot during sampling or analysing

processes.
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Table 1-1 Principal Characteristics of JOYO

Reactor Power :
Reactor Type :

Cooling System

Number of Loops :

Capacity per Loop :

Flow Rate per Loop:

Temperature

(the Primary)

(the Secondary)

100MWt
Loop Type

2

50MW

1100ton/h

Reactor Inlet :

Reactor Outlet:

IHX Inlet :

IHX Outlet :

370

500

340

470

•c
•c
°c
°c

Table 1-2 Target Control Limits and Detection Limits of Impurities

in Argon Cover Gas

Element Target Control Limits

or Isotope

N,
0*

CO
CO,

H,
CH,
He

Primary Argon

2500 v/vppm

30

10

20

20

10

Secondary Argon

5000 v/vppm

50

20

30

30

20
_

Detection Limit

2.5 v/vppm

1.6

4.7

7.0
0.16

1.2

0.2

Kr-85

Xe-133

H-3 2.0x10'7
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Ar GAS SUPPLY TANK

ArGAS
SUPPLY SYS.

GASEOUS WASTE
PROCESSING SYS.

SECONDARY HEAT
TRANSPORT SYSTEM

Over Flow Tank COLD TRAP DUMP TANK

Fig.1-1 Flow Diagram of Primary Heat Transport System
and Primary Argon Gas System of JOYO

Remote Handle

Sampling Pot

Quick Connector

outlet inlet
Argon Gas

Fig.1-2 Primary Argon Gas Sampling Equipment
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Fig.1-3 Analytical Process of Impurities in Argon Cover Gas
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Part II

Design Consideration on Cover Gas Clean-up

System and FFD/L System of MONJU

1. Introduction

Part II outlines the Primary Argon Gas System

(PAGS) of the prototype FBR MONJU. The cover gas clean-

up system in the PAGS is also described in detail.

The Rare Gas Removal and Recovery System, which had

been originally planned to be installed in the PAGS, was

eliminated in the detail design, for the purpose of

improving the operational reliability and reducing the

exposure dose due to maintenance.

The system, operational procedure, research and

development of the FFD/L are presented.

2. System Description of the Primary Argon Gas System

MONJU is a loop type prototype LMFBR which is now

under construction. The main characteristics and the

flow diagram of the Primary Heat Transport System (PHTS)

are shown in Table 2-1 and Fig. 2-1.

The main characteristics and the flow diagram of

the PAGS are shown in Table 2-2 and Fig. 2-2. After

sodium mists and vapors are removed in vapor traps, the

reactor cover gas passes through charcoal beds, a com-

pressor, a decay tank, a gas supply tank, and, finally,

it returns to the reactor vessel.
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The FFD/L system is connected to the downstream

line of vapor traps, and the primary argon gas is also

sampled from the downstream line. The argon gas purifi-

cation equipment is installed in the fresh argon gas

supply line for the purpose of lowering the back-ground

level of the FFD/L system, down to around 1/300 by

removing Kr, Xe in the fresh argon gas.

The recirculating flow rate of the primary argon

gas is 7 Nm3/h and the reactor cover gas pressure is

controlled to around 5500 mmAq under normal operation

conditions.

The main function of the PAGS is to cover the

sodium surface in the reactor vessel and the PHTS equip-

ment with the inert argon gas. Other functions are;

• to control the reactor cover gas pressure

• to recirculate the primary argon gas

• to reduce radioactivities in the reactor cover

gas by the charcoal beds and the decay tank

• to supply the blow-down gas to the primary sodium

pumps and the control rod drive mechanisms

The equipment which purifies or measures impurities

in argon gas comprises;

• Vapor Traps: Removal of sodium mist and vapor

from argon gas

• Charcoal Beds: Hold-up and decay of fission pro-

ducts (FP)

• FFD/L: Detection and location of failed

fuels

• Argon Gas Purification Equipment:

Reducing the back-ground level

of the FFD/L system
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. Argon Gas Sampling Equipment:

Batch sampling of the argon gas

for analysis

The FP removal processes and the FFD/L systems are

described below, while vapor traps are described later

in Part III.

3. The Rare Gas Removal and Recovery System

The research and development of the Rare Gas

Removal and Recovery System, which had been initially

designed to be installed in the PAGS, and the history

of its elimination in MONJU detail design are described.

3.1 Summary of the Research and Development

For developing this system, relevant research and

development programs were carried.out with the basic

and the mock-up test loops.

(1) The Mock-up Test Loop

The flow diagram of the mock-up test loop is shown

in Fig. 2-3.

The argon gas, which is supplied from the argon gas

bomb, is compressed by the compressor, and is added with

the sample gas containing Xe and Kr from the sample gas

supply equipment. Then, the argon gas is cooled down in

the heat exchanger, and flows into the continuous distil-

lation column at around 6.5 Nm3/h, where Xe and Kr are

removed from the argon gas by different boiling tempera-

tures. Then, the argon gas is heated up in the heat

exchanger, is returned to the compressor and is recircu-

lated.

The liquid rare gas enriched in the bottom of the

continuous distillation column is transported to the batch

distillation column. Furthermore the gas is enriched in
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the batch distillation column and is charged into the

recovery gas bomb by the compressor.

The condensors in the distillation columns is

cooled by the liquid nitrogen supplied from the liquid

nitrogen tank. The spent nitrogen gas is vented to the

atmosphere. In order to keep the heat exchanger and

the distillation columns cryogenic, these are installed

in a cold box using the perlite as a thermal insulator.

The flow rate, pressure and temperature of the

argon gas are automatically controlled. Both distilla-

tion columns are composed of three parts: The bottom

portion is an evaporator where the liquid is heated by

an electric heater, the middle portion is a column bed

packed with the Raschig rings where gas and liquid is

contacted, and the top portion is a condensor where the

argon gas is liquified by the liquid nitrogen.

(2) The Results of the Test

The mock-up test loop was continuously operated 'at

the conditions of the gas flow rate of 6.5 Nm.3/h, the

reflux;rate of £ and the pressure' in the column of 2 ata.

During this operation, Kr-85 was used as a tracer, and

its radioactivity in the evaporator and the outlet gas

was continuously monitored.

Fig. 2-4 shows the measurements and the calculated

decontamination factor (D.F.). It was found that the

radioactivity in the outlet gas was always at the back

ground level and Kr-85 could be effectively removed at a

constant decontamination factor. Since the D.F. in Fig.

2-4 was calculated conservatively by an assumed radio-

activity in the outlet gas at the background level, it

was found that, substantially, the D.F. could be expected

to be higher than 101*.
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3.2 The Elimination of the Rare Gas Removal and Recovery
System

Though the Rare Gas Removal and Recovery System

was developed as described above, it was decided to

eliminate this system for improving the operational

reliability and the maintenability of the PAGS.

(1) The Advantages of the Elimination

i) Exposure dose during maintenance of the PAGS can

be reduced to around 1/5.

ii) Complicated operation and control to keep cryogenic

temperature, the argon gas flow rate and pressure

constant, can be made unnecessary.

As a result, the operational reliability of the PAGS

can be improved.

(2) The Countermeasures to Eliminate this System

Even if the Rare Gas Removal and Recovery System

is removed, the radioactivities in the argon gas can be

maintained at the same or even lower level tljan the

former level by increasing the capacity of the other

systems. The actual countermeasure adopted is to in-

crease the hold-up time in the charcoal beds.

The hold-up time is increased by raising the cool-

ing capacity of the charcoal beds and lowering their

temperature from 50°C to 30°C.

The hold-up time of Xe: 30 days -*• 60 days

The hold-up time of Kr: 40 hours •*• 80 hours

4. Tagging Gas Failed Fuel Detection and Location System

MONJU has a Tagging Gas Failed Fuel Detection and

Location (FFD/L) system which branches off from the PAGS.

An outline of its system design as well as research and

development results will be described below.
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4.1 System Design

The FFD/L system is installed branching off at the

down side of the vapor traps of the PAGS, as shown in

Fig. 2-2. This system will be started automatically

and/or manually by the respective fuel failure signals

from the Cover Gas Failed Fuel Detection system and/or

the Delayed Neutron Failed Fuel Detection system. The

inlet and outlet valves of the FFD/L system will be

opened with simultaneous shut-off of the main flow line

valve of the PAGS, which allows reactor cover gas to

flow into the FFD/L system. Tagging gases, transferred

from a fuel pin plenum to the reactor cover gas, will

be trapped and enriched for the mass-spectrometer.

Measured and analysed isotopic composition of Kr

and Xe will be compared with those of the core subassem-

blies and the suspected fuels will be localized.

The FFD/L system mainly consists of the following

components and its piping diagram is illustrated in

Fig. 2-5;

• a circulation compressor,

• two tagging gas collection tanks (TGCT),

• an argon stripping tank (AST), and

• a mass-spectrometer.

(1) Specification of Tagging Gases

Tagging gases to be employed in MONJU are specified

in Table 2-3. Nuclear isotopes of the tagging gases are

Kr-78, 80, 82 and Xe-126, 129. From these 5 isotopes 56

kinds of tagging gases will be arranged. The spacing

factors of these isotopes are as follows:

Kr - 78/80 >, 1.25

Kr - 80/82 ^ 1.50

Xe - 126/129 ^ 1.25

In MONJU reactor these tagging gases will be equip-

ped to all 198 core subassemblies. The obtained isotopic
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ratios of the collected Kr and Xe gas by the FFD/L system

will pick up four candidates, and the fuel burnup,

assumed by the analytical data of the tagging gas aging

and the fission products composition, will show the sus-

pect ranking of these four subassemblies.

(2) Requirement to Cover Gas Purity from PFD/L System

The krypton and xenon background concentrations of

the PAGS are limited by the FFD/L system design. In

MONJU the critical isotope is Kr - 80, whose concentra-

tion in the PAGS shall be reduced to the level of less

than 1/300 of the commercial reactor grade argon gas.

To meet this requirement, further purified argon gas

shall be used in MONJU PAGS. And in an occurrence of

fuel failure, removal procedure of background shall be

conducted by almost 50 hours operation of FFD/L system.

4.2 Overview of Research and Development

An overview of the research and development work of

the FFD/L system will be presented hereabouts.

(1) Collection and Enrichment Experiments

The MONJU FFD/L system is required to collect and

enrich the extra low concentration tagging gas isotopes,

so that the cryogenic process using liquid nitrogen has

been employed.

The experiments revealed the following as an effec-

tive process,

i) collect the tagging gas from the PAGS by holding

the charcoal bed at -180°C precisely.

ii) heat up the charcoal bed of the tagging gas collec-

tion tank and transfer the trapped tagging gas to

the small charcoal bed of the argon stripping tank

held at -180°C.

iiL) after heat up the small charcoal bed to -80°C,

introduce helium gas in order to purge adsorped
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argon completely while keeping the bed at -80°C

very precisely. This is because to eliminate the

Arf (mass number 80) background.

iv) heat up the small charcoal bed to 150°C to send

kripton and xenon with helium carrier to a sampler

of the mass spectrometer.

These operating procedures have been verified to

collect and enrich kripton and xenon tagging gas from

extra low concentration about 0.1 ppb to the level of a

few ppm. The basic design operation scheme is illust-

rated in Fig. 2-6.

(2) Breakthrough Characteristics

The amount of charcoal bed for collecting and en-

riching the extra low concentration tagging gas depends

on the breakthrough characteristics. Accordingly the

adsorption zone length and adsorption rate of krypton

were simultaneously and directly measured by the experi-

ments using Kr - 85.

(3) Adsorption Characteristics

Various adsorption characteristics have been ob-

tained and applied to the design of the charcoal bed.

Major items and results of the experiments are as

follows:

i) Krypton Adsorption Rate in Kr + Xe + Ar Mixed Gas

System

The krypton adsorption rate was measured at

both Kr + Ar and Kr + Xe + Ar gas system. As shown

in Fig. 2-7, the experiments have a good correspond-

ence with the calculated by the Langmuir type mixed

gas adsorption equation. And the experiments also

show a typical Henri's law relationship,

ii) Adsorption Rate to Krypton Concentration

The tagging gas concentration in the reactor
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cover gas varies widely depending on its release

and transfer rate from the fuel pin plenum to the

cover gas. The experiments have been conducted at

from 0.1 ppb to 10 ppb of krypton in argon gas.

The adsorption rate was verified as constant.

iii) Adsorption Rate to Linear Velocity and Mesh Size

The krypton adsorption rate was constant to

the linear velocity of the sampling gas in the

range of 5 cm/s to 35 cm/s, while it had a little

dependence on the charcoal mesh size.

iv) Other Findings

Other than described above, some operating

informations were obtained, such as the linear

velocity dependence of the adsorption zone length,

and helium flushing multiplication factor and

total helium flow volume in the argon stripping

process.

(4) Full Scale Test of the Tagging Gas Collection Tank

Following to the basic experiments mentioned above,

the full scale tagging gas collection tank was fabri-

cated and tested.

Experiments showed that the combination of spray-

ing liquid nitrogen and heating by electric heaters

immersed in the inner tank were sufficient to control

the 2-inch charcoal bed at the uniform and constant

temperatures of -180°C and -80°C within the specified

small precision, as well as to raise and cool down in

the required time.

This tagging gas collection tank is shown in Fig.

2-8.
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Table 2-1 Principal Characteristics of MONJU

Reactor Thermal Power
Electrical Power

Reactor Type
Heat Transport System

Number of Loops
Flow Rate per Loop

(the Primary)
(the Secondary)

Coolant Temperature
(the Primary)Reactor

Reactor
(the Secondary) IHX

IHX

Inlet
Outlet
Inlet
Outlet

j 714MWt
; 280MWe
; Loop Type

; 3

; 5.1xioBkg/h
3.7*106kg/h

; 397*C
529°C
325°C
505°C

Table 2-2 Principal Characteristics of MONJU Primary Argon Gas System

Number of Loops
Argon Gas Recirculating Flow Rate
Pressure of Reactor Cover Gas
Temperature of Reactor Cover Gas

7NmVh
550OmmAq
around 460°C
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Tab le 2 -3 MONJU GAS TAGS

No

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Tag Ratio
Kr-78/80
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515
0.5640
0.7050
0.8813
1.1016
1.3770
1.7212
2.1515

Kr-80/82
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0344
0.1266
0.1898
0.2848
0.0250
0.0375
0.0563
0.0844
0.1266
0.1898
0.2848

Xe-126/129
0.0317
0.0317
0.0317
0.0317
0.0317
0.0317
0.0317
0.0396
0.0396
0.0396
0.0396
0.0396
0.0396
0.0396
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0619
0.0619
0.0619
0.0619
0.0619
0.0619
0.0619
0.0774
0.0774
0.0774
0.0774
0.0774
0.0774
0.0774
0.0967
0.0967
0.0967
0.0967
0.0967
0.0967
0.0967
0.1209
0.1209
0.1209
0.1209
0.1209
0.1209
0.1209
0.1512
0.1512
0.1512
0.1512
0.1512
0.1512
0.1512

Kr-78
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360
1.2630
2.3160
4.1900
7.4120
12.6610
20.5470
31.1360

Kr-80
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720
2.2380
3.2850
4.7550
6.7290
9.1950
11.9370
14.4720

Mol (%)
Kr-82

89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210
89.5390
87.6050
84.5270
79.7460
72.6510
62.8800
50.8210

Xe-126
1.8670
1.8670
1.8670
1.8670
1.8670
1.8670
1.8670
2.3110
2.3110
2.3110
2.3110
2.3110
2.3110
2.3110
2.8540
2.8540
2.8540
2.8540
2.8540
2.8540
2.8540
3.5150
3.5150
3.5150
3.5150
3.5150
3.5150
3.5150
4.3140
4.3140
4.3140
4.3140
4.3140
4.3140
4.3140
5.2730
5.2730
5.2730
5.2730
5.2730
5.2730
5.2730
6.4140
6.4140
6.4140
6.4140
6.4140
6.4140
6.4140
7.7560
7.7560
7.7560
7.7560
7.7560
7.7560
7.7560

Xe-129
58.8860
58.8860
58.8860
58.8860
58.8860
58.8860
58.8860
58.3150
58.3150
58.3150
58.3150
58.3150
58.3150
58.3150
57.6170
57.6170
57.6170
57.6170
57.6170
57.6170
57.6170
56.7670
56.7670
56.7670
56.7670
56.7670
56.7670
56.7670
55.7390
55.7390
55.7390
55.7390
55.7390
55.7390
55.7390
54.5060
54.5060
54.5060
54.5060
54.5060
54.5060
54.5060
53.0390
53.0390
53.0390
53.0390
53.0390
53.0390
53.0390
51.3130
51.3130
51.3130
51.3130
51.3130
51.3130
51.3130

Spacing Factor: Kr-78/80=1.25
Kr-80/81-1.50

Xe-126/129=1.25
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Part III

Sodium Vapor Removal from Argon Cover Gas

of LMFBRs by Vapor Trapping

1. Introduction

In the design stage of large-capacity recirculated-

type vapor traps (V/Ts), demonstration tests were carried

out by the mock-up test loop and their performance was

reviewed. Because of various restrictions, such as pres-

sure drops, sodium concentrations at the outlet of V/Ts,

operating conditions of cover gas, it is difficult to

define generalized design theory of V/Ts. So, the design

of V/Ts was performed based on experimental data.

In this Part, the main results of the tests shown in

Table 3-1, and the design outline of V/Ts for the MONJU

Primary Argon Gas System are described.

2. Summary of the Main Research and Development Programs

There are two types of vapor traps; a continuous

recirculating type and an intermittent flow type. Here,

the continuous recirculating type V/Ts, for which the

trapping performance requirement is more severe, has been

mentioned. The main R&Ds for the continuous recirculating

type V/Ts are shown in Table 3-1. These are the mock-up

tests of the V/Ts for the JOYO PFD system, the MONJU

Primary and Secondary Argon Gas Systems (PAGS and SAGS ).

* Although the V/Ts of MONJU SAGS are originally of the
intermittent flow type, the R&D data can be interpreted
as the data of the continuous recirculating type V/Ts
because its operation time is fairly long, around 300
hours.
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2.1 Characteristics of V/Ts

Main characteristics of V/Ts used in each R&D are

shown in Table 3-2.

(1) In all R&Ds, two V/Ts were installed in series, and the

first V/Ts were packed with plane weave meshes, in

which trapped sodium was refluxed.

(2) In R&Ds No. (1) and No. (2), the second V/Ts had filters

inside, but in R&D No. (3), it was packed with only

plain weave meshes as same as the first V/Ts. This is

because, in R&D No. (3), the restriction of the pressure

loss due to V/Ts was more severe. Furthermore, the V/T

is planned to be regenerated by heating to melt trapped

sodium during operation.

(3) The size of plain weave meshes was small in the inlet of
the V/Ts, and was large in the outlet.

(4) In R&Ds No. (1) and (3), V/Ts were used constantly for a

long time, and a gas flow speed in traps was maintained

at 2 -v 10 cm/s.

(5) The temperature profiles in V/Ts, which were optimized

in each R&D, were different from each other.

(6) All of the first V/Ts were of vertical cylindrical type.

The argon gas was introduced into the bottom and flew

out from the top.

2.2 The Results of R&Ds

The results of each R&D are also summarized in

Table 3-2.

(1) Trapping Performance of Sodium in Argon Gas

In R&Ds No. (1) and (2), the inlet sodium concen-

trations were different from each other, but the sodium
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concentration was reduced to around 1 ppm at the outlet

of the first V/Ts and to less than 0.1 ppm at the outlet

of the second V/Ts. In R&D No. (3), the sodium concen-

tration was reduced to around 200 ppm at the outlet of

the first V/T and to around 0.3 ppm at the outlet of the

second V/T.

Though the patterns of sodium concentration profile

were different, it was found that sodium mists or vapors

in argon gas could be trapped to around 0.1 ppm in each

V/T.

(2) Pressure Loss

The pressure loss in R&D No. (1) was 600 mmAq in

total (after 8 days operation) and that in R&D No. (3)

was 1700 mmAq in total (after 75 days operation).

The pressure loss in R&D No. (2) showed an increas-

ing trend with operation time, but it was concluded not

to be a significant problem because their V/Ts would be

used as the intermittent flow type.

3. Vapor Traps of the MONJU Primary Argon Gas System

The flow diagram of the vapor trap system of MONJU

PAGS, the structure and the characteristics of these V/Ts

are shown in Fig. 2-2 (Part II), Fig. 3-1 and Table 3-3,

respectively.

The specifications of these V/Ts are designed based

on R&D No. (3), and are almost identical to those of the

R&D. A main difference is to use sloped meshes in MONJU-

V/Ts, to improve the reflux performance of trapped sodium.

The vapor traps will be operated at the temperature pro-

file shown in Fig. 3-2 in order to obtain the same trap-

ping performance as R&D No. (3). So, the sodium concen-

tration in argon gas, which is around 3000 ppm at the

inlet of the first V/T, is expected to be reduced to less

than 1 ppm at the outlet of the second V/T.

-149-



As shown in Fig. 2-2, dual V/T systems are instal-

led, each of which has a 100% capacity. If the pressure

loss of one V/T system in operation becomes extraordi-

narily high, the operation will be changed over to the

second V/T system, which is at standby.

Then, the V/Ts out of operation will be heated up

by an electric heater to melt and drain the trapped

sodium on the meshes. After that, the temperature

profile in V/Ts are controlled to prepare for the later

use.

Table 3-1 Research and Development of Vapor Trap

No. Plant and system Flow diagrai Test period

JOYO ; FFD system -*P—1 n n
1 H J V/Ts
R/V

FFD 1972

MONJU ;

Secondary Argon Gas System

) SUPPLY
V/Ts 1975—1979

SG

MONJU ;

Primary Argon Gas System

-B-B-
V/Ts

PAGS

1981-1983
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i

Table 3-2

~~~~~~̂  — -

Specifications

Operating

conditions

Results

type

size of trapping

part (mm)

packed material

argon gas flow

rate (Nm'/h)

flow speed in

trap (cm/s)

temperature (*C)

sodium

concentration(ppa)

pressure loss

(amAq)

Characteristics of V/Ts ±n each R&D

R&D (1)
1st V/T

reflux & mesh

packed type

148OX900H

plain weave

mesh

region mesh

size

1(inlet) 20

2 40

s3 (outlet) 90

6

10

500-H50

560-^0.1

total ;

(after 8 days

JOVO FFD
2nd V/T

mesh packed

& filter type

2984>X500H

plain weave

mesh

+
filter

2

130-+50

0.1-+0.02

600

operation)

R&D (2) MONJU SAGS
1st V/T

reflux & mesh

packed type

200O X 1820H

plain weave

mesh

'region mesh

size

1(inlet) 10

2 20

3 40

s4(outlet) 90

2nd V/T

mesh packed

& filter type

303OX1250H

plain weave

mesh

+
filter

30~60

30—50

380-»200

1100-»0.1~ll

/increasing

V operation

20-40

200-»50

0.1-11

-»0.1~0.03

with \

time/

R&D (3) MONJU PAGS
1st V/T

reflux & mesh

packed type

356* X 2800H

plain weave

mesh

'region mesh

size

1(inlet) 16

2 25

3 40

v4(outlet)100

6.

3

200->150

3000-+200

total ;

(after 75 days

2nd V/T
mesh packed

type

356<I>X2800H

plain weave

mesh

'region mesh

size

1 (inlet) 16

2 25

3 40

^(outlet) 100

5

3

300-+80

200-»0.3

1700

operation)



Table 3-3 Characteristics of MONJU PAGS V/Ts

Specifications

type

size of trapping

part (mm)

packed material

reflux and mesh

packed type

450 <D X 2400H

plain veave mesh

-region mesh size

1 (inlet) 16

2 25

3 40

\ 4 (outlet)100

mesh packed type

450OX2400H

plain veave mesh

/region mesh size

1(inlet) 16

2 25

3 40

4(outlet)100

argon gas flow rate

(NmVh)

Operating

conditions

flow speed in trap

(cm/s)

pressure loss

total ; lese than 2000
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Part IV

The Release of Radioactive Noble Gases to the

Environment from the PAGS of MONJU

1. Introduction

Design objectives of the systems which process gaseous

radioactive materials, such as the PAGS and the Gaseous Waste

Processing System (GWPS), are to keep the levels of radioactivity

in the plant effluents to the environment as low as resonably

achievable.

The PAGS is composed of a closed recirculating circuit as

described in Part II,and radioactively contaminated argon gas

is not discharged to the environment during normal plant

operation. The leakage of the fresh argon gas into the PAGS

through the seals of the reactor head mechanisms causes the

raise of argon gas pressure. Only the excess argon gas is

discharged after processed with the charcoal beds and the decay

tank of the PAGS to the GWPS. ( The flow diagram of the GWPS is

shown in Fig.4-1 )

Discharged argon gas is processed by the GWPS prior to

releasing to the environment.

The model of contaminated argon gas release paths is shown

in Fig.4-2. The release path described above corresponds to

Path 1. Although the PAGS piping and components are not expected

to leak, Path 2 and Path 3 are assumed for the purposes of

consevatism.

In Part IV, the evaluation of radioactive noble gases

released inventory to the environment is described.
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2. Source Term Calculation

The concentration of radioactive noble gases in the

reactor cover gas and the purified argon gas are evaluated

on the following basic sources;

- Production of fission products in fuel rods and

release to the reactor cover gas space through

fuel rod cladding defects.

- Neutron activation of impurities in the primary

sodium coolant and the argon cover gas.

The release model for fission product noble gases assumes

continuous reactor operation with fuel defects in fuel rods

generating 1% of the reactor power. The model accounts for

only the decay of fission products during release from the

fuel pellet. The other delay time, such as transport time

through a gas plenum in the fuel rod and the sodium coolant,

are not taken account.

The release rate of fission product noble gases from

the fuel into the reactor cover gas space is calculated

by the equation (1).

Si = Ai« Fi (1)

where,

Si ; release rate through the defect

of fuel rods (Ci/sec)

Ai ; generation rate corresponding to

1% of the reactor power (Ci/sec)

Fi ; release fraction

The release fraction of fission product noble gases

are calculated by using the equivalent sphere diffusion

model. The calculated values of release fraction •• and

release rate are listed on table 4-1.

To determine the production rate of sctivated argon,

following neutron reactions are considered.
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(1) Direct activation of the reactor cover gas

Ax-3€ <n,T) Ar-37

Ar-38 (n,D Ar-39

Ar-40 (n,D Ar-41

(2) Potassium impurity activation in sodium coolant

K-39 (n,p) Ar-39

K-41 (n,p) Ar-41

Potassium impurity concentration in sodium is

assumed to be 300 ppm.

The calculated values of the production rate of activated

argon are liated on Table 4-2.

Activity balance in the reactor cover gas space leads

to the concentration of radioactive noble gases as following

equation:

Ci = i si [ 1 - exp(-( A; +Xvl ) t ) ] (2)
V* (Ai +Api)

where,

Ci ; concentration in the reactor cover gas (Ci/m3)

V^ ; volume of the reactor cover gas spase (70 m 3)

Al ; decay constant (1/sec)

reactor cover gas purge factor (1/sec)

q

A t 1 - exp( -Acl
V

q ; argon gas recirculating rete

(3.37X10'3 m3/sec)

Tdi ; recirculating time

( Kr ; 2.88xlOr sec)

( Xe ; 5.18xlO6 sec)

Si ; fission product release rate into the reactor

cover gas spase or activated argon production

rate (Ci/sec)
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t ; reactor operation time ( 3.15X107sec)

The concentration of radioactive noble gases in the

purified argon gas is estimated by taking account the decay

both in the charcoal beds and in the decay tank of the PAGS.

For long-life isotope ,such as Kr-85 and Ar-39, the

concentration is thir released inventory or produced inventory

divided by the total volume of primary argon gas.

Table 4-3 lists the concentration in the reactor cover

gas and the purified argon gas.

3. Released Inventory to the Environment through Path 1

The annual released inventory of noble gases to the

environment can be calculated from the following formula:

Qi = F-Ci-E exp(-/U-Thi) (3)

where,

Qi ; annual released inventory (Ci/yr)

F ; annual discharged volume of the purified

argon gas from the PAGS (2000Nm3/yr)

Ci ; radioactive noble gas concentration in

the purified argon gas listed on Table 4-3

E ; volume adjustion factor (0.31 m3/Nm3)

'Xl ; decay constant (1/sec)

Thi ; noble gas hold-up time with charcoal beds

of the GWPS

( Kr ; 1.44xlO5'sec)

( Xe ; 2.59xl06sec)

( Ar ; 0 sec)

Noble gas discharged inventory from the PAGS and released

inventory to the environment after processed by the GWPS are

listed on Table 4-4.
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Table 4-1 Fission Product Release Fraction and Release Rate
Correspond to 1% Failed Fuel

Isotope

Kr-83m
Kr-85m
Kr-85
Kr-87
Kr-88

Xe-131m
Xe-133m
Xe-133
Xe-135m
Xe-135
Xe-138

Half life

1 .86h
4.44h
10.76yr
76.00min
2.80h

•11.80d

2.26d
5.27d

15.60min
9.14h
17.50min

Release Fraction

0.316
0.264
1.000
0.151
0.202

0.897
0.451
0.638
0.828
0.451
0.075

Release Rate
( Ci/sec)

9.06x10"'
5.65x10-1

1 .86x10-'
1 .82x10°
1 .57x10°

1.25x10-3

1 .74x10"1

6.85x10"
2.74x101

5.31x10°
1 .78x10'

Table 4-2 Production Rate of Activated Argon

Production Rate
Isotope Half life

Ar-37
Ar-39
Ar-41

35.1d
269.Oyr

1 .83h

( Ci/sec)

2.4x10-"
1 .2x10"*
2.6X10"3
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Table 4-3 Fission Product and Activated Ar Isotope
Concentration in Reactor Cover Gas and
Purified Argon Gas

Concentration (Ci/m3)
Isotope

Kr-83m
Kr-85m
Kr-85
Kr-87
Kr-88

Xe-131m
Xe-133m
Xe-133
Xe-135m
Xe-135
Xe-138

Ar-37
Ar-39
Ar-41

Half life

1 .86h
4.44h

10.76yr
76.00min
2.80h

11.80d
2.26d
5.27d

15.60min
9.14h

17.50min

35.1d
269.Oyr

1.83h

Reactor Cover Gas

8.5x101

8.8x10'
9.1x10-'
1 .3x10*
1.9x10*

3.8x10-'
4.8x10'
2.0x10*
5.0x102

1 .1x10*
1 .1x103

8.4X10"4

5.8x10"2

2.6x10"'

Purified Argon Gas

< 10-10

2.3x10"*
5.1x10°
< 10-'°
2.4x10*7

5.7x10-*
1 .9x10-"
3.5x10-1

< 10-'°
< 10-'°
< 10-'°

4.6x10*3

3.3x10-'
1 .4x10"*

Table 4-4 Annual Activity Discharge Rate from the PAGS
and Release Rate to the Environment through Path

Isotope Discharge Rate(Ci/yr) Release Rate(CiZyr)

Kr-83m
Kr-85m
Kr-85
Kr-87
Kr-88

Xe-131m
Xe-133m
Xe-133
Xe-135m
Xe-135
Xe-138

Ar-37
Ar-39
Ar-41

1 .9x10-*
1.4x10"
5.7x10*

< 10'10

1.4x10"*

3.6x10'
1 .2x10"3

2.1x102

< 10-'°
< 10- 1 0

< 10-'°

5.0x10°
4.0x101

1 .0x10'

< 10-10

2.9x10"*
5.7x10*

< 10-'°
7.3x10-*

6.2x10°
1 .1x10-'
4.2x10°

< 10"°
< 10"'°
< 10"°

5.0x10°
4.0x10'
1 .0x10'
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Fast Reactor Cover Gas Purification - The UK Position

A W THORLEY

1. Introduction

The cover gas in the Prototype Fast Reactor (PFR) provides an inert gas

blanket for both primary and secondary sodium circuits, ensures inert gas

padding exists between the upper seals associated with penetrations through

the reactor roof and provides argon to items of plant such as the control rods

and the rotating shield and also to on line instruments such as the secondary

circuit Katharometers.

In order to meet these and other requirements purification of the argon

cover gas is important to ensure:

1. gas fed to purge gaps in the area of the magnetic hold device in the

control rod mechanisms is not laden with sodium aerosols and reactive

impurities (0?, H~) which could cause blocking both within the gaps and

pipelines.

2. gas phase detection systems which provide early warning of steam

generator failures or oil ingress into the sodium are not affected by the

presence of gaseous impurities such as H_, C0/C02 and CH,.

3. Mass transfer processes involving both corrosion products and

interstitial atoms cannot be sustained in the cover gas environment due to the

presence of high levels of 0_, N_ and carburising gases,

4. background levels of radioactivity (eg Xe 133) are sufficiently low to

enable gas phase detection of failed fuel pins, and

5. the primary circuit gas blanket activity is sufficiently reduced so that

discharges to the atmosphere are minimised.
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This paper describes how the PFR cover gas purification system is coping

with these various items and how current thinking regarding the design of

cover gas purification systems for a Civil Demonstration Fast Reactor (CDFR),

where larger gas volumes and higher levels of radioactivity may be involved,

is being guided by current experience on PFR. The paper also briefly reviews

the experimental work planned to study aerosol and caesium behaviour in cover

gas environments and discusses the behaviour of those impurities such as Zn,

oil and N« which are potentially damaging if certain levels are exceeded in

operating plant.

2. Brief Description of the PFR Cover Gas System

The cover gas volume above the primary sodium in PFR is 0.3 x 10 litres

or 3.1 x 10 litres if the surge tanks are included. The volume occupied by
3

the gas in the secondary circuits is 12 x 10 litres per circuit. The

operating pressure is just above atmospheric ie 110 +_ 3kN/m2 and during plant

operation periodic venting of the system occurs to accommodate any increases

in pressure caused by inleakage of padding gas from the upper roof seals into

the primary sodium argon and changes in temperature as the reactor goes to

power.

Argon is supplied to the PFR site in liquid form. The delivered argon

meets a specification of <5ppm of all impurities and check samples to ensure

that this specification is being met are made before the argon is passed to

the reactor ring main. Typical values obtained are 1-3 vpm for each of the

impurities oxygen, moisture and nitrogen. Once the argon enters the primary

and secondary circuits further checks are undertaken by sampling the gas in

the secondary circuits before the plant becomes operational. Once the reactor

goes on power no further gas phase samples are taken because secondary circuit

sodium levels are now sensitive to changes in gas pressure. However, the

quality of the incoming gas can still be monitored indirectly by the hydrogen

and electrochemical oxygen meters which are installed on the secondary circuit

cold trap loop.

In order to ensure that the primary circuit argon is free of sodium

aerosols before it is used to purge the control rod mechanisms, gas is

extracted from the argon gas blanket and passed at a flow rate of 7 litres/sec
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(7 x 10~ m3/sec) through an aerosol filter and an absolute filter. The

feedline to the aerosol filter slopes towards the reactor cover gas to assist

drainage and during operation this pipe is maintained at a temperature of

15O-2OO°C. Also during operation a certain amount of gas is by-passed (after

the pump) to the sampling station where the gas is analysed using a gas

chromatograph, beta-precipitators and a gamma-spectrometer. This latter

instrument provides both isotopic resolution and the first indication of

failed fuel pins by measurement of Xel33. Samples can also be extracted from

the line using sample bottles and these are passed to the analytical support

group to provide checks on the gamma-spectrometer readings, for Radon analysis

to check for failures in 'tagged1 pins using alpha-spectrometry and to check

the levels of non-radioactive constituents using mass—spectrometry. For

details of the system see Fig 1.

3* Operating Experience

Argon supplies

The argon gas provided to the PFR site has been found to meet the

required specification since the plant was commissioned in 1974. The quality

of the argon during plant operation is such that the cold traps on the

secondary circuit have no difficulty in controlling 0~ and H« levels in the

bulk sodium to values of 8 ppm and 0.2-0.45 ppm respectively. In addition the

dedicated supplies to the Katharometers have not affected the operation of

these units. Alarm levels are obviously used on the secondary circuits and

these are set at 250 vpm H~ on the hydrogen detection systems and 100 vpm W ,

50 vpm 0_ and 50 vpm N_ on the cover gas monitors.

Behaviour of the purification system

In the earlier development of the purification system a number of

schemes to remove entrained sodium from argon were investigated at the Risley

Nuclear Laboratories (RNL)(1). In addition the argon flow rates required to

ensure free flow of gas in the PFR control rod mechanisms were studied using a

mock up of the PFR control rod system. Complementary to these investigations

an aerosol filter was developed at the Windscale Nuclear Laboratories (WNL)

for eventual use on PFR(2)(3). The operation of this unit is adequately
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described in a companion document (Paper 1) to this paper and therefore only

the main points of interest are included in this report. For example, in the

initial stages of operation it was established that certain tube banks in the

filter tended to block, consequently different methods of operation had to be

adopted both to unblock the tubes and to operate the unit with a number of

blocked tubes. In the event the filter was replaced with a better designed

unit which has since operated satisfactorily. During the removal of the

filter it was apparent that the unit had collected a large amount of Cs 137

which originated from experimental single pin failures during the time the

filter was in service(4).

Analysis of impurities during purification

The gas chromatograph in the monitoring station is calibrated to detect

H2, N~, He, 0-, Kr, Ne, Xe and CH *. With some slight modification it can

also detect ethane and CO/CO- gas mixtures. So far the elements detected by

the chromatograph when the reactor is on full power are H_ (5-6 vpm), N~ (100

vpm) and He (5-16 vpm). On occasions higher levels of He, which are thought

to come from the vented control rods, are observed (V50 vpm). The remaining

elements, (see above), have not been detected by the chromatograph.

Gas sampling to detect the failure of Radon tagged pins has been

succesful using a semi-quantitative absence/presence method of analysis. The

beta precipitators have also performed satisfactorily at a standard background

of 1040 counts/sec. During pin failure this level can 'spike' to 200,000

counts/sec, although generally speaking smaller releases, of the order of

10-20000 counts/sec, are usually observed. Detection of failed pins using the

gamma-spectrometer has also provided useful data during leak events at

measured background levels of 0.1 millicuries/m3 for Xe 133. It is to be

noted however that neither Cs 137, 134 or Na 22 have been detected using this

analytical route.

The detection limit for CH, is 50 vpm which is equivalent to a spill of 13

grams of oil into 900 tonnes of sodium or 116 grams of oil if the surge tanks

are included in the cover gas volume.
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Levels of radioactivity and gas effluent discharge

The inleakage of the padding gas from the upper roof seals into the

primary argon gas blanket together with the need to maintain the gas blanket

argon pressure within specified limits requires up to 8000 litres of primary

argon gas to be discharged daily from the delay tanks to atmosphere. This

means that in 1985 - a period when we had a limited number of failed

experimental pins - discharges of Xe 133, Xe 133m, Xe 135, Ne 23, Kr 85m Kr

87, Kr 88 and Ar 41 were also made to the atmosphere. However, when these

releases are compared with the site derived limit averaged over the year they

are only a small fraction of the allowable discharge and in reality the total

discharge for 1985 was less than the derived limit for one day.

Mass—transfer effects

The low levels of nitrogen recorded on the gas chromatograph and the

absence of oxygen and methane are reasonable indications that negligible

corrosion, due to oxidation effects, nitriding or carburisation is occurring

in the gas space of PFR. Nitriding studies undertaken at RNL in sodium

vapour-nitrogen-argon environments have indicated that 2000 vpm N_ is an

acceptable level in this type of environment (see nitriding studies later) and

therefore the levels recorded are considered acceptable. However, with the

exception of the Berkeley Carbon Meter, no materials have yet been removed to

confirm these assumptions. The only material which has been exposed in the

argon cover gas for some considerable time is the stainless steel Type 321

extension tube to the Berkeley Carbon Meter which was situated in the IHX

region of the primary circuit where it operated at a nominal temperature of

52O°C. Although subsequent examination of this tube showed no evidence of

carburisation or nitriding it is interesting to note that there was evidence

of mass-transfer of Mn54 and Co60 from the liquid sodium pool to slightly

cooler positions on the tube which were in the gas space. Similar deposits

have also been identified on plugs removed from the primary circuit and the

aerosol filter. This phenomenon is to be further investigated in the Harwell

mass-transfer loop (see supporting studies).
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4. Purification Systems for Future UK Reactor Designs

Although future designs of purification plant will have to accommodate

greater gas volumes and, depending on the acceptable level of failed pins,

greater Cs 137 inventories, aerosol filters will still have to be designed to

last the lifetime of the plant(5). Also if economic factors dictate that

Civil reactors have to operate with a number of failed pins then facilities

will be required to maintain activity levels in the gas space at values where

the failed pin detection (FPD) systems are still operable and discharges to

atmosphere remain within acceptable limits.

In the light of these considerations the cover gas clean up system for a

Civil Demonstration Fast Reactor (CDFR) has been designed where there is no

on-power removal of activity from the cover gas, but at shutdown a reduction

of cover gas activity prior to active handling is required. Batch operation

at shutdown conditions (25O°C) will also considerably reduce the sodium vapour

loading on the aerosol filter and also reduce the attendant caesium carry

over.

The most important active species in the cover gas are listed below -

concentrations of a particular source depend very much on the general

operating conditions of the reactor.

Cover gas -

Normal operation

Additional following operation

with 300 burst pins

active constituents

Ar 4 1

Na 2 4

Xe 1 3 3

Kr 8 5

v
 8 8
Kr
„ 134
Cs

Cs 1 3 7

I 1 3 1

132

Half

5

10

2.

2.

30

8

2.

life 1.8 h

15 h

d

.6 y

8 h

i y

y

d

3 h
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In the design the reduction in cover gas activity will be achieved by

adsorption of Xenon and Krypton in a bed of carbon granules (charcoal). A

delay in the start-up of the system (following shutdown) allows short life

active isotopes present in the cover gas at shutdown to decay naturally in the

reactor and not in the carbon bed. The delay also allows I 133 (21 hour half

life) present in the sodium pool to decay to Xe 133 after shutdown. Thus, 75

hours after shutdown, only Xe 133 and Kr 85 need be considered for clean-up.

Two carbon beds are to be provided, the off-line bed will be available

as a spare unit and for extra clean-up capacity as desired. Each is sized for

the total mass of gas to be removed at the lowest inlet concentration at which

the bed is to be run to prevent break through occurring. The radiological

source terms for the system design are based on the following conditions:

assumed number of burst pins 300

amount of 133 Xe in cover gas at shutdown 1.87 gms

amount of stable Xe after 30 years 10 kg

flowrate through carbon beds 0.025 kg/s

The adsorption of Xe and Kr on charcoal increases as the temperature

decreases. To minimise the volume of charcoal required and thus the shielding

and operating space requirements, each charcoal bed is maintained at cryogenic

temperatures. A bed temperature of -140°C is selected because this

temperature is readily attained and experimental data on Xe and Kr adsorption

on charcoal are available for this temperature.

In relation to the removal of sodium aerosols the cover gas is taken

from the main purge vessel pipe to the sodium aerosol filters by a leak

jacketted line 75mm diameter. The cover gas suction pipe is sized by

reference to a requirement for a low overall pressure drop, to avoid negative

pressure at the compressor inlet, and one that is not unduly affected by the

presence of sodium condensate.
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The design of the aerosol filter is based on that for PFR. It is fitted

with a hot inert gas heated leak jacket and operates at a temperature of

200°C. The unit comprises two banks of knit-mesh filter pads, whose area is

determined by a pro-rata enlargement of the PFR design, based on gas flowrate.

The aerosol filter is fitted with a liquid sodium collection void, this

arrangement has the advantage that it is simple and does not require the

continuously heated drain lines and lutes etc required by the PFR design. The

sodium is removed periodically by suction pump as required.

The aerosol laden cover gas enters the top of the filter, passes

downwards through the two banks of knit-mesh pads where the sodium coalesces

and separates from the gas stream. After the gas has left the second bank of

filters it passes upwards through the large diameter central outlet.

The particulate filter is mounted on top of the aerosol filter, this

layout simplifies access and installation plumbing and also enables, when the

filter is backflushed, the sodium filter cake to fall into the aerosol filter.

In this fashion the all carry over sodium is held in the aerosol filter

collection void.

The particulate filter operates below the sodium freezing point, it is

unlagged and is cooled by nitrogen supplied by the main reactor vault cooling

system. It is an etched disc filter of the type manufactured by VACCO

Industries.

Two filter assemblies are specified, one will act as a standby to be

commissioned as required when the operational unit is blocked etc. It is

estimated that two such units will accommodate the lifetime needs of the

reactor. For details of the design see paper 2.
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5. Behaviour of Impurities in the Gas Space - Chemical considerations and

supporting UK experimental work

Behaviour of Sodium Aerosols

Sodium aerosol behaviour in argon cover gas environments is being

investigated at AERE Harwell(6)(7). Although the studies are more related to

mass and heat transfer effects in the cover gas the work will provide a better

understanding of aerosol behaviour which could lead to improvements in aerosol

filter design. Items of potential interest include: studies of the growth and

vapourisation of aerosols as a function of Lewis and Condensation No., the

effect of changing pool temperature and temperature difference between the

pool and the cover gas on aerosol behaviour, a fundamental study of the growth

rate of liquid drops and an investigation into how heat and mass are

transferred in annular gaps and components of complicated geometry. For

details of these items see ref 4.

Behaviour of Cs vapour

An investigation is to be undertaken at AERE to establish the degree of

partitioning which occurs between liquid sodium and vapour environments when

the sodium is circulated in the Harwell Mass Transfer loop under conditions

typical of those anticipated in FBR's(7). The study will involve experiments

to investigate the mass transport of radioactive Cs from a hot sodium pool to

the cover gas. Similar studies will also be undertaken to establish what

factors affect the deposition of Mn 54 and Co 60 in vapour phase environments

(see earlier). The intention of the work is to provide mass transport rates

as a function of temperature difference between the sodium pool and the cooled

roof. The effects of disturbed pool surfaces (roughened surfaces) and gas

bubble disentrainment on transport rates will also be investigated. Heat

transfer rates through the cooled roof will also be measured using heat flux

meters installed in appropriate positions. Details of the type of facility to

be used in these studies are illustrated in figs 2 and 3.
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Behaviour of zinc vapour in the argon cover gas

The chemical behaviour of zinc vapour in the argon cover gas above a

sodium pool containing various levels of zinc has been investigated at RNL,

AERE and DNE (8, 9, 10) using both static sodium and pumped loop facilities

(see also companion document - Paper 3). The purpose of the tests was to

establish whether zinc levels in sodium, higher than those specified, could

promote embrittlement of materials and increase levels of radioactivity (Zn

65) in the gas space through enhancement of zinc concentrations in the cover

gas. In support of the experimental programme a thermodynamic analysis of the

Na-Zn and Zn-Fe systems was undertaken prior to the experiments. This

assessment indicated that zinc concentrations in the gas space above the

sodium pool are enhanced a hundred times (compared with the pool

concentration) at temperatures of 460°C and that cooling the vapour in the

upper parts of the roof space to 32O°C reduces the enhancement in the

deposited liquid film by a factor of 10. Also the wide solid solubility range

that exists in the Fe-Zn system implies that the deposited zinc could

partition between the sodium film and the steel thus becoming a precursor for

embrittlement.

In order to confirm these predictions experiments have been undertaken

to establish zinc enhancement factors in the sodium vapour phase above a

heated sodium pool and in the deposited sodium film. The partitioning of the

zinc between this liquid film and the underlying steel plate has also been

studied. Overall the results indicate that, within limits, the use of the

existing thermodynamic data to model zinc behaviour in the cover gas is

reasonably justified. (See Paper 3.)

Nitriding of steels in cover gas environments

Nitriding studies to establish the kinetics of nitriding reactions in

gas phase environments of sodium systems and levels of nitrogen which affect

the tensile properties of Type 316 and 321 stainless steels have been

undertaken at the CEGB (BNL)(11) laboratories and RNL. These studies have

shown that the levels of nitrogen currently being recorded in PFR are not

damaging from a nitriding stand point. However the experimental evidence

suggests that in an unstabilised stainless steel system the low partial
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pressure currently being measured in the cover gas might promote denitriding

under the sodium especially if sinks for nitrogen exist elsewhere in the

sodium circuit. Although the recommended limit for nitrogen in the cover gas

of PFR is 1000 vpm it would seem from the recorded gas space analyses that

flasking procedures on the reactor are not producing levels of concern. For

further details see Paper No 4.

Gas phase monitoring for oil ingress into sodium systems

Work undertaken at BNL and RNL to establish the types of gaseous

impurities released to the cover gas when oil contacts liquid sodium have been

reported in ref 12. In support of these earlier studies tests are currently

in hand at RNL to establish what levels of methane can be measured in gas

phase environments when oil or oil-sodium reaction products are added to the

sodium. The tests cover situations where oil can either enter a hot sodium

pool or drip onto the sodium inside the pump casing where the maximum

temperature is approx 450°C. In the event that sodium inside the pump will

eventually mix with the pool sodium it is proposed that oil-sodium reaction

products (not oil) will now enter the sodium and therefore the tests have to

cater for these situations. So far preliminary test results have shown that

it may be possible to detect small amounts of oil by gas phase monitors over a

range of temperature irrespective of whether the oil enters the sodium

directly or as a sodium-oil reaction product. Larger quantities can also be

detected by in-sodium monitors such as the Harwell carbon meter.

6. Summary

The UK position can be summarised as follows:

1. Liquid argon supplies delivered to the PFR site meet the required

specification and the level of impurities (0« H?N_) subsequently passed

to the reactor ring main are in the range 1-3 vpm for each impurity.

Dedicated argon supplies to detection instruments such as the

Katharometers and the performance of the cold trap on the secondary

circuit cold trap loop indicate that the quality is maintained during

plant operation.

-171-



2. With the exception of earlier problems with the aerosol filter due to

blocking of certain tube banks the filtration unit has since worked

satisfactorily. Gas being passed to various positions eg control rod

and rotating shield mechanisms is relatively aerosol free to the extent

that these components have also worked satisfactorily.

3. Ingress of the argon from the upper roof seal to the reactor primary

cover gas means that the pressure of the system rises above the required

operating limits. To decrease the pressure the gas is periodically

vented from the delay tanks to atmosphere. Experience has shown that

these tanks are capable of reducing levels of radioactivity to

acceptable values, consequently there has been no need to commission the

carbon delay beds (which are part of the purification system) to improve

the situation.

4. The failure of certain experimental fuel pins in PFR has meant that Cs

137 is collecting in the aerosol filter. However the levels of

radioactivity arising from the venting of noble gases to the

atmosphere is well within specified limits.

5. Analytical facilities which measure levels of active and non-active

constituents in the cover gas indicate that the major non-active

constituents (as measured on the gas chromatograph) are hydrogen,

helium, and nitrogen which are at a low level. Gas sampling techniques

have successfully identified the presence of Radon from tagged fuel pins

by using a semi-quantitative absence/presence type of detection method.

Gamma spectrometry measurements indicate that the major contributor to

cover gas activity is Xe 133 and that Na22 and Gsl37, 1'34 have not yet

been identified in the purified argon. Preliminary evidence also

suggests that mass-transport of Mn54 and Co60 is occurring in the vapour

phase.

6. Supporting studies, mainly at AERE, are currently investigating the

behaviour of sodium aerosols and Cs 137 in cover gas environments.

Although the former is being studied in the context of heat and

mass-transfer in the cover gas both investigations are important to the
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generic understanding of Na and Cs behaviour in relation to aerosol

filter design. The behaviour of Mn54 and C06O in the gas space above

the sodium pool will also be investigated at AERE and RNL.

7. The behaviour of other elements in cover gas environments such as Zn

have been investigated at RNL, AERE and DNE. The conclusions drawn from

these experiments is that zinc behaviour in the cover gas can be

modelled using thermodynamic data derived from the Na-Zn and Fe-Zn

binary systems. Preliminary work undertaken at RNL to identify whether

gas phase detectors (eg a gas chromatograph) can detect the presence of

oil ingress into sodium has shown that it may be possible to detect

small amounts of oil, either as oil or sodium-oil reaction products over

a range of temperature. Experimental work also indicates that the

current levels of N. recorded by the PFR gas chromatograph should not

cause significant nitriding of components, in the cover gas.

8. Future designs of purification system have to ensure that aerosol

filters and carbon beds can adequately cope with greater cover gas

volumes and, depending on the acceptable level of failed pins, higher Cs

137 and Xe 133 inventories respectively. Schemes have to accommodate

periodic regeneration of the filter, prevent blockages occurring outside

the filter in areas such as gas lines and ensure levels of radioactivity

are reduced to acceptable values before discharge.
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Chemical Behaviour of Zinc in Cover Gas Environments

A W Thorley, A Blundell and R Lloyd

1. INTRODUCTION

The possibility that enhancement of 65Zn in the cover gas regions of
reactor plant may increase levels of radioactivity and provide potentially
embrittling situations has lead to a limited metallurgical and chemical
investigation into how this element behaves in cover gas environments. This
paper reports the chemical findings from those investigations and compares the
results obtained with those anticipated from thermodynamic predictions.

2. EXPERIMENTAL PROGRAMME

The experimental programme has consisted of three main topics. (1) An
investigation into the thermodynamic behaviour of zinc in the vapour phase
above the sodium pool. (2) The behaviour of zinc when it condenses onto
cooler steel surfaces; and (3) The behaviour of zinc in sodium in a pumped
loop and demonstration of the levels of zinc which condense in the vapour
phase as the liquid metal is pumped around the circuit.

Behaviour of zinc in vapour phase environments. Estimates made by
Rand(l) of zinc enhancement in the vapour phase above sodium-zinc solutions
indicate that at sodium pool temperatures of 460°C zinc enhancement under
equilibrium conditions is about 100 x the concentration of zinc in the pool
and a factor of 10 less at plate surfaces heated to 330°C because of
differences in temperature between the pool and the plate. In order to
establish whether these estimates are valid, tests have been undertaken to
establish the magnitude of zinc enhancement in the vapour phase above the
sodium pool and in the condensate on the cooler surfaces above the sodium
pool.

Vapour studies. In the vapour phase experiments, argon gas has been
passed over a long shallow pool of liquid zinc or solutions of zinc in sodium
contained in a U-tube. The vapours in the gas have then been passed to a
condenser unit where they have been condensed and the amounts of entrained
sodium and zinc measured. During the experiment the tube was immersed in a
lead bath to maintain constant temperature conditions and during the period
that the argon was passed over the 'liquid surface the contents of the tube
were oscillated +̂ 20° over an internal weir to stir and break up the surface.
As preliminary tests had shown that there was no detectable dependence of
vapour pressure on oscillation rate, most experiments were conducted at a 7
second period of oscillation. To promote adequate mixing of the gas inside
the tube, deflectors were also provided at the inner wall and after the gas
had passed over the liquid surface it was then passed into the condenser unit.
The tube and condenser were constructed from pyrex glass and cone and socket
ground joints were used to provide reliable quick-change connections.

Solutions of condensate for subsequent analysis were prepared by washing
the contents of the condensers with 4% HC1. The liquid metal composition in
the pool before and after a run was also checked by siphoning samples from the
liquid solution. Initially the argon gas flow rates were varied in order to
find the range over which the apparent vapour pressure remained constant.
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These tests showed that low flow rates lead to collection of an excessive
amount of metal deposit whereas at high flow rates the system failed to reach
a steady state and produced too little deposit.

As uniform temperatures had to be maintained over the metal pool and its
immediate environment, including gas entry and condenser entry systems,
temperature surveys were undertaken with Pyrotenax (chromel/alumel)
thermocouples. These showed good temperature stability throughout the lead
bath and temperatures were within +̂ 2°C over the swept volume of the U tube.
During the zinc runs the temperature was monitored at a central position,
remaining -fl°C from the set temperature and often maintaining +0.5°C during a
run. For the sodium runs a more reliable chromel/constantan thermocouple was
used.

The first part of the experiment involved calibration of the apparatus
using 25ml charges of pure zinc. Following satisfactory operation with pure
zinc, dilute zinc in sodium alloys (16 gram quantities) containing 60, 100 and
25Oppm zinc were loaded into the tube which was then evacuated. Argon was
passed through drier and oxygen getter tubes, and then through a flow
controller to the U—tube. Oxygen levels in the gas stream were monitored with
a DS 2500 oxygen analyser. The measured values were below 5ppm, normally
about lppm. After purging and filling with argon the U-tube and condenser
assembly was inserted into the preheated lead bath. Once the internal
temperatures reached that of the lead bath (time ^ 10 minutes) the first
condenser was removed and replaced with a fresh condenser, cleaned in acid.
This point marked the beginning of the run and further runs were made with
replacement condensers. Great care was taken throughout the experiments to
avoid the introduction of oxygen or metallic impurities. Glassware was
cleaned with acid and dried and blank assemblies analysed for background zinc
and sodium levels. During the zinc runs the zinc background level was of the
order of 20ygm compared to 50mg of condensed zinc.

Condensate experiments. Sodium containing different amounts of zinc has
been sealed into steel capsules under 1 atmos of argon and then heated for
various periods of time with a AT of 450 to 35O°C between the sodium-zinc
solution and the top of the capsule respectively. Specimens made from 2^CrlMo
ferritic steel, were also suspended, both horizontally and vertically, at
different temperatures in the gas space of one of the RNL test loops which
contains sodium-zinc solutions heated to 46O°C. An iron plate with a heater
attached was also positioned horizontally in the upper part of the gas space
so that by varying the heater temperature the effect of changing the AT
between the sodium pool and the plate could be assessed (Fig 1). In a
separate experiment the distillation rate of zinc from sodium solutions
containing different levels of zinc (133-6OOppm) was investigated by heating
the solution for various periods of time at 320°C and allowing the zinc and
sodium vapours to condense onto a surface cooled to 20°C. After the
appropriate period of distillation the ratio of zinc to sodium in the
condensate was compared with the ratio remaining in the solution.

In all the experiments representative samples of sodium were obtained by
adding known amounts of zinc to sodium, thoroughly stirring the liquid and
quickly pouring the solution into the containers. This procedure was adopted
because initial experience showed that it was difficult to obtain
representative samples either because zinc or sodium-zinc compounds did not
readily dissolve in sodium on melting or they segregate to the wall of the
containment on cooling, even when the solutions were rapidly quenched or
slowly stirred and then quenched. However, from a number of alloys involving
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different concentrations of zinc it was found that rapidly stirring the
solution before pouring provided solutions where the zinc concentration was
homogeneous throughout. Also after exposure to either liquid or vapour
environments, specimens were removed and washed in alcohol to dissolve the
sodium and also the zinc in the sodium wetted layer. The zinc in the steel
was then removed by washing in dilute acid. Similar procedures were also
adopted for the larger iron plate specimens with the exception that after
removing the sodium the plate is cut into three pieces. One piece was used
for controlled acid washing (chemical milling) of the iron surface to
determine its zinc content, another was used for surface analysis measurements
(Auger and SIMS) while the third was kept in reserve.

3. RESULTS

3.1 Vapour Phase Studies

Zinc enhancement in the vapour phase above the sodium pool. The results
from the trial runs using pure zinc are detailed in Fig 2. During the tests
the measured vapour pressures were found to be constant over a range of gas
flow rates from 0.15 to 0.45 litres/min (NTP) and it was estimated that the
combined errors of measurement were of the order of +5%. Figure 2 illustrates
the values obtained and how they compare with data obtained from Ref 1.

The results from the sodium-zinc solution studies are illustrated in Fig
3. In these experiments it was found that the flow-rate of the argon gas was
an important parameter and at low flow rates excess sodium started to condense
in the system. However at the flow rates used in the pure zinc runs, constant
vapour pressures, close to theoretical, were obtained and the values
illustrated in Fig 3 are taken from those runs where the measured pressures
were >757o of theoretical. The enhancement factor K in this figure is the
ratio of the amount of zinc determined in the vapour phase (condenser values)
compared with that in the liquid solution where the latter is based on
mass-balance estimates (starting values - condenser values), sodium vapour
pressures and, where possible, siphon analyses. It is to be noted that the
figure contains two theoretical curves: one relates to the situation where
pure zinc is dissolved in the pool (a ^ 1) while the other assumes that the
zinc exists as a compound of composition of NaZn _(a ^ 0 . 7 ) .

1 J LtXi

Zinc enhancement on plate specimens. The results obtained on specimens
suspended in the cover gas region of the sodium loop for times up to three
months and the findings from the simple capsule tests are illustrated in Fig
4. The enhancement coefficient K which is plotted on the ordinate in the
figure is related to the expression.

K = concentration of zinc in the sodium wetted film
concentration of zinc in the sodium pool

Inspection of the figure shows that at inlet evaporator operating temperatures
(sodium pool 460°C plate 32O°C) the enhancement is not far removed from the
predicted values. Departure from predictions does occur, however, at lower
temperatures and this is attributed in part to inadequate wetting by the
sodium and the absence of liquid film formation on the surface of the plate.

The distillation experiments also indicate that the removal of zinc from
sodium by vacuum distillation is a very effective process at pressures of 3 m
and temperatures of 32O°C. The results show for example, that, irrespective
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of the original zinc concentration, 70% of the zinc and 207, of the sodium are
removed from the bulk solution in 3 to 5 mins and 95% of the zinc and 50% of
the sodium are removed in 15 minutes.

Sodium loop studies. The behaviour of zinc in a pumped sodium loop
after certain periods of loop operation is illustrated in Fig 5. The figure
shows that after each addition of zinc to the sodium, the zinc level falls to
a near constant value of approximately 6ppm. The figure also illustrates the
behaviour of zinc on the iron plates which are positioned horizontally in the
gas phase above the pool. Here it is seen that the amounts of zinc taken up
by the steel after different periods of exposure, decrease in phase with the
zinc level in the sodium pool. Similar effects have also been observed on
other material exposed in the vapour environment, when for example, strips of
material have been cut from a large specimen after different periods of
exposure. Again, the zinc levels recorded on the strips showed that the
initial high levels of zinc reduced as the zinc level in the bulk sodium
decreased and increased again when more zinc was added to the sodium. Figure
6 illustrates the relationship between the level of zinc in the sodium and
that recorded in the plate.

On the basis that the zinc in the sodium wetted film may be partitioning
between the film and the underlying steel, attempts have been made to see
whether the values obtained by controlled acid washing of 0.03 to 0.3 m layers
from the steel's surface can be related in a thermodynamic sense to the zinc
level in the sodium wetted film, assuming that both the alcohol soluble zinc
and the acid dissolved material are representative of zinc concentrations in
the sodium film and steel respectively. The results from this exercise which
extend to exposures of three months are illustrated in Fig 7.

Consideration of those specimens immersed in the sodium pool show that
the levels of zinc taken up by the ferritic and stainless steels are within a
factor of two of each other, whereas nickel has picked up about ten times as
much zinc.

As regards the effect of changing loop operating variables on zinc
behaviour in sodium circuits, it has been found that changing the sodium mass
flow rate from 3.5 to 8 Kgs/min had no significant influence on the measured
zinc level in the loop sodium and as the surface of the sodium pool was
disturbed during the tests we do not feel the amount of zinc deposited on the
iron plate is supply limited in the bulk solution. However, increasing the
temperature of the cold trap and associated pipework did increase the zinc
content of the sodium and it does seem, in line with thermodynamic
predictions, Fig 8, that zinc is depositing in this part of the loop system.
Immersion of nickel foils of significantly different surface area in the
sodium pool indicated that although nickel was a good getter for zinc, it did
not, within the analytical capability of measurement, significantly reduce the
zinc level of the pool. The implication of this observation is that any
initial migration of zinc to the loop pipework can be easily reversed when
alternative sinks are immersed in the sodium.

4. DISCUSSION

In order to provide some theoretical guidance as to how zinc may behave
in liquid sodium systems and how it interacts with steel surfaces, estimates
have been made of the chemical activity of zinc in sodium-zinc solutions
containing different levels of zinc and also the corresponding concentrations
of zinc which could be taken up by the iron at these different activity
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levels. In these calculations the free energy of formation of the sodium-zinc
compound NaZn _ was estimated from excess free energy values provided by
Lantratov(2) and the chemical activities of zinc in sodium-zinc solutions were
obtained by combining the G° values for NaZn „ with the solubility data of
Lamprecht and Crowther(3). The zinc activity of the most thermodynamically
stable Fe-Zn compounds Fe_Znin (T phase) has also been estimated for liquid
zinc and solid zinc equilibria from the Fe-Zn equilibrium diagram (Fig 9).
The values obtained were then combined with vapour phase data obtained by
Gellings(4) to derive the curves illustrated in Fig 8. Concentrations of zinc
in solid solution in Fe in equilibrium with different zinc activities in
sodium were then determined by combining the AG° value for the gamma phase (F)
with partial free energies for iron-zinc solutions which were derived using
Fig 9 and data from references (4) and (5). The values obtained from these
calculations are illustrated in Fig 8.

Similar estimates for vapour phase environments are very dependent upon
the magnitude of the enhancement factors in operation at the various surfaces
in the gas space. For example the transpiration studies coupled with the
sodium loop and supporting capsule tests indicate that if the steel surface is
fully wetted and zinc transport is not supply-controlled, then the
concentration of zinc in the sodium on the underside of the plate could be
M O x greater than the zinc condentrations in the sodium pool at temperatures
of 350 and 460°C respectively. If however zinc transport is supply controlled
then the zinc concentration in the wetted film and on the tube plate will be
less than predicted by this figure. In practice it has been found that the
enhancement of zinc in the vapour phase above the sodium pool is slightly less
than the earlier predicted values of xlOO. Although the difference (new value
x70) can possibly be attributed to the presence of compounds such as NaZn „ or
NaZn.„ and not pure zinc in the liquid phase, it should be pointed out that
the transpiration method does not readily lend itself to situations where both
elements of interest have relatively high vapour pressure. In addition,
problems were encountered with certain volatile constituents in the sodium
which tended to interfere with the experimental determinations. On this basis
the values quoted in Fig 3 should not be treated as absolute values but more
as a confirmation of the expected trends.

Although it is difficult to be precise about the behaviour of zinc at
the interface between the deposited sodium film and the metal plate, it is
considered from a comparison of the experimental data obtained from a number
of experiments, that in the initial stages the sodium-zinc condensate on the
plate is rich in zinc, probably due to some zinc 'flashing-off' from the
surface layers of the sodium pool. This zinc is then thermodynamically
attracted to the steel and over some finite time zinc moves from the deposited
film into the plate. However, once the sodium fully wets the surface of the
plate and reflux conditions are established, the zinc level in the plate then
appears to re-adjust to lower values to meet the thermodynamic requirements of
the system which now includes the pool, the wetted film and the plate. The
implication of these observations, as far as zinc take-up by the plate is
concerned, is that initially high zinc levels could deposit on the relatively
clean surface of the plate until reflux conditions are established.

In trying to make an assessment of whether the zinc partitions between
the sodium film and the steel plate, difficulties have been encountered in
assigning a true value for concentration (Cs) of zinc in the steel's surface.
The problem centres around the fact that firstly there is very little
penetration of zinc into the underlying metal at temperatures of 320°C over
exposure periods up to three months; consequently extrapolating to zero
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distance from a very steep concentration-penetration curve is a very
subjective process and secondly, although the surface concentration in terms
of weight % appears to be significant it should be pointed out that in terms
of weight of zinc we are only talking of 0.1-1.0 pgram/cm2 in a distance of
O.O2/O.O3nm. In the light of these difficulties, the data presented in Fig 7
are based on zinc levels determined in the first O.O2/O.O3ym of the steel's
thickness. They also relate to exposure periods greater than two days
duration so that any high levels of zinc which may deposit during the initial
non-equilibrium stage of exposure to the vapour are not included. Inspection
of the figure shows that although there is a trend towards greater surface
concentrations in the steel with increasing zinc concentration in the adjacent
sodium film, the data are insufficient and too random to provide a meaningful
thermodynamic correlation. It should also be noted that one or two of the
values are anomalous in relation to expected trends, however these values have
not been discarded because the experimental data indicates no reason for their
elimination. However because of the scatter, the results so far obtained tend
to accommodate all the theoretical thermodynamic correlations based on
solubility data for zinc in iron derived from the iron and zinc equilibrium
diagram, the work of Knights(6) and zinc in sodium values obtained from Kef 3.
More work is obviously required to obtain a more precise relationship.

As far as zinc behaviour in the pumped sodium environment is concerned,
it should be noted that only a small proportion of the total zinc added to the
loop is transported in the vapour phase above the sodium pool onto the iron
plate. In fact, it seems from experiments associated with raising the
cold-trap and adjacent pipework temperatures that, in line with thermodynamic
prediction (Fig 8), most of the zinc is deposited in cooler parts of the loop
system. Also it should be noted that if the solubility data for zinc in
sodium are correct(3) then the zinc level in the main loop does not appear to
be controlled by the cold-trap.

5. CONCLUSIONS

The main conclusions drawn from the sodium-zinc studies are:

1. Zinc concentrations in the vapour phase above a sodium pool heated to
460°C and in the sodium wetted film formed on steel plates suspended in the
vapour phase at 35O°C are respectively 70 and lOx higher than the
concentrations in the bulk sodium. These values are broadly in line with
theoretical predictions.

2. The amounts of zinc which deposit onto the surface of an iron plate
positioned horizontally in the vapour phase in one of the RNL sodium loops is
controlled by the concentration of zinc being transported in the sodium which
in turn is affected by deposition processes in the cooler parts of the loop.
Pre-seeding the sodium loop with 50ppm zinc on four separate occasions for
example has resulted in rapid reductions in zinc level of the sodium to a
steady value of 6-8ppm zinc. Such reductions and subsequent additions of zinc
to the liquid sodium also cause concomitant reductions and increases in the
zinc content of the iron plate. Preliminary evidence suggests that the bulk
of the zinc has deposited in the cooler parts of the loop system, but not
necessarily the cold-trap.

3. Enhancement of zinc also appears to occur in the sodium film adhering to
both steel and nickel specimens when they are removed from the sodium pool.
The amounts of zinc taken up by the different steel surfaces are within a
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factor of 2 of each other, whereas nickel picks-up larger amounts of zinc.
The depth of penetration of zinc into the steels at pool temperatures of 460°C
after varying exposure to 45 weeks is not greater than 0.05 jim.

4. Attempts to establish whether zinc partitions between liquid sodium and
steel in both liquid and vapour environments have not been completely
successful. Data so far obtained from vapour phase experiments, although
showing a trend, are insufficient to provide a precise correlation. The
spread in the results is sufficient to cover all theoretical predictions using
fundamental data from different sources.
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APPENDIX 1

Thermodynamic Behaviour of Zinc in the Vapour Phase

1. INTRODUCTION

This appendix discusses the thermodynamic behaviour of zinc in liquid
sodium and its vapour at temperatures typical of these anticipated in cover
gas environments operating at 460°C.

2. BEHAVIOUR OF ZINC IN THE SODIUM POOL AND ADJACENT GAS SPACE

The solubility of zinc in sodium has been determined by Lamprecht and
Growther(l). Typical values for the terminal solubility of zinc in sodium at
temperatures of interest are 1700 ppm at plate temperatures of 33O°C and 900
ppm at the sodium pool temperature of 46O°C.

Estimates of the thermodynamic behaviour of zinc in sodium solutions
undertaken by Rand(2) have identified positive deviations from Raoult's law
and molar concentrations of zinc in the vapour phase 100 x greater than the
mole concentration of zinc in the adjacent liquid. These estimates which
assume Henrian behaviour for dilute solutions were obtained as follows:

where a_
Zn

XZn

y°
Zn

Y

Y

The activity

XZn
a — z

X°Zn

=• activity

Zn

of Zn in solution

= mole fraction of zinc in solution

= terminal

= activity

aZn
XZn "

of zinc in

sol of zinc in solution in moles

coefficient

XZn 1 1 „
~~ X° ' X ~ X° ~Zn Zn Zn

the vapour phase a Zn

= Pzn^Zn

•*• PZn = P°

(3.1

Zn X '

(1)

x 10~3 at 46C

(2)

(3)

iV (4)

Mole fraction of zinc in the vapour phase (X )v

(5)
Na

Mole fraction of zinc in liquid
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(XZn)v = P°Zn (8)

For a sodium solution at 460°C (733°K)

-4
p° = 6.7 x 10 atm

_3
p° M = 2.1 x 10 atm Ref 3r Na

(X7 ) = 102 (X, ) (9)
Zn v Zn S,

3. ZINC BEHAVIOUR AT A STEEL SURFACE AT REDUCED TEMPERATURE (330°)

Once zinc and sodium vapours arrive at the steel surface, condensation
will occur due to a decrease in temperature from 460°C (pool) to 33O°C
(plate). This decrease in temperature also increases the zinc activity of the
vapour adjacent to the tube plate by a factor x 6. In the initial stages of
condensation, that is before the sodium forms a continuous wetted film, it is
anticipated, because zinc and iron have a certain thermodynamic affinity for
each other, zinc may be preferentially removed from the condensate by the
iron. However, once a wetted film has been established and refluxing
conditions pertain, then the direction which zinc moves will depend on the
relative chemical activities of the deposited zinc on the tube plate and the
activity of zinc in the adjacent sodium film.

The amount of zinc which can concentrate in the wetted film on the tube
plate, assuming dynamic equilibrium conditions prevail in the gas space, can
be estimated using data from equations 1, 2 and 4. For example the activity
of zinc in the gas phase above the pool (temperature 460°C) is:

a_ = pZn = 320 X (10)
Zn —-— Zn

P°Zn
p 7 = 320 . 6.7 x 10~4 X_ (11)
Zn Zn

= 0.214 X7Zn

If zinc at this pressure arrives at the tube plate then the value of the
activity coefficient (Y) changes to 1823 because of the reduction in
temperature to 33O°C (6O3°K) and the new chemical activity of zinc becomes:

PZn = 1823 X C, ( 1 2 )

—o— " n

where X = mole fraction of Zn in the condensed phase and p° is vapour
pressure at saturation at 330°

Yc
 PZn . 1 (13)

A Zn " p° 1823
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Substituting for P from equation 4

1 0 5 X Z n = 1 2 X Z n

Thus if a wetted sodium film containing zinc forms on the steel plate in
equilibrium with zinc vapour coming from the pool, the molar concentration of
zinc in the sodium film will be 12 x that in the sodium pool.

It is to be noted that in these calculations the assumption has been
made that the co-existing phase at the limit of solubility of zinc in sodium
is relatively pure zinc which has an activity of approximate unity. However,
the phase diagram suggests that the coexisting phase is NaZn.. ~ in which case
the activity of zinc at the phase boundary could be less than unity.
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NITRIDING OF STEELS IN FAST REACTOR COVER GAS ENVIRONMENTS

A W THORLEY, P J JEFFCOAT and M KINGHAM

Paper for presentation at IAEA Specialists Meeting on LMFBR

Cover Gas Purification - Richland, Washington, USA
23-26 September 1986

1. GENERAL XA0200825
The nitriding of reactor steels by residual nitrogen levels in the argon

cover gas of fast reactor systems has been investigated at RNL and CEGB to
establish what effects such contaminants have on the tensile properties of
certain cover gas components such as the reactor containment vessel, the
above-core structure and those items of plant, such as the neutron shield
rods, which protrude through the sodium surface.

Generally speaking the main areas of concern in the reactor are those
items of plant which are exposed to high temperature and refluxing sodium
situation. These regions are the sodium-cover gas interface which will vary
during plant operation and those regions above the interface where the
refluxing sodium is tending to wash the walls of the various components.

The nitriding of components under the sodium by either physically
entrained or soluble nitrogen has never been properly quantified. Physical
disturbance of the liquid metal surface will obviously assist gas entrainment.
However, there is a limit as to how much gas can be tolerated in an operating
system and consequently such effects are likely to be small. Also the
solubility of nitrogen is in the ppb range(l), so the nitrogen flux under the
sodium will be small and difficult to establish unless very long term
experiments are carried out.

The amounts of nitrogen present in the cover gas of reactor systems will
depend to a large extent upon the efficiency of certain load-unload operations
and the capability of the cover gas clean-up system to keep impurity
concentrations down to acceptable levels. Calculations suggest that for the
PFR system if these operations are carried out to the required specification
then nitrogen levels should not exceed 200 vpm. However in the light of
experience on other reactor systems this figure is considered to be too
optimistic and a value of 1000 vpm N_ in argon is probably a more reasonable
upper limit to aim for.

Although work undertaken by Trevillion(2) has shown that the rate
determining step is associated with the dissociation and adsorption of
nitrogen onto the surface of the steel it has also been known for some time
that the nitriding of steels in certain areas of the reactor can be assisted
by the presence of sodium vapour. The vapour is thought to modify any
residual oxide films which are present on the steel surfaces so that
eventually the films lose their inhibiting properties. This means that
nitriding data obtained in gaseous environments may have limited application
as far as sodium cooled systems are concerned.

The effect of radiation on the nitriding behaviour of steels of interest
to the designers of FBRs has not been established in argon-nitrogen-sodium
vapour environments. Neutron damage effects are not associated with cover gas
regions and therefore the major energy in this part of the system is provided
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by gamma radiation mainly coming from the sodium. The estimated energy levels
are 2.75meV and 1.37meV while the gamma flux at the sodium surface on the axis
of the reactor is 2 x 10 Roentgens/hr.

Although there is fairly conclusive evidence from work carried out at
CEGB(3) that under certain conditions gamma radiation enhances nitrogen
pick-up on Type 316 stainless steels after exposures in Ar/1%N? and He/1%N
environments at 75O°C, no significant enhancement occurs at the 0.01%N?
level. The general opinion is that the effect of radiation in a CFR cover gas
environment would be small and that sodium vapour could provide more
significant effects. Nevertheless irradiation tests are programmed for PFR
and the intention is to place tensile and impact specimens of Type 321, 316
and 2%CrlMoNb steels at the inlet to the IHX, in the sodium pool through the
sodium pump extract hole and in breeder positions. All positions will see
gamma flux and specimens will be placed (horizontally) under sodium, at the
sodium-gas interface and in the gas space.

2. SODIUM STUDIES

Nitrogen pick up by steels

For the purposes of the RNL investigations a number of steels similar to
those used in cover gas region and other parts of the fast reactor plant have
been chosen. These materials include:

Material

321 stainless steel
316 stainless steel

2%CrlMoNbTi

M316 stainless steel.
FV548 stainless steel.
PE16
EN6O (16.5% Cr ferritic
steel).

General operating temps,

Initial N level

.018 - .03%

.038%

0.01%

Reactor use and environment

) Reactor containment and
) general structural material.
) Liquid sodium and sodium
) wetted.

Neutron shield rods. Wetted
by sodium.
Fuel clads. Under sodium.0.015%

0.029% " " " "
0.02% " " " "

Roof insulation. Not washed
by sodium.

55O°C (insulation) to 65O°C (fuel clads).

0.05%

The materials have been tested in a number of forms which include: thin
(O.O76-O.432mm) foils for the evaluation of changes in bulk nitrogen levels;
plate tensile specimens 0.61-0.76mm thick for mechanical property measurements
and finally 0.64-2.54mm diameter bar specimens for the estimation of diffusion
coefficients (supplemented by measurements on the thick tensile plate
specimens).

The specimens were exposed in either a standard RNL pumped sodium
corrosion loop, or in a small thermal convection sodium loop. In both types
of test facility the specimens were held horizontally either beneath the
liquid sodium level, at the liquid sodium/cover gas interface or wholly in the
cover gas region above the liquid sodium. In addition, certain specimens in
the pumped sodium loop were held vertically but partially immersed in the
liquid sodium and so were simultaneously exposed to all three test situations
(ie. gas, interface, liquid). For the pumped sodium loops the test
temperature was maintained throughout at 650°C whilst in the convection loops
it was varied from 520° to 620°C. During the course of the experiments, the
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test gases which were argon containing nitrogen in the range 200-200,000 vpm
and pure nitrogen were continuously passed through the cover gas region,
though in the thermal convection loops the gases were first bubbled through
the liquid sodium test station. In order to establish whether oxide films do
inhibit nitrogen transport from the cover gas to the steel, certain specimens
have also been pre-oxidised in high temperature air environments so that their
surfaces are completely covered with an oxide film prior to testing.

Although the experimental work is not complete there are nevertheless
certain interesting findings which are worth recording. Briefly these
findings indicate that at 65O°C nitrogen pick-up by all materials at the
sodium interface and within the cover gas are similar (Fig 1). Secondly, the
presence of an oxide film has no effect on the level of nitrogen pick-up and
therefore no reliance should be placed on oxide film formations inhibiting
nitrogen transport in sodium vapour cover gas environments. Thirdly, the
amounts of nitrogen recorded in under-sodium materials tested at 520°, 520°
and 650°C using Ar + NL cover gas mixtures were, in most instances, comparable
with the as-received levels, though some limited surface denitriding or
nitriding of liquid sodium exposed type 316 stainless steel at 62O°C was
measured when the cover gas composition was Ar + 2000 vpm N_ or 100% N_
respectively.

Finally, though more detailed comments are presented later, for argon
cover gases containing up to 20,000 vpm of nitrogen, no major changes in
tensile properties of any of the materials were recorded.

From an analysis of the concentration-depth profiles determined on the
bar and plate tensile samples of Type 321 and 316 steels it is apparent that a
change in the nitriding process occurs as the nitrogen content of the gas is
increased at 62O°-65O°C. At the lower concentrations (200 and 2000 vpm) the
nitriding process follows an error function relationship whereas at the 20%
level the concentration profiles are typical of those observed in processes
involving both pronounced surface reaction and diffusion (see Fig 2).

Apparent diffusion coefficients calculated from the standard error
function equation assumes that 'surface nitriding1 is a fast process and that
Cs does not vary with time. However, because this assumption may not be
perfectly vaiid(2), the nitrogen diffusion coefficients determined from the
RNL studies (see below) are tentative values:

Type 321 stainless steel 650°C D = 4.7 x 10~ mm8/second

Type 321 stainless steel 62O°C D = 6.8-19.5 x 10~11mm2/second
(Tentative; curves complicated by Ti(Cn) precipitation)

Type 316 stainless steel 62O°C D = 3 x 10~10mm2/second

12
Type 316 stainless steel 52O°C D = 6.7 x 10 mm*/second

X-ray analysis of the various nitride layers shows that at the lower
nitrogen concentrations the major phases are based on the sub-nitrides of the
Cr_N type, whereas at the higher concentration (207o N«) the major precipitated
nitride phase in most of the steels is CrN. The only exception is the
2%CrlMoNbTi alloy which contains a FCC nitride phase equivalent to TIN which
suggests the chemical activity of chromium in this alloy is not sufficient to
support the formation of CrN at the quoted experimental levels of nitrogen in
the cover gas.
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If the simple criterion is used that the nitriding propensity of the
various alloys is related to the rate of diffusion of nitrogen coupled with
its solubility in the alloy then it is possible to draw certain tentative
conclusions concerning the nitriding behaviour of the various materials. For
example by referring to Fig 1 it can be seen that although the Revels of
nitrogen take-up in some of the alloys roughly follows a (time)2 relationship
the total amount of nitrogen recorded in the bulk material seems to depend
upon the composition of the alloy. It seems for example that altering the
Ni/Cr ratio of the alloys has an effect on the recorded nitrogen levels, that
the ferritic steels of high chromium content (EN-6O) take up more nitrogen
levels, and that the ferritic steels of high chromium content (EN-6O) take up
more nitrogen than the austenitics of high nickel content (eg PE.16). In
simple terms these differences may be due to differences in the respective
nitrogen solubilities in the various steels through changes in their Ni/Cr
ratio coupled with the higher diffusion rates which occur in the ferritic
alloys compared with the austenitic materials. It is also apparent that the
addition of stabilising elements such as Ti seems to affect the levels of
nitrogen take up in the low chromium content ferritic steels. More work is
required to clarify these points.

Mechanical properties

Essentially, the mechanical property work shows that nitriding Type 316
and 321 stainless steels in sodium vapour environments at 52O-62O°C using Ar +
2000 and 20,000 vpm nitrogen and pure nitrogen gases, causes little change in
strength properties of the steels. Losses in post-UTS ductility were measured
at the lower nitrogen in argon concentrations, and some loss in uniform
ductility arising from the premature cracking of the heavily nitrided surface
layers developed during exposure to pure nitrogen, was also found (Fig 3(a)
and (b)). Corresponding tensile properties measured on similar steels after
immersion in the sodium, with the above nitrogen levels in the adjacent gas
phase, showed slight reductions in post-UTS ductility but no significant
changes in strength or uniform ductility.

3. COMPARISON OF DIFFUSION DATA AND NITROGEN PICK UP VALUES

From a comparison of the various literature values for the diffusion of
nitrogen in stainless steels plus an assessment of the various surface levels
which have been obtained by various experimenters (Fig 4) it has been possible
to establish the level of confidence one can apply to the available diffusion
data. These comparisons reveal that approximate D values obtained by WARD(4)
are in reasonable agreement with values calculated from Tyfield and McKays 'K1

values if one assumes at 65O°C Cs is 5% and at 500°C, 2.8%, According to Fig
4 this would seem reasonable. In contrast the determined RNL 'D1 value would
tend to underestimate the level of nitrogen pick-up by about a factor of 6 at
65O°C.

Using the formula:

Q = 2(Cs - Co)A( —
ir

to establish the amount of nitrogen picked up per unit area per second and for
the WARD estimates their expression for approximate D values of:
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39700
D = 0.109 exp ( ^ )mm2/second

the following values for nitrogen pick-up in steels exposed to high nitrogen
content cover gas environments have been estimated:

Tyfield
WARD(4)
RNL
Tyfield
WARD(4)

&

&

McKay(7)

McKay

Temp

65O°C

it

500°C

Time

140 days
II

II

100 days
II

Q in

6.78
6.62
1.05

grams/mm2

x 10";?
x 10
x io7

1.8 x 10""
3.3 >c 10""

Source

Interatom(5)

WARD(4)

Interatom(6)

RNL

RNL

RNL

RNL

4. SUMMARY

D:(mm2/sec)

6.4 x lO"10

1.9 x 1Q"9

1 x 10

3.1 x 10- 1 0

3 x 10- 1 0

6.7 x 10" 1 2

4.7 x 10" 1 1

Approx. 6,8-19.5 x 10"11

AND CONCLUSIONS

T°C

650

650
620

620

620

520

650

620

A comparison of D values obtained by various organisations indicates that at
520°-650°C the variation in the experimentally determined values are as
follows:

Steel

FV548 Type

304/316L

316

316

316

321

321

Although nitrogen levels in the cover gas of PFR have not reached the
values discussed in the paper it would seem from this preliminary study that
the recommendation that nitrogen levels in the cover gas should not exceed
1000 vpm is a reasonable value to keep within if the tensile properties of the
steels are not to be affected by exposure to low levels of nitrogen in cover
gas environments.
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Summary

A primary sodium cover gas system has been designed for CDFR, it
comprises plant to maintain and control; cover gas pressure for all
reactor operating a fault conditions, cover gas purity by both blowdown
and by a special clean-up facility and the clean argon supply for the
failed fuel detection system and the primary pump seal purge.

The design philosophy is to devise a cover gas system that can be
specified for any LMFBR where only features like vessel and pipework
size need be altered to suit different design and operating conditions.

The choice of full power and shutdown operating pressures is derived and
the method chosen to control these values is described. A part active/
part passive system is proposed for this duty, a surge volume of 250 m^
gives passive control between full power and hot shutdown. Pressure
control operation criteria is presented for various reactor operating
conditions.

A design for a sodium aerosol filter, based on that used on PFR is
presented, it is specifically designed so that it can be fitted with an
etched disc type particulate filter and maintenance is minimised.

Two methods that maintain cover gas purity are described. The first,
used during normal reactor operation with a small impurities ingress,
utilises the continuous blowdown associated with the inevitable clean
argon purge through the various reactor component seals.

The second method physically removes the impurities xenon and krypton
from the cover gas by their adsorption, at cryogenic temperature, onto a
bed of activated carbon.

The equipment required for these two duties and their mode of operation
in described with the aid of a system flow diagram. *

The primary pump seals require a gas purge to suppress aerosol
migration. A system where the argon used for this task is recirculated
and partially purified is described.
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1 Introduction

This report summarises the present design proposals for the Civil
Demonstration Fast Reactor (CDFR) primary sodium cover gas system.
These proposals are presented cognizant that while future designs for
LMFBRs will vary from that of CDFR, the basic requirements for a cover
gas system and its mode of operation will be little altered.

This report briefly describes the components which comprise the cover
gas system. The method of operation is explained by reference to a flow
diagram for the system and a table of design and operating parameters.
A graphical presentation is used to describe the operation of the part
active/part passive pressure control system under normal and fault
operating conditions and special consideration is given to the design
and operation of the gas purification plant.

2 System role

The space above the free sodium surface in the reactor primary vessel is
filled with inert argon gas, this is known as the primary cover gas.

The system which performs all functions related to the cover gas is
located outside the primary vessel and inside the secondary containment
building.

The cover gas contains sodium vapour (and sodium aerosols), it is active
with Ar41, Na24, Ne23

 and may under a fuel pin failure condition contain
active Xe and Kr.

Connections to the reactor are made by means of concentric, leak
jacketed, pipework that passes through the reactor roof and through the
vault and secondary containment environments.

The functions of the cover gas system are:

(i) control of the cover gas pressure

(ii) control and monitoring of cover gas purity

(iii) reduction of the level of fission product noble gases in the
cover gas prior to maintenance operations

(iv) the handling, prior to discharge, of argon in-leakage from seal
padding, pump seal purging and burst pin detection operations

(v) the removal and treatment gas from the reactor to continuously
supply gas to the primary pump seal purge.

3 System description

3.1 General considerations

The cover gas system design and operating conditions are prescribed in
Table 1.

A process flow diagram for the system is shown in Fig 1.
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A graph showing the operation of the pressure control system for both
normal and fault operating conditions for the reactor is detailed in
Fig 2.

Detailed plant design work is not presented here, since it is outside
the scope of this report.

3.2 Cover gas pressure

3.2.1 Choice of operating pressures

The full power operating pressure is governed by:

(i) the necessity to avoid hot sodium being discharged above the
roof in a re-entrant type penetration, hence the pressure in
the reactor is limited to that which will just lift the sodium
to the top of the reactor roof (the sodium fountain pressure).
Taking the lowest recorded barometric pressure the reactor
pressure will be limited to 124 kPa to meet sodium fountain
criteria

(ii) the importance to ensure an adequate net positive suction head
at the primary pump inlets. At full speed a design margin for
the pumps, of 25% is provided above the NPSH that accords with
the visible inception of cavitation. This corresponds to a
design cover gas pressure of 124 kPa.

In order to resolve the conflict of pressure interests, without
excessive redesign work, it is considered acceptable, given the low
probability of a gas leak and low barometric pressure occuring together,
to specify 127 kPa as the full power operating pressure.

Shutdown pressure is specified by reference to:

(i) the self-weight pressure of a major component so that it may be
unbolted without it lifting prior to the placement of a flask
adaptor

(ii) the requirements to eliminate the possibility of air leakage
into the reactor

(iii) the avoidance of an. external pressure on the primary vessel
(from guard vessel pressurisation).

A maximum reactor shutdown pressure of 110 kPa has been accepted by the
design sections concerned.

3.2.2 Pressure control

The pressure control system is a compromise between a totally passive
system which needs a large surge volume (750 nw for 250°C shutdown,
1150 nr* for 200°C shutdown) and a totally active system which requires a
specific guaranteed safety operation during a post reactor trip fast
transient.
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A combination active/passive system for pressure control takes the best
from both systems.

The passive pressure control operates between full power and hot
shutdown conditions (540°C/127 kPa to 37O°C/11O kPa) and is designed to
accommodate the fast trip transient without recourse to any outside
control operation.

The passive control circuit comprises the three surge vessels and
reactor connection pipework shown in Fig 1.

The reactor/surge vessel constitutes a constant mass system, during
start-up or shutdown 68 kg of gas passes to or from surge vessel.

The active pressure control system operates for all reactor conditions
below hot shutdown (370°C/110 kPa) when the reactor hot and cold pool
sodium are isothermal.

The pumped gas storage system is used when changing the reactor from
cold shutdown to hot shutdown conditions. During this period the rate
of temperature rise is limited to 40°C/h except for a short 'system
warm-up' and 'transition to steam' phase. The maximum pumping rate for
this start-up transient is 0.0125 kg/s.

A single 100% Burton Corblin Type A5C30 diaphragm compressor is used to
remove the gas from the reactor and pump it to the two storage vessels.
The combined volume of these vessels is such that they hold the whole
of the transferred argon (135 kg) at a pressure of 15 bar. A
controllable expansion valve is situated to recirculate gas across the
compressor and operates to maintain the correct reactor pressure profile
without affecting pump operation.

The active pressure control system also operates to return gas to the
reactor between hot and cold shutdown conditions. Both storage vessels
discharge their contents to the reactor through a small slugging
chamber, which is 'pulsed' to maintain the correct reactor pressure
profile. The storage vessels are at hot shutdown pressure 110 kPa when
empty.

The active pressure control system is a|so used for the addition of
clean argon to the reactor and its subsequent discharge to gaseous
effluent system. Clean argon (105 kg) is added when the reactor is
further cooled to 200°C for maintenance, the slugging chamber is used in
reverse.

This gas is subsequently dumped on warm-up to cold shutdown conditions.
Here cold sodium free cover gas is taken from the surge vessel and
passed to the gaseous effluent system (which operates under vacuum) via
a 'buffer tank1. The system operates at reactor pressure in such a way
that, at no time is cover gas directly connected to the gaseous effluent
system.

These two circuits are also used if cover gas purging (blowdown) is
required e.g. to reduce nitrogen level following (say) a flasking
operation or when excess argon is admitted into the reactor during
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normal operation. Possible sources for this gas ingress are the seal
padding and failed fuel detection systems (maximum 2 kg/h continuous).

Removal of this gas ingress constitutes a continuous blowdown operation
and thus it can be used (within limits) to maintain an acceptable level
of the cover gas impurities.

Both these circuits incorporate a slugging/buffer vessel that is used to
isolate the primary circuit from external systems. This feature reduces
the chances of reactor overpressurisation or depressurisation by a feed
from the 'infinite' clean argon supply or by gas loss to the gaseous
effluent system.

For the reactor isothermal at temperatures between 370°C and 250°C, the
the rate of change in temperature is slow enough for the pressure to be
automatically controlled and manual corrective action by operators is
practical in the event of a control malfunction. This is also true for
a reactor fault invoking partial NaK decay loop operation when the mean
sodium temperature exceeds that at full power.

3.2.3 Operating criteria

The operating conditions for the reactor between maintenance conditions
at 200°C and those at full power are shown graphically in Fig 2.

A surge volume of 250 m^ is specified and the normal operating line is
shown with the gas inventory indicated at standard conditions.

The following fault conditions are shown:

(i) the effect when the reactor is isothermal (both hot and cold
pools at 540°C). Full pov?er pressure is increased to 137 kPa.
This condition may occur under certain trip situations with
reduced DHR

(ii) the effect of adding to the reactor at full power, half and all
the contents of the two high pressure storage vessels, the
cover gas pressure rises to 135 and 144 kPa respectively

(iii) the loss of cover gas at full power that will lower the system
pressure so that the limiting lfa?SH for the primary pump is
reached is 24 kg

(iv) the depression of cold shutdown pressure when no active
pressure control gas added. Shutdown pressure 97 kPa. This is
below the secondary containment pressure (105.5 kPa maximum)

(v) the effect of constant mass operation from maintenance shutdown
(200°C) to full power. Full power pressure 157 kPa. This
method of operation is highly improbable.

3.3 Sodium aerosol filter and particulate filter

The cover gas is taken from the main purge vessel pipe to the sodium
aerosol filters by a leak jacketted line 75 mm diameter. The cover gas
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suction pipe is sized by reference to a requirement for a low overall
pressure drop, to avoid negative pressure at the compressor inlet, and
one that is not unduly affected by the presence of sodium condensate.
The operating conditions for this supply pipe are detailed in Table 1.

The design of the aerosol filter is based on that for PFR and is shown
in Fig 3. It is fitted with a hot inert gas heated leak jacket and
operates at a temperature of 200°C. The unit comprises two banks of
knit-mesh filter pads, whose area is determined by a pro-rata
enlargement of the PFR design, based on gas flowrate.

The aerosol filter is fitted with a liquid sodium collection void,
this arrangement has the advantage that it is simple and does not
require the continuously heated drain lines and lutes etc required by
the PFR design. The sodium is removed periodically by suction pump as
required.

The aerosol laden cover gas enters the top of the filter, passes
downwards through the two banks of knit-mesh pads where the sodium
coalesces and separates from the gas stream. After the gas has left the
second bank of filters it passes upwards through the large diameter
central outlet.

The particulate filter is mounted on top of the aerosol filter, this
layout simplifies access and installation plumbing and also enables,
when the filter is backflushed, the sodium filter cake to fall into the
areosol filter. In this fashion the all carry over sodium is held in
the aerosol filter collection void.

The particulate filter operates below the sodium freezing point, it is
unlagged and is cooled by nitrogen supplied by the main reactor vault
cooling system. It is an etched disc filter of the type manufactured by
VACCO Industries.

Two filter assemblies are specified, one will act as a standby to be
commissioned as required when the operational unit is blocked etc. It
is estimated that two such units will accommodate the lifetime needs of
the reactor.

3.4 Cover gas clean-up system

3.4.1 Design philosophy

This system provides the means to reduce the radioactivity level of the
primary sodium argon cover gas. Its use will depend upon the past
history of the reactor, the number of failed fuel pins present and the
proposed operating philosophy for the reactor (i.e. operation with
contaminated gas etc).

In the base design, there is no on-power removal of activity from the
cover gas, but at shutdown a reduction of cover gas activity prior to
active handling is required. Batch operation at shutdown conditions
(250°C) will considerably reduce the sodium vapour loading on the
aerosol filter and also reduce the attendant caesium carry over.
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The most important active species in the cover gas are listed helow -
concentrations of a particular source depend very much on the general
operating conditions of the reactor.

I Cover gas - a c t i v e cons t i tuen t s

1
Normal opera t ion

i
1
1

Addi t ional following opera t ion
I with 300 burs t pins
1

1

1

I
1
1
I
I

Ar4 1

Na24

Xe*33

Kr*3

Kr88

Cs 1 3 4

Cs 1 3 7

I 1 3 1

X132

Half l i f e 1.8 h |
15 h |

5 d |
1

10 y I

2.8 h |

2.1 y 1

30 y I

8 d j

2.3 h l
1

The reduction in cover gas activity will he achieved by adsorption of
Xenon and Krypton in a bed of carbon granules (charcoal). A. delay in
the start-up of the system (following shutdown) allows short life active
isotopes present in the cover gas at shutdown to decay naturally in the
reactor and not in the carbon bed. The delay also allows I 133 (21 hour
half life) present in the sodium pool to decay to Xe 133 after
shutdown. Thus, 75 hours after shutdown, only Xe 133 and Kr 85 need he
considered for clean-up.

Two carbon beds are to be provided, the off-line bed will be available
as a spare unit and for extra clean-up capacity as desired. Each is
sized for the total mass of gas to he removed at the lowest inlet
concentration at which the bed is to he run to prevent break through
occurring. The radiological source terms for the system design are
based on the following conditions:

assumed number of burst pins 300

amount of 133 Xe in cover gas at shutdown 1.87 gms

amount of stable Xe after 30 years 10 kg

flowrate through carbon beds 0.025 kg/s

The adsorption of Xe and Kr on charcoal increases as the temperature
decreases. To minimise the volume of charcoal required and thus the
shielding and operating space requirements, each charcoal bed is
maintained at cryogenic temperature. A bed temperature of -140°C is
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selected because this temperature is readily attained and experimental
data on Xe and Kr adsorption on charcoal are available for this
temperature.

3.4.2 Description of the charcoal adsorption vessel and associated plant

A proposed carbon bed adsorber is shown in Fig 4. For the designated .
flowrate of 0.025 kg/s of cover gas during the clean-up operation, a bed
volume of l.Oa^ is required for a hold-up time of two days for Kr which
is the controlling isotope.

The adsorber vessel is basically a shell and tube heat exchanger. The
shell is 1.4 m diameter by 1.4 m long, the charcoal is contained in
750 x 38 mm diameter tubes each 3 mm thick, (total bed volume available
1.2 m^). Refrigeration of the charcoal is provided by the boiling of
liquified argon on the shell side of the adsorber (shell side pressure
c 20 bar at -14O°C).

The primary reasons for the selection of the liquified argon system are
compatibility of the cooling medium with the reactor system in the event
of leakage, ease of control, and the high heat transfer rates available
which allows a close approach to the isothermal design conditions within
a few centimeters of the bed entrance. Depending on the decay heat load
and the degree of adsorption required for operation with varying degrees
of failed fuel, the adsorption temperature and, hence, the adsorber
performance is easily modified. - -

The use of a liquid argon cooling system requires that both the shell
side and the tube side of the adsorber unit be designed to for a
pressure of c 20 bar (the shell side normal pressure). The tube side
however, is connected to the cover gas system. In order to reduce the
effects of an overpressurisation the tube side is fitted with a
non-return valve on the inlet and a flow limiting 'choke' on the outlet.
The 'choke' will have a steep pressure/flow characte'ristic that will
prohibit excessive gas flow into the reactor before remedial action is
taken.

Various methods exist for detecting a leak of pressurised argon into the
cover gas of the charcoal the absorber. A slow leak can be detected by
cover gas pressure change or loss of liquid argon, which signal for
operator action. If the leak is more rapid (tube failure) the adsorber
can be automatically isolated from the cover gas system. It should be
noted that operation of the clean-up system only when the reactor is
shut down negates many of the problems associated by an untoward cover
gas pressure rise.

Relief valves on both tube and shell side of the adsorber are required
to avoid component overpressurisation due to loss of the refrigeration
system. (Tube side relief valve set point is identical to that of shell
side and would only be lifted following a loss of refrigeration
following a tube rupture.) Additionally, on tube side, a rupture disk
is used to prevent leakage during normal operation.
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The high pressure (20 bar) argon vapour is condensed by a cryogenic
refrigeration unit operating off pressure control. Pressure rather than
the temperature of evaporated argon is chosen to control the cryogenic
refrigeration system, since the pressure changes approximately one bar
per degree celsius of temperature change. Hence, the control system is
very responsive to changing heat loads.

An external refrigeration system is used, this enables it to be placed
in a low radiation area where space is less 'expensive' and access for
maintenance etc is readily accommodated.

The thermal load for the carbon bed refrigeration system is reduced by
precooling the argon feed to the bed by the cold argon discharge from
the bed. The design of the regenerative heat exchanger required for
this duty has not been addressed, it is intended that it be an integral
part of the carbon bed assembly.

A carbon dust filter is attached to the discharge of the carbon bed to
prevent possible circuit contamination by fine carbon dust, like the RHX
this will constitute the integral part of the carbon bed assembly.

A sketch of a RHX/bed/filter arrangement is shown in Fig 5.

3.4.3 System operation

3.4.3.1 Cover gas clean-up cycle

Reference is made to the flow diagram Fig 1.

Gas is taken from the surge vessel pipework and is drawn through one of
the combined particulate/aerosol filter units and into two diaphragm
compressors.

The gas is discharged, at nominally reactor pressure, to the operating
RHX feed, the carbon bed, the dust filter and the RHX return. The
clean gas then passes via the valve room and a co-axial pipe (with the
surge vessel pipe) to reactor where it terminates at a point distant
from the gas suction point.

3.4.3.2 Bed regeneration

Regeneration of the charcoal adsorber is based upon the fact that noble
gas adsorption on charcoal is extremely temperature dependent. On
return to ambient temperature the xenon and krypton isotopes easily gas
off and can be purged to the gaseous effluent treatment plant as shown
in the flow diagram Fig 1. A hot gas purge (150°C) may be used to
enhance the process, however this may only be necessary if hands on
access to the adsorber is required. If it is assumed that by purging,
the activity in the carbon bed can be reduced by a factor of 10^, then
man access should be possible after a further delay of approximately
200 hours.
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3.4.3.3 Gas supply for pump shaft seal purge and failed fuel detection systems

The primary pump seal purge is required continuously in order to limit
sodium aerosol ingress along the pump drive shaft and into the bearings.
An estimated 10 kg/h (maximum) per pump (40 kg/h total) is required.

This flowrate is not only too large to be accommodated by the station
clean argon supply but would also place a heavy load on the gaseous
effluent system and reactor discharge equipment. It is therefore
necessary to recycle this purge gas, which is required to be sodium free
but it is not important for this gas to be clean though shielding
requirements may dictate otherwise.

The main diaphragm compressors that are used intermittantly for active
pressure control and gas clean-up duties, are not suitable for
continuous operation, therefore a low pressure, long life rotary blower
is required for this uninterrupted duty. The blower specified is a
Holmes type TG size 307 roots blower, it has the advantage that its
action is virtually oil free and it requires minimum maintenance
(bearing lubrication only and large clearances). One blower will be
housed in each of the compressor rooms i.e. a total of three units will
guarantee availability.

These blowers will be fitted with a clean gas purge system for
maintenance etc and an oil filter to eliminate oil transport into the
system.

The gas flowpath can be seen by reference to Fig 1. If required the gas
can be passed to one of the clean-up beds for Ar** delay, thus the
shielding problems for the pipework across the reactor roof are
minimised.

3.5 Control and monitoring of gas purity
4

A gas sampling facility is provided to house gas chromatographs etc in
line with the equipment fitted to PFR. This allows gas purity and
estimation of active isotopes to be monitored.

Acceptable levels of nitrogen and other impurities will be maintained by
periodic system blowdown. Any oxygen or. hydrogen present will be
readily taken-up by the sodium.

Continuous monitoring of the level of fission product gases is provided
as part of the FFD system.

4 Control philosophy for the cover gas system

Control processors with protection surveillance will be used to operate
all the cover gas operations. Pressure control is always automatic
except for the back-up operation using the gaseous effluent and argon
supply systems when control is manual. Other operations such as
activity clean-up are automatically controlled after manual initiation.
All abnormal conditions outside of set limits will be alarmed to the
MCR.
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The passive control features of the design eliminates the need for
control action during any fast reactor transient. Also at any time if
corrective action is not taken to maintain normal operating limits then
design pressure limits will not be exceeded.

Standby plant (e.g. compressors used during reactor start-up and for
small adjustments of pressure) is provided to improve the reliability
rather than for safety reasons. Manual override and the provision of
the alternative manual method of control by blowdown to the active
gaseous effluent system and make-up from the clean argon supply provides
a back-up system and the ability to cater for slow abnormal extreme
faults e.g. (DHR, one NaK loop operation).

The electrical supply for compressors etc will not be on guaranteed
non-interruptable supply.

Although only good availability is required for the plant, a high
reliability will be provided for instrumentation to ensure that the
control is based on correct information e.g. the control logic selects
the appropriate cover gas pressure from the measured reactor hot pool
sodium temperature.

List of table and figures

Table Title

1 CDFR cover gas system design and operating parameters

Fig Title

1 CDFR cover gas system flow diagram and ancillary plant

2 CDFR cover gas system - pressure control operation criteria

3 Sodium aerosol filter - general arrangement

4 Carbon bed adsorber

5 CDFR cover gas system - carbon, bed RHX and filter assembly

-221-

R1422-PR0CDFR(12)



TABLE 1

CDFR COVER GAS SYSTEM DESIGN AND OPERATING PARAMETERS

' Requirement

I Pressures criteria

I Primary vessel external pressure difference

| Sodium fountain pressure difference between reactor and SCB

| Variation in external barometric pressure

| Normal SCB internal pressure below external barometric pressure

I Designed maximum fault SCB internal

I Rotating shield dip seal limit

| Full power

| Shut down

I
| Pump cavitatlon limit

I Primary/guard vessel interspace and roof cooling system
I operating

| Pipework leak jacket

I Surge vessel design and low pressure pipework
•

I
1 High pressure storage vessels and associated pipework operating

I Clean-up system maximum

I
| Gas supply to pump purge and FFD

I Temperature criteria

I Full power hot pool sodium
i

l
| Full power cold pool sodium

I
| Hot shutdown isothermal sodium

Cold shutdown isothermal sodium

Maintenance shutdown isothermal sodium

*
| Leak jacket pipework heating
1
Surge leak maximum
High pressure storage maximum

I Cryogenic bed - clean-up

1
I Rate of change of hot pool sodium during:

start-up
load following
fast trip transient

Gas flow criteria

I Pumping rate - active start-up

| Pumping rate - gas clean-up
i

I
I Primary pump seal purge
i
I
[ Leak jacket heating

Value

kFa

40 to 50

32

95 to 105

0.5

169

+105

127

110

124

107

107

250

1500

1500

150

•c

540

270

370

250

200

200

25
25

-140

40
10
1

kg/s

0.0125

0.025

0.01

?

Notes

To be confirmed

4 m head of hot sodium to roof
top level

Minimum 92.5 (1 in 30 years)
Maximum 105.5 (1 in 5 years)

2 in. w.g. nominal

10 psig

787 mm Hg

95 plus 32 (from above)

2 x full power pressure

23 DP across blower

Minimum

150°C minimum

) Cooled by vault cooling
) system

Boiling argon (20 bar)

"C/h
"C/h
°C/s for first 160 s

Maximum

40 kg/h (maximum)

Depends on plant layout
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TABLE 1 (cont'd)

Requirement Value Notes

Vessel volumes

Surge vessel

High pressure

Slugging vessel

Buffer vessel

Clean-up beds

250

2,75

0.4

4.0

1.2

2 required

Subject to development
2 specified

Argon supply - impurity level vpm

Oxygen, nitrogen moisture As for PFR

Cover gas Impurity alarm systems vpm

Oxygen

Moisture

Nitrogen

50

50

1000 2000 limit (during flasking etc)
gives no concern from nitriding
of steels
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Sodium Cooled Reactors In the USA

Two sodium cooled reactors are currently being operated In the United States

of America for the U.S. Department of Energy. These are Experimental

Breeder Reactor II, EBR-II, and the Fast Flux Test Facility, FFTF. EBR-II

is located near Idaho Falls, Idaho and the FFTF is near Richland,

Washington. These reactors are currently engaged In a wide range of testing

including fuels and materials tests, and plant system performance and safety

development.

The U.S. DOE program also includes designs of a next generation sodium

cooled power reactor. The FFTF and EBR-II communities are providing Input

to these designs.

This paper discusses the efforts to develop and operate cover gas systems

for the sodium cooled nuclear reactor program in the USA.
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EBR-II Cover Gas Purification

Introduction

The Experimental Breeder Reactor II (EBR-II) is a 62.5 MWt sodium cooled

pool reactor operated since 1964 by the Argonne National Laboratory for the

United States Department of Energy. EBR-II operates with a 66 percent

enriched uranium metallic driver fuel and conducts experiments with uranium

oxide, carbide, and nitride fuels in the core. The EBR-II primary tank

contains an 8.5 M5 (300 SCF) argon cover gas plenum over the pool of 371°C

(700°F) liquid sodium. Fission gases, air, moisture, and hydrocarbons enter

the cover gas through subassembly fuel cladding breaches, fuel handling

transfers, minor component and system leaks, and through maintenance of

primary system equipment. The Cover Gas Cleanup System (CGCS) and the Argon

Purge System are the two systems used to remove most of the Impurities from

the cover gas and are briefly discussed In this paper.

Cover Gas Impurities

Fission gases, Including isotopes of Kr, Xe, and Cs are released into the

cover gas space when fuel pin cladding is breached as a part of the Run

Beyond Cladding Breach (RBCB) experimental program. Small amounts of these

gases leak Into the reactor building containment and restrict normal

personnel activities. The high cover gas activity also hides other fuel

cladding breaches so the gases are removed from the primary tank as soon as

possible by the CGCS or the argon purge systems.

Air and moisture get into the cover gas via fuel handling, primary

components maintenance, and occasional system or component leaks. These

impurities chemically react with sodium to produce unwanted sodium oxides,

hydrides, and hydroxides In the primary system piping and components.

Hydrocarbons, detected as methane, usually get Into the cover gas from

residual component cleaning solvents or as grease from failed turbine and

pump bearings.
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Impurity DetectIon Equipment

Several systems continuously or periodically sample the primary tank cover

gas to detect and quantify impurities. Two systems continuously sample the

cover gas for certain radioactive Isotopes and two independent gas

chromatograph systems sample the cover gas for oxygen, nitrogen, hydrogen,

and helium. Two hydrocarbon analyzers sample the cover gas and give results

as detectable methane.

Two oxygen analyzers are continuously used in the CGCS to detect air leaks

in the system, to ensure oxygen levels are adequately low after system

openings for repair, and to detect the amount of oxygen removed and

accumulated in the cryogenic distiIlation column sump.

Cover Gas Cleanup System (CGCS)

The CGCS, Figure 1, was made operational In 1977 as a closed loop EBR-II

system designed to remove and store gaseous fission products from the

primary tank by recycling cover gas through a distillation column. The

cryogenic distillation column is used for cleanup at flow rates of 28.3 to

283 liters/minute (1 to 10 SCFM) and removes oxygen and hydrocarbons in

addition to the xenon and krypton. The column allows helium, hydrogen, and

nitrogen to pass through as non-condenslble gases and returns them to the

primary tank cover gas. The system Is used during reactor operation as

desired to maintain a low cover gas activity.

The CGCS also has a xenon tag gas trapping system in which cover gas samples

are processed and analyzed to identify the specific subassembly from which

the tag gases evolved.

A third function, added recently on a test basis, Is to supply a recycled

cover gas purge to the large rotating plug annulus to suppress sodium

aerosol migration and consequent plug sticking. In this function, the

cryogenic distillation column Is bypassed and fission gas cleanup Is

performed only as necessary to maintain acceptable cover gas activity

levels.
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The CGCS components are located both within the reactor building containment

and outside the reactor building In a specially designed CGCS building. The

sodium removal equipment, including a Controlled Temperature Profile (CTP)

Condenser and two parallel sintered metal aerosol filters, is located in a

shielded enclosure above the primary tank. The remainder of the equipment

Is in the shielded and air flow controlled CGCS building.

The CTP condenser is a vertical annular cylinder filled with Raschig rings

and heated with seven zones of external electrical resistance heaters. The

gas flowing through the CTP condenser Is progressively cooled to condense

the sodium and return it to the primary tank. The unit is identical to the

unit used in the Fast Flux Test Facility (FFTF).

The two sintered metal aerosoi filters are mounted horizontally above the

CTP to remove additional sodium and particulates. The filter end-of-life Is

determined by the continuously measured differential pressure which is being

watched and evaluated to determine better end-of-lffe criteria. These

filters are also identical to those used in the FFTF.

Positive displacement gas compressors provide the motive force for flow

through the various CGCS components. All eight pumps are contained within a

closed vessel to prevent fission gas release to the atmosphere If a pump

should leak.

The cryogenic distillation column is housed within a shielded pressure

vessel designed to contain all of the radioactive gases if the column should

rupture and Its contents completely vaporize. The temperature and pressure

of the distillation column sump is controlled with a liquid nitrogen cooled

condenser. The cover gas bubbles through the sump where condensible gases.

Including xenon, krypton, oxygen, and hydrocarbons, condense in the -182°C

(-295°F) liquid argon and remain In solution. Some of the gases pass

through the sump to the metal mesh filled column where a refluxing action of

downward flowing recondensed liquid argon scrubs most remaining condensible

gases out of the gas flow. Helium, hydrogen, and nitrogen pass through the

distillation column because they do not condense at the liquid argon

temperature. The distillation column removes 99.9$ of the xenon and 99.0$

of the krypton isotopes from the cover gas stream and retains alI of the

Impurities in the sump for later disposal.
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A charcoal absorber bed is connected to the distillation column sump for

periodic collection, retention, and radioactive decay of the sump contents.

Cleaned cover gas is returned to the primary tank through either the

originally designed reheater and tank penetration nozzle or through the

large rotating plug annulus purge. The gas is reheated to minimize sodium

fog formation in the cover gas space.

The CGCS Is versatile enough to operate on demand or continuously at flow

rates of 28.3 to 283 liters/minute (1 to 10 SCFM). At present, the system

Is operated continuously at 113 to 141 IIters/mlnute (4 to 5 SCFM) for the

rotating plug annulus purge and increased to 283 liters/minute (10 SCFM) for

occasional cleanup periods.

Argon Purge System

The Argon Purge System, Figure 2, was effectively used for cover gas cleanup

before the RBCB program generated large amounts of fission gas products.

The argon purge system is still used occasionally to clean the cover gas by

adding fresh argon and purging the Impurity laden cover gas out of the

primary tank. The removed cover gas Is monitored for radioactivity,

filtered, and released to the atmosphere. The system does effectively

remove impurities and does reduce cover gas activity, but there is a maximum

91 liters/minute (3.2 SCFM) flow rate and the cover gas is not recycled.

All of the components are located inside the reactor building containment.

Radiological Considerations

Approximately 29.6 TBq (800 C D of fission gases, primarily Xe, are

produced in each fuel pin of which approximately 50$ is released to the

cover gas for every breach In the reactor core. An average of 10 to 15 fuel

pin cladding failures per year have occurred since the start of the RBCB

experimental program In 1977 resulting in a potential release of 148 to

222 TBq (4,000 to 6,000 C D of fission gases per year. The CGCS cleanup has

effectively reduced this activity to an average annual radioactive gas

release of 7.4 TBq (200 C D .
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Cleanup of the cover gas via the CGCS results in higher radiation levels in

the CTP condenser, the aerosol filters, the gas compressors, the

distillation column sump, piping upstream of the distillation column, and in

the tag trap system components. Components are shielded and access is

restricted in the high radiation areas to minimize personnel exposure but

the necessary radiation controls cause difficulty with some otherwise simple

maintenance tasks. The highest radiation fields occur in the sodium removal

equipment and in components of the tag trapping system.

Purification Problems

Most of the cover gas purification problems can be grouped into the

categories of system Impurities, system control, component failures, and

radiation hazards. Some of the problems are periodic, others are ongoing,

and most have been minor. No major problem has shut down the cleanup

systems for extended periods or caused significant design changes.

Air leakage Into the CGCS system Is a periodic and recurring problem because

part of the system operates at less than atmospheric pressure and very smalI

piping joint or component leaks are readily detected. The system uses

bellows sealed valves and welded joints where possible and mechanical joints

are coated with a vacuum system thread sealant. Pinholes and minute

fractures of valve stem and gas compressor bellows have been the most

frequent sources of air leaks.

Air leakage into the CGCS .system is detected on the sensitive oxygen

monitors and creates a distillation column sump oxygen inventory problem. A

potential explosion hazard exists in the sump If the oxygen In the sump

converts to ozone and chemically combines with methane. To avoid this

hazard, the oxygen and methane Inventories are carefully controlled and the

sump contents are dumped and replaced with fresh argon whenever either limit

is reached.

Air leakage Into the cover gas will also create sodium oxides that are

carried by the cover gas into the CTP condenser and the aerosol filters.

Thus far, these contaminants have not caused any detectable degradation of

the CTP performance.
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Air leakage also adds nitrogen to the cover gas. Although it is not

detrimental to the EBR-II reactor systems, nitrogen is removed by the Argon

Purge System to acceptable levels.

Methane gets into the cover gas as the detectable hydrocarbon resulting from

greases, oils, or cleaning solvents entering the primary tank. Methane Is

effectively removed by the CGCS distillation column where the quantitative

inventory is carefully controlled to avoid the explosion hazard discussed

above.

System control problems are usually traceable to component failures and are

corrected as they occur.

Component failures have included system monitors, piping trace heaters, gas

compressors, valve actuators, and various meters.

The oxygen analyzers have evolved through several different brands to get

the sensitivity and reliability required for the CGCS distillation column

inventory requirements. An ozone analyzer was Installed to measure the

amount of ozone in the distillation column sump but was discontinued because

of unreliability at the very low levels that were observed.

The pipe heating systems have been a continual problem with failed heaters,

variable control thermocouple readings, and restricted access to parts of

the system. The Installed spare heaters and thermocouples usually allow

continued operation of the system until the appropriate shutdown conditions

can be obtained.

The CGCS gas compressors are small positive displacement pumps that have

given very satisfactory service. The three failures have been caused by

small fractures in the piston bellows which allowed air leakage into the

system.

Periodic problems have occurred with electrically operated valve actuators

and solenoid operated valves. Most air operated actuator failures have been

traced to limit switch position malfunctions.
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Conclusions

The E3R-!I cover gas purification systems in use, including the Cover Gas

Cleanup System (CGCS) and the Argon Purge system, effectively remove most

impurities from the primary tank argon cover gas. The CGCS system is the

preferred cleanup system because it can be automatically operated, has a

relatively high flow rate to quickly remove high levels of fission gas

activity, recycles the cover gas, and is directly connected to the fission

gas tag sample system. The Argon Purge System Is simpler in concept and

operation but uses a much lower flow rate and does not recycle the cover

gas. The impurities removed from the cover gas are fission gases from fuel

pin cladding ruptures, chemical contaminants from fuel handling or primary

system components maintenance, and chemical reaction products of air leaks'

Into the system. The radiological hazards to personnel are minimized by

shielding, restricted access areas, and careful monitoring of atmospheric

discharges. The CGCS system with its cryogenic distillation column works

well and should be considered for use In other reactor cover gas

purification systems.
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FFTF Cover Gas Purification

Introduction

The Fast Flux Test Facility (FFTF) is a 400 Mwt, mixed oxide fuel, sodium

cooled reactor with three primary cooling loops. Sustained power operation

began in 1982, following two years of acceptance testing. The FFTF recently

completed (July 86) its eighth cycle of power operation and has accumulated

887.8 EFPD (effective full power days). The FFTF Is operated to test

reactor fuels and materials and recently has been engaged in Inherent Safety

Testing to demonstrate the ability of reactors of this type to safely handle

unusual system failures without operator or control system intervention. At

full power the mean temperature of the sodium in the upper plenum Is 503°C

(938°F).

The FFTF Reactor Cover Gas Systems

The Fast Flux Test Facility Reactor has an argon cover gas. Figures 3 and 4

are simplified diagrams of the systems that process the cover gas. At the

FFTF, cover gas Is not recycled. After processing to reduce radioactivity,

waste gas Is vented to the atmosphere via the containment heating and

ventilating system.

The reactor vessel cover gas volume Is approximately 5.5 Nr (195 ft. ) at

fulI power. The vessel gas space continuously receives about 85

liters/minute (3 SCFM) of fresh argon from purges through annul! of the

refueling machines mounted in the vessel head. Thts results in a complete

vessel gas exchange every hour. An additional 75 liters/minute (2.7 SCFM)

enters the system from the purges of the three primary heat transport system

pumps. Of the flow leaving the reactor, approximately 20 liters/minute (0.7

SCFM) is sent via a sodium vapor trap to the Cover Gas Monitoring System.

The remainder, 140 liters/minute (5 SCFM), is directed to the Primary Sodium

Overflow Vessel and then through a sodium vapor trap to the Radioactive

Argon Processing System.

The Cover Gas Monitoring System (FFTF)

Argon cover gas directed to the Cover Gas Monitoring System Is first cleaned

by a sodium vapor trap. In the Cover Gas Monitoring System are a Fission

Gas Monitor, a Gas Chromatograph, and a portable sample collecting device,

the Gas Tag Sample Trap.
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The Fission Gas Monitor is a gamma radiation detector (liquid nitrogen

cooled germanium diode) reading a similarly cooled charcoal filled sample

column through a variable absorber/col Iimator mechanism. Single channel

analyzers and associated electronics monitor gamma-ray activity for energy

levels associated with 1 3 3Xe, 8 5 mKr, 1 2 5Xe, and 1 3 5Xe.

Six impurities are monitored by the Gas Chromatograph: helium, hydrogen,

nitrogen, oxygen, methane and carbon monoxide. In the Gas Chromatograph, a

sample passes through a separation column after which it Is analyzed by

thermal conductivity measurements and flame ionization detection.

The Gas Tag Sample Trap Is a portable, shielded, cryogenically cooled

charcoal column which concentrates isotopes of krypton and xenon for

laboratory analysis. Ratios of these Isotopes have been Injected Into the

fuel pins of each fuel assembly to enable Identification of failed fuel

assemblies by Isotoplc analysis of the cover gas. In a similar manner,

pressurized, tag gas filled creep rupture* in the Material Open Test

Assemblies (MOTA) are identified after they burst.

Sod| urn Vapor Trgps (FFTF)

The FFTF Reactor Cover Gas System has two continuous sodium vapor traps, one

upstream of the Cover Gas Monitoring System and one ahead of the Radioactive

Argon Processing System (RAPS). Both systems have a condenser followed

by porous metal filters. The former is sized for a flow of about

30 liters/minute (1 SCFM) while the latter can process upwards of

150 liters/minute (5 SCFM). Immediately upstream of the condensers are

specially heated lengths of pipe, the preheaters, which are Intended to

vaporize sodium aerosol permitting efficient removal by condensation on the

condenser media. Work related to recent flow restriction problems with the

smaller vapor trap filters has led to a greatly improved understanding of

aerosol production and vapor trap performance. Future designs will,as a

result, be simpler.
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Radioactive Argon Processing System. RAPS (FFTF)

The Radioactive Argon Processing System consists of a vacuum tank, two

diaphragm compressors, a baffled Surge and Delay Tank, and four

cryogenicai!y cooled charcoal delay beds. Although the cryogenic unit only

processes about 160 liters/minute (5.7 SCFM), blowers maintain a

recirculating flow through the charcoal beds of about 700 liters/minute

25 SCFM). The effective transit time for argon through the system is about

16 hours or about nine half-lives of Ai—41. Krypton is delayed seven to

eight days. The delay of xenon is much longer perhaps 10-15 weeks. No

Xenon radlonuciides have ever been detected in the outlet flow.

The Cell Atmosphere Processing System, CAPS, is similar to RAPS. It has

compressors, vacuum and surge tanks, and two cold charcoal beds.

The CAPS cryogenic unit can act as a backup to RAPS and is usually bypassed

while the remainder of the system handles essentially non radioactive gas

from cells containing inert gas atmospheres.
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Innovative Designs

Introduction

A recent emphasis of the U.S. nuclear power program has been toward

demonstrating and developing those fundamental characteristics of sodium

cooled reactor that will make such plants Inherently safe. For example,

EBR-II and FFTF have both been tested to demonstrate safe shutdown without

Immediate SCRAM and without operator action following loss of primary

cool ing pumps.

Two competing designs, PRISM, Power Reactor Inherently Safe Module, and

SAFR, Sodium Advanced Fast Reactor will include many features that will make

them inherently safe. These small modular designs are also competing on the

basis of the unit cost of power. These designs will be evaluated by the

U.S. Department of Energy (DOE) following their submittal in December, 1987.

PRISM

Nine (9) PRISM modules producing 135 MWe each will be grouped with three (3)

turbine generators in a full size power station. The reference core uses

metallic fuel with a 468°C (875°F) outlet temperature.

This pool reactor concept being developed by General Electric Corporation

for the U.S. DOE uses helium as a cover gas. In this concept the reactor

pressure boundary including the cover gas space Is sealed during power

operation.

During refueling/shutdown phases, the cover gas space Is evacuated and

backfilled with fresh helium by a mobile reactor cover gas purge system.

The radioactive waste gas is later reprocessed away from the reactor with a

system of chemical reactions, filters, and cryogenic distillation.

A cover gas monitoring system for failed fuel detection, consistent with the

sealed reactor philosophy Is being developed.
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SAFR

Four (4) modules with four (4) turbine-generators each producing 335 MWe are

grouped by Rocketdyne Division of Rockwell International Inc. Into a single
power station. The metallic fuel core will have a 510°C (950°F) outlet

temperature.

Helium reactor cover gas from all of four modules will continuously be

purged to a single reprocessing/sampling system. In this system two

cryogenlcally cooled charcoal columns will strip heavier atoms from the

helium. The columns will alternately process helium and be regenerated

(warmed).

Radioactive waste gas will be further processed by large holdup tanks and

charcoal beds at ambient temperature.

-242-



3
C

DO

m

FROM TAG-TRAP
COMPRESSOR RECIRC. OR

TO GRAB-SAMPLE CVLINOER
A P INSTRUMENT

HV-II7

CLEAN ARGON FOR TAG-TRAP PURGE

HV-HSO
FCV-3IO

MON-OPERATING
(OPEN)

CRYOCEKIC
O I S T I L U T I *

3/M" PIPING
2" PIPING
MANUAL BELLOfS SEALEO VALVE

„„,. PNEUMATICALLY ACTUATED 8ELL0IS
5HH) SEALEO VALVE

M) FLO« METER

(CP) COMPRESSOR

>~)t-. DISCONNECT JOINT
CHECK VALVE

LICUIC
NITROGEN
IN
'GASEOUS
INITROGEN
IOUT

CHARCOAL
ADSORBER

HV-3H7
T/P-C-I0289-C
REV. 4 8/63

EBR-II CGCS MAIN LOOP (SIMPLIFIED)



SUSPECT STACK RI3-VR-320

{h
REACTOR BUILDING CONTAINMENT SHELL

DOP TEST
PORT, TYP.3

MASS FLOW
TRANSDUCER

3

DO
m

PRIMARY TANK

A3 NOZZLE

RI3-VR-323A

RI3-VR-323B

RAR-59

[—txH
FLOWMETER

PRESSURE GAUGE

RAR

-oo

RAR-92 Y

-91

24 PSI RELIEF
00

RAR-93 RAR-88

FROM
SHIELD
EXHAUST
SYSTEM

DOUBLE
BELLOWS

PUMP

6 CFM
> ZERO 4 P
14.7 PSIA

•Z 1 VALVE

tX}
'K ' VALVE

RAR-90 XRAR-89
RAR-I2I

PRESSURE GAUGE

LRAR-87

FILTERS

RAR-86

RAR-I20

X RAR-i83

-co-
•W1 VALVE

EBR-II ARGON PURGE SYSTEM

T/P-C-I0022-A
REV. 2 11/78



FFTF COVER GAS FLOWPATHS

O
C
33
m
CO

PUMP
PURGES

P-1

Q

REACTOR
PURGE

PRIMARY SODIUM PREHEATER
OVERFLOW VESSEL

R-764

U-532
CONDENSER

PREHEATER

R-11

TO RAPS
(RADIOACTIVE

ARGON
PROCESSING

SYSTEM)

COVER
GAS

MONITOR

TO CAPS
(CELL ATMOSPHERE

PROCESSING SYSTEM)

HEDL 8603-072.2



FFTF COVER GAS PROCESSING

TO ATMOSPHERE

i

en

31
Q
C
n
m

0.16 m3/mln

FROM
REACTOR

NORMAL
CAPS
LOADS

1.1 m3/min

R-9, R-10
COMPRESSORS

T-51/VACUUM
TANK

T-49/SURGE AND
DELAY TANK

R-200. R-201
BLOWERS

R-95, R-96
COMPRESSORS

T-112/VACUUM
TANK

T-113/SURGE AND
DELAY TANK

RAPS
CRYOGENIC

UNIT
-135°C

BYPASS

CAPS
CRYOGENIC

UNIT
-100°C

566 m3/min
FROM CONTAINMENT

I

(R) RADIATION MONITORS
* TANK VOLUME AT STP HEDL 86034)72.1



: Westinghouse Hanford Company

HEDL-SA-3589FP

XA0200828

REACTOR COVER GAS

MONITORING AT

THE FAST FLUX

TEST FACILITY

R.A. Bechtold, F.E. Holt

G.E. Meadows, R.E. Schenter

IAEA Specialists Meeting on
Fast Reactor Cover Gas Purification

September 24-26, 1986

Richiand, Washington, USA

COPYRIGHT LICENSE — By acceptance of this article, the publisher and/or recipient acknowledges the U.S. Government's
right to retain a nonexclusive, royalty-free license in and to any copyright covering this paper.

HANFORD ENGINEERING DEVELOPMENT LABORATORY - Operated by the Westinghouse Hanford Company, P.O. Box
1970, Richland, WA, a subsidiary of the Westinghouse Electric Corporation, under U.S. Department of Energy Contract No.
DE-AC06-76FF02170.

U.S. Department of Energy

-247-



REACTOR COVER GAS MONITORING AT THE FAST FLUX TEST FACILITY

R. A. Bechtold, F. E. Holt, G. E. Meadows, R. E. Schenter

INTRODUCTION

The Fast Flux Test Facility (FFTF) is a 400-megawatt (thermal) sodium-cooled

reactor designed for irradiation testing of fuels, materials and components

for LMRs. It is operated by the Westinghouse Hanford Company for the U. S.

Department of Energy on the government-owned Hanford reservation near

Richland, Washington.

The first 100-day operating cycle began in April 1982 and the eighth operating

cycle was completed in July 1986. Argon is used as the cover gas for all

sodium systems at the plant. A program for cover gas monitoring has been in

effect since the start of sodium fill in 1978. The argon is supplied to the

FFTF by a liquid argon Dewar System and used without further purification.

SYSTEM DESCRIPTION

The Argon Supply and Distribution System (Figure 1) to the reactor consists of

a normal argon supply of four cryogenic Dewars, an auxiliary argon supply of

pressurized gas cylinders, an argon supply tank (T-95), and the necessary

valves, piping and instrumentation to distribute the argon at correct

pressures throughout the plant. (The Fuel Storage Facility for spent fuel

uses a completely separate supply of argon from a Dewar and pressurized

cylinders.)

The Argon System supplies and controls argon gas flows for the following

purposes:

Provide an inert atmosphere and pressure control for liquid metal-gas
interfaces
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Provide pressurized inert gas services for buffered and inflatable seals

Purge and pressure control for liquid metal and gas sampling operations

Purge and provide atmosphere and pressure control for fuel preparation,
examination and storage areas and for fuel handling equipment

Purge and supply fresh gas for liquid metal system equipment maintenance

Purge and pressurize liquid metal vessels and lines for filling and
draining

The argon supply system is divided into five basic subsystems as follows:

Subsystem Function

1200 kPa (175 PSIG) Main Argon System Main Supply

446 kPa (65 PSIG) Argon System In-containment Inflatable Seals
206 kPa (30 PSIG) Argon System In-conta1nment Interim Decay Storage Vessel

Cover Gas, Interim Examina-
tion & Maintenance Cell

69 kPa (10 PSIG) Argon System Reactor and Main Heat
Transport System

Ex-containment Argon Distribution System Secondary Cover Gas Systems

1200 kPa (175 PSIG) Main Argon System (Figure 1)

The 1200 kPa (175 ps1g) main argon system provides gaseous argon from the

cryogenic liquid stored 1n the supply Dewars and distributes it at the proper

pressures for use 1n the subsystems. The Argon Supply Dewars, T-52A, 8, C,

are 5678 1 (1500-gal.) insulated flasks and T-52D 1s a 22,712 1 (6000-gal.)

Insulated flask. All are located on an inert gas storage pad outside of the
3

Reactor Service Building. This provides a storage capacity of 33,442 m
(1,181,000 scf). Each Dewar has its own ambient temperature vaporizer and

self-contained pressure control system. The liquid argon level 1n the storage

Dewars, and the argon distribution header pressures, are indicated in the

control room. Normally, one Dewar 1s In-service supplying argon at a constant

pressure of 1202 kPa (175 psig). Redundant filters are installed in.the

supply header to remove any particulate in the lines. System flow 1s then

through the various reducers to supply the submain headers. The 68.6 kPa

(10 psig) Argon System supplies cover gas for the Reactor and Primary Main

Heat Transport System (MHTS) Cover Gas System.
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Pressure control of the reactor cover gas and three interconnected primary

pump purge gases is maintained at 2.5 kPa (10" H.0) by an automatic bleed

system with a fixed inlet flow rate of about 160 liters/minute (5.75 CFM).

The cover gas pressure at the secondary HTS pumps and expansion tanks is

controlled in the same manner as the reactor cover gas pressure but at 621 kPa

(90 psig).

Argon Usage at FFTF

The baseline consumption rate of argon at FFTF during full-power operation is
3 3

39,927m (1,410,000 ft ) per month. The argon is not recycled, but

rather, after processing through the Radioactive Argon Processing System

(RAPS) to reduce the radioactive noble gas levels, is vented to the

atmosphere. This once-thru system provides a cover gas supply to the reactor

which is free of reactor generated impurities. The annual operating budget

for this supply is $400,000.

Argon 1s delivered to the FFTF in tank trucks and used without further

purification or on-site chemical verification of analysis. A vendor

certification of purity is received with each shipment.

The following are the purities required at FFTF, the contract specification to

the vendor and an analysis supplied by the vendor:

Oxygen

Hydrogen

Nitrogen

Carbonaceous Gases

Moisture

Other

Oewpoint

Xenon/Krypton

FFTF Requirement
(99.996%)

5 ppm by volume

2 ppm by volume

15 ppm by volume

5 ppm by volume

6 ppm by volume

7 ppm by volume

0.25 vppb

Purchase Specification
(99.998%)

Max. 5 ppm by volume

Max. 2 ppm by volume

Max. 15 ppm by volume

Total: 1 (as methane)

Max. 3.5 ppm by volume

Carbon Dioxide: Max. 1 ppm

-90°F

No requirement

Vendor Product
Analysis (99.9995%)

<0.7

<1.5

<1.0

<1.0

0.2

<0.5

-120*

ppm

ppm

ppm

ppm

ppm

ppm

•F
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COVER GAS MONITORING (Figure 2)

The primary reactor cover gas 1s monitored continuously for six gaseous

(non-rad1oact1ve) Impurities. Every 15 minutes, an on-Hne process gas

chromatograph sequentially measures the following:

Impurity

Oxygen

Nitrogen

Helium

Hydrogen

Methane

Carbon Monoxide

Minimum
Sensitivity

5

5

5

15

2.5

7.5

Alarm Limit

N/A

180 ppm

OFF

N/A

50 ppm

N/A

Nominal Value

<5

<15

N/A

Not Detected

Not Detected

Not Detected

When analyzing a reactor cover gas sample, a multiport gas Introduction valve

1s actuated and argon carrier gas 1s routed through the sample coll, where 1t

picks up approximately 10 cc of primary argon cover gas and carries 1t to the

partitioning column. The carrier gas and separated Impurities then pass

through either a thermal conductivity or a flame 1on1zat1on detector, where

the concentration of the Impurity 1s determined and recorded automatically.

The carrier gas and the 10-cc argon sample, after passing through the

detector, are discharged to the Cell Atmosphere Processing System (CAPS). The

primary argon cover gas sample stream 1s routed through the multiport valve to

the Radioactive Argon Processing System (RAPS).

During reactor operation, helium 1s used as a purge gas for the temperature

control system for the Materials Open Test Assembly (MOTA). Consequently,

helium appears consistently on the gas chromatograph monitoring the primary

cover gas during the operating cycle. This eliminates one method for the

detection of an absorber assembly rupture which would release helium. In

addition, the relatively large quantities of helium used when manually purging

the MOTA causes tailing of helium Into the hydrogen region of the chromatogram,

creating a loss of hydrogen monitoring capabilities during those periods.

Typically, all other impurity levels on the gas chromatograph have been <20 ppm

during an operating cycle.
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During refueling operations, nitrogen spikes, Indicating air inleakage, were

frequently detected. Due to the detrimental effect of oxygen on the vapor

trap upstream from the gas chromatograph, this system is currently secured

during refueling outages and a temporary gas monitoring system is installed

over the reactor.

The primary cover gas is also monitored continuously by gamma ray spectrometry

for the detection and characterization of noble gas fission and activation

product radioisotopes. The monitoring system consists of a gas sampling loop

(Figure 2) and associated electro-mechanical equipment which provides a

continuous (controlled) flow of cover gas through a small (3 gram) charcoal

column. The column concentrates xenon and krypton gases relative to inter-

fering argon and neon. One of three tungsten absorber/collimators, 3.8 cm

(1.5 Inches) long is automatically positioned between the sample column and

the detector. The detector, an intrinsic germanium diode, interacts with the

emitted gamma rays. Standard pulse height analysis techniques are used to

collect the data and a computer based analysis system provides the results in
3

yC1/cm . Transport time from the reactor to the detection/characterization
system is between 8 and 12 minutes, depending on compressor pumping rates.

The FFTF's structural materials irradiation test vehicle, MOTA, contains

pressurized-tube creep rupture specimens. The specimens for a given irradia-

tion temperature, ranging from 575 to 750°C, and different alloy heats are

loaded with unique ratios of krypton and xenon tag gas. Specimen ruptures are

detected by the cover gas monitoring system. There have been 96 individual

capsule ruptures in addition to nine fuel pin ruptures which released activa-

tion or fission products and tag gases. Multiple ruptures of MOTA specimens

have also occurred on two separate occasions. Figures 3A and 3B show the

distinctive response of the system to gas escapes from a creep capsule and

from a fuel pin. The ratios of Xe-133/Xe-135 and of Xe-133/Kr-85m plus the

presence or absence of Xe-125 characterizes the escape as coming from a fuel

pin, a control rod, or one of two types of creep capsule tags. A ten-fold

Tncrease 1n Xe-133 activity over background to 1 count per second is equal to
-5 3a concentration of <4 x 10 yC1/cm .

Table I lists the isotopes and maximum concentrations observed after three

selected pin breaches.
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TABU I

PRIMARY COVER GAS RADIONUCLIDE ACTIVITY

Activity vC1/cm3

Nuclide

NE-23

AR-41

Kr-85m

Kr-87

Kr-88

Xe-125

Xe-127

Xe-131m

Xe-133

Xe-133m

Xe-135

Xe-135m

Xe-137

Xe-138

Xe + Kr

T
1/2

37.5s

1.83h

4.48h

76m

2.84h

17h

36.41d

11.92d

5.25d

2.19d

9.09h

15.3m

3.85m

14.2m

Background

2000 + 100

-0.4

4 x 10~4 +25%

5 x 10~5 +42%

4 x 10"4 +60%

—

1 x 10~4 +80%

1 x 10"5 +30%
—

8 x 10"5 +15%

1 x 10~4 +60%

2 x 10~4 +80%

9 x 10~4 +100%

H1qh Concentration

DE-9

-2000

-0.4

3

0.4

2

0.04

0.12

2.4

51

0.9

22

1

0.1

0.3

83

During Gas

ACN-1

-2000

-0 .4

2

2

2

0.4

7

20

0.2

10

1

1

2

48

Escape Event

MW-4

-3000

-0.4

5

2

5

0.03

0.3

5

14

1

13

2

1

2

49

DE-9, MW-4 MIXED OXIDE FUEL

ACN-1, CARBIDE FUEL
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Grab sampling capability of the primary cover gas 1s provided by two means

(Figure 2). The first 1s a 150 cc shielded sampling cylinder which may be

used for either elemental or radiochemical analyses. The other grab sampling

system is the Gas Tag Sample Trap (GTST), a shielded and cryogenically cooled

charcoal column, similar to the on-line system, but portable, to permit

laboratory analysis at the nearby WHC analytical laboratory. When gas
3 3releases are detected by the on-line system, a 0.18 m (5 ft ) volume of

reactor cover gas is passed through the GTST to concentrate the xenon and

krypton gases. The sample 1s then isolated and transported to the

laboratory. Isotopic analysis of the gases collected 1s performed by mass

spectrometry to enable identification of previously loaded unique tags.

Results from the mass spectrometric analysis are used as Input to computer

codes to aid 1n the identification of which particular fuel pin, control rod

pin or creep capsule has breached. This identification is extremely important

1n that it can have a direct effect on further FFTF operation or shutdown

strategies. Initially the "locating" gas tagging system relied primarily on a

three-dimensional tag space using the ratios of Kr-78/Kr-80, Kr-82/Kr-80, and

Xe-126/Xe-129. Additional back-up ratios of all the stable xenon and krypton

isotopes were also used to distinguish between FFTF assemblies having the same

primary three-dimensional FFTF ratios but different resident times 1n the

reactor. This system has been 100% successful in correctly Identifying nine

fuel pin breaches, the first occurring in May 1982 and the last in December

1985. The system can identify simultaneous or multiple gas releases and/or

the situation 1n which gases from previous releases remain in significant

quantities in the cover gas. For example, during one of the fuel pin release

events, there were contributions from a previous creep capsule release and

natural background Impurities. Even with these complications, the correct

fuel subassembly was identified. In order to minimize interference between

creep capsules and fuel pin release identification, a new tag system was

introduced (January 1984) for creep capsule using a four-d1mens1onal "primary"

ratio space consisting of Kr-83/Kr-84, Kr-86/Kr^84,Xe-132/Xe-134 and

Xe-136/Xe-134. The two systems have worked well synergistically as of this

date.
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As previously stated, naturally-occurring isotopes of krypton and xenon at

elevated levels (>0.5 ppb) have been detected in the primary cover gas on

several occasions (Figure 4). Since these isotopes are used for gas tag

identification, this level of impurity becomes of concern. The argon supply,

rather than air in-leakage, was the most suspect source since no evidence of

nitrogen or oxygen could be found to Indicate that these isotopes of krypton

resulted from air in-leakage. Grab sampling was utilized to sample various

supply Dewars and plant pathways, but the problem occurred too infrequently to

permit adequate diagnosis of the source. The problem has not reoccurred since

contracting with the present argon vendor.

Residual krypton and xenon have remained in the primary cover gas on several

different occasions. Tag gases from breached pins have been measured in the

purged cover gas weeks after the breach, even after removal of the failed

assembly. Breached creep capsules have regularly shown this characteristic

also. This phenomenon adds to the background from which new escapes must be

measured and identified.

Cover gas surveillance 1n other argon-sodium systems, I.e., the three

secondary sodium systems and the Interim Decay Storage (IOS) Vessel, is

performed by grab sample analysis alone, usually on a once per month

surveillance frequency. Argon analysis is also performed at the Interim

Examination and Maintenance (IEM) Cell or at storage vessel locations, on an

Infrequent basis.

These samples are used for the determination of oxygen, nitrogen, hydrogen,

methane and tritium. Tritium in the primary cover gas is also determined by

grab samples. With the cold traps operating at 110°C (230°F), the tritium
-11 3levels are typically <6 x 10 Ci/cm In the primary cover gas and

-11 3<2 x 10 C1/cm in the secondary cover gas. Since this method involves

the use of mechanical fittings to attach the sample cylinder to the system,

air contamination can occur and replicate samples are obtained when necessary.
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Higher than normal methane concentrations were observed in all cover gas

systems (primary and 3 secondary) on two separate occasions. This was also

attributed to the argon supply, rather than simultaneous ingressions of

hydrocarbons into four separate sodium systems. Direct sampling from one

Dewar, in the first case, showed identical levels of methane, confirming the

argon Dewar as the source of this impurity. In the other case, traces of

methane were found in the Dewar, but the level was only one-fourth of the

level measured in the cover gas. The concentration appeared to be dependent

on the level of argon in the tank. Incidentally, methane was not observed

with the on-line gas chromatograph. Since the same argon is used as the

reference gas for the chromatograph, impurities in the argon supply system

will not be detected. This provides an inherent advantage for distinctive

detection of lubricant leaks into the primary system but surveillance of the

argon supplied to the reactor must be performed by alternate means, such as

grab samples.

EQUIPMENT PROBLEMS

During the first four outages, replacement of the CO/CH. column on the gas

chromatograph required downtime during the critical (i.e., refueling) periods

for monitoring the primary cover gas. The separation column used is 40 -

60 mesh molecular sieves, that, while not expensive, did require maintenance

due to rapid deterioration. Gas chromatographic performance was improved by

the installation of a longer separation column and, as mentioned previously,

alternate instrumentation is now used for primary cover gas surveillance

during outages now.

Frequent downtime of the reactor fission gas monitoring system showed the need

for a redundant system so that the capability to detect both fuel and creep

capsule ruptures was maintained. As a result, the Closed Loop #2 cell and

piping was converted to a second improved reactor cover gas system. This

system became fully operational in cycle seven* -The original system:is now

being upgraded to the capability of the second system.
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SUMMARY

A liquid argon Dewar system provides the large volume of inert gas required

for operation of the FFTF. The gas is used as received and is not recycled.

Low concentrations of krypton and xenon in the argon supply are essential to

preclude interference with the gas tag system.

Gas chromatography has been valuable for detection of inadvertant air

in-leakage during refueling operations. A temporary system is installed over

the reactor during outages to prevent oxide formation in the sodium vapor

traps upstream from the on-line gas chromatograph. On-Hne gas monitoring by

gamma spectrometry and grab sampling with GTSTs has been successful for the

identification of numerous radioactive gas releases from creep capsule

experiments as well as 9 fuel pin ruptures. A redundant fission gas

monitoring system has been installed to insure constant surveillance of the

reactor cover gas.
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Summary

Sodium vapor trap operation at the Fast Flux Test Facility has been

successful although not uneventful. Analysis and evaluation of the behavior

of the vapor traps associated with reactor cover gas processing and analysis

systems has confirmed their design and has led to an improved understanding

of these components and the environment in which they operate. This

knowledge will permit simplification and reduced costs for future designs.

Introduction

The Fast Flux Test Facility uses sodium vapor traps on all primary and

secondary sodium system vessels which have a cover gas (argon). Two types

of vapor traps are in use, heated filter vapor traps and Controlled

Temperature Profile (CTP) condenser vapor traps. The Radioactive Argon

Processing System (RAPS) and the Cover Gas Monitoring System (CGMS) are

using a combination of CTP condenser vapor traps and filter vapor traps.

Operation of the remaining systems which have filter vapor traps without

condensers has been fully successful. Performance of the condenser vapor

trap assemblies has also been successful. The condenser vapor traps,

however, have been subject to extensive evaluation because of flow

restrictions which developed in their backup filters during initial

operation. This report discusses the results of recent observations of the

vapor trap assemblies installed on the reactor cover gas processing systems

(RAPS & CGMS).

Vapor Trap Performance at the FFTF

(Refer to Figure 1)

The FFTF uses condenser type sodium vapor traps (Figures 2 and 3) on the two

reactor cover gas systems, RAPS (U-527), and CGMS (U-532) because of the

high reactor temperatures which generate much sodium aerosol. The condenser

type vapor traps remove most of the sodium aerosol and the following filter

vapor traps (Figures 4 and 5) remove most of the remainder. CTP condensers

and filters are also in use at EBR-II. Only trace amounts of sodium have

been observed downstream of the filter vapor traps.
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The condenser vapor traps collect sodium by condensation of sodium vapor and

removal of very fine aerosols on a cooler media (Raschlg rings). The cover

gas is heated in the preheater to vaporize sodium aerosol prior to entering

the condenser. The preheater outlet and the CTP condenser inlet

temperatures are controlled at approximately 28°C (50°F) above the reactor

sodium temperature. Axially along the condenser the temperature is reduced

in a profile calculated to promote the condensation of sodium on the

condenser media and avoid formation of free aerosol. Aerosol will pass

through the condenser to the filters. The condenser outlet temperature Is

approximately 205°C (400°F).

Heated, 115°C (240°F), filter vapor traps with porous, sintered stainless

steel powder media are located downstream of each condenser vapor trap to

collect residual sodium aerosol exiting the condenser. Although these

filters have the ability to reflux clean sodium, they can be permanently

degraded by solid contaminants, notably sodium oxide. The filter media are

treated with a waxy hydrocarbon (or a residue thereof) which Inhibits

wetting of the filter and promotes sodium draining.

The CGMS vapor trap (U-532) processes about 20 IIters/mfnute (0.7 SCFM) and

the RAPS unit processes approximately 142 IIters/mlnute (5 SCFM).

Observations & Conclusions

Flow restrictions have been observed In the redundant CGMS filter vapor

traps, VT-61 and VT-62. Measured as a differential pressure across the

filter at approximately constant flow, these restrictions were observed

first on filter VT-61 during February 1981. The restrictions Increased with

continued use until July 1982 when the decision was made at a pressure

differential of 5 kPa (20 Inches"Hj,01 to switch to VT-62. In August 1984, a

small differential pressure was observed on VT-62. This pressure

differential rose dramatically In a few weeks to over 8 kPa (35 Inches H2O)

following resumption of reactor operation In January of 1985. In that

period, a number of tests and adjustments were made and a review of

development test data was made. Also, a comparison of the CGMS and RAPS

vapor trap applications was made. Much was learned about the condenser and

the filter type vapor traps. Contingency planning was begun to provide a

replacement system for the CGMS vapor traps, although this effort has been

discontinued as unnecessary based on current knowledge of system behavior.
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The comparison of the RAPS and CGMS applicatfons was made because the RAPS

vapor trap system has shown none of the flow restrictions demonstrated by the

CGMS f iIters.

The pressure differential data show that VT-61 and VT-62 have accumulated some

fixed obstruction although large variations in pressure drop indicate that the

filters are still capable of draining accumulated liquid sodium.

From the pressure differential data and from the effect of raising the

preheater temperatures on the U-532 condenser, it was concluded that the

preheater temperatures were originally too low to fully vaporize the incoming

aerosol. From this it was conjectured that aerosol production In the reactor

is much higher than anticipated by the designers. This Is consistent with the

current concept of aerosol production in the reactor cover gas space.

For the design of the CTP condenser it was assumed that the cover gas was

saturated with sodium vapor at the reactor sodium temperature. It Is now

thought that considerably more sodium is present as aerosol In the cover gas in

addition to the saturated vapor. This, it is hypothesized, occurs because the

reactor cover gas region is not isothermal. With the reactor head at

approximately 205°C (400°F), and because of the continuous purge of cool argon

from the head mounted equipment, the cover gas mean temperature Is considerably

lower than the reactor sodium. This promotes the formation of suspended sodium

aerosol particles which are considerably larger than the molecules of sodium

vapor and which do not contribute to the vapor pressure thus permitting the hot

sodium to continuously evaporate sodium rather than achieve equilibrium. In

this dynamic situation the accumulating suspended aerosol can amount to

considerably more sodium than saturation at sodium pool temperatures.

In comparing the CGMS (via U-532) and RAPS (via U-527) flow paths, it was noted

that the CGMS vapor trap receives gas directly via a short path from the

reactor, while U-527 processes gas from T-42 which has a large relatively

quiescent gas space for large particle settling. Also, much of the reactor gas

going to T-42 Is known to be transported by entralnment In the sodium flow at

the reactor and weir, it Is thought that the aerosol and sodium oxide content

of the reactor gas going to U-527 Is much reduced compared to that at U-532 as

a result of the action of the flow path features described.
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Actions Taken

When It was observed that the U-532 condenser preheater temperature was too

low, additional power was applied to the heaters. A reduction of rate of

Increase of filter pressure differential was noted immediately. This

indicated that the condenser efficiency had greatly improved. However, the

fact that any pressure differential was observable indicated that a

substantial portion of the porous filter media was obstructed. It was not

initially obvious If the obstruction was permanent due to sodium oxide for

example or was caused by liquid sodium.

A test was done to determine if backflush ing of the filters would provide

some permanent reduction of the flow restriction. VT-61 was backflushed in

January, 1986. An Immediate reduction in pressure differential was

observed. Pressure differentials for both VT-61 and VT-62 have remained low

but observable since that time, it Is not known if the continued good

filter performance Is due to the backflushing because the CTP condenser

performance was earlier Improved by the increased preheater power.

Further testing and observation have led to useful hypotheses describing

behavior of filters of this type. Variations in the pressure differential

data taken at essentially constant flow suggest several mechanisms are

active Including draining of accumulated sodium upon stopping flow,

continuous refluxlng of sodium, and sodium penetration of the filter

resulting in a maximum pressure differential related to pore size.

Laboratory testing (Figure 6) and capillary force calculations predicted the

maximum (plateau) pressure differential observed in FFTF. The observed

plateau is hypothesized to occur when sodium obstructs enough of the filter

pores to Increase the pressure differential to the level where the capillary

force resisting sodium flow in the larger pores is overcome. The media In

the FFTF & EBR-II filters have a rated pore size of 35 microns. The plateau

presssure differential for the FFTF filters occurred at approximately

8.8 kPa (35 inches H 20).
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Although the purity of the argon used for the reactor equipment and pump

purges Is extremely good, smalI quantities of air are known to have leaked

into the reactor cover gas during past refuel ings. This is much less of a

concern today because refueling techniques have been improved. Any air

inleakage is thought to be especially detrimental to the CGMS vapor trap

which lacks the protection offered by the large tank T-42 and by entrainment

of gas at the weir.

Perhaps the most significant action taken to protect the CGMS vapor traps

was to stop the flow to this system during refueling, important functions

of CGMS, gas impurity monitoring and failed fuel detection, are performed

instead by a portable system Installed on the reactor at the start of

refueling. Because of low reactor sodium temperatures at that time, the

portable system requires only a common disposable high efficiency

part IcuI ate fIIter.

Another action taken to protect the CGMS vapor traps filters was to reduce

flow to the CGMS. In addition to the obvious benefit of proportionally

reducing the sodium aerosol carried to the vapor trap, lower flows are known

to Improve the efficiency of the condenser. Although the filters can

withstand considerable pressure differential without passing sodium aerosol

downstream, a limiting value has been hypothesized above which sodium

aerosol Is created and suspended in the flow by the action of the gas

ejecting sodium from the pores. This represents the practical end of filter

usefulness. Therefore, reducing the flow is significant to extending filter

life because It reduces the pressure differential and because It reduces the

transport of sodium oxide or other solid partlculate from the condenser to

the small pores of the filters.

Predictions

The highest pressure differential now being observed in the most obstructed

filter (VT-61) is about 1.5 kPa (6 Inches H20) reached after several weeks

of full power reactor operation following each restart. No increase In the

level of permanent obstruction has been observed over the past two reactor

operating cycles. We are encouraged by this behavior and believe that the

existing filters will now operate acceptably for a long time.
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RADIOLOGICAL CONSIDERATIONS OF THE
REACTOR COVER GAS PROCESSING

SYSTEM AT THE FFTF

ABSTRACT
Radiological and environmental protection experience associated with the
reactor cover gas processing system at the Fast Flux Test Facility (FFTF)
has been excellent. Personnel radiation exposures received from operating
and maintaining the reactor cover gas processing system have been very low*
the system has remained free of radioactive particuiate contamination
through the first seven operating cycles (cesium contamination was detected
at the end of Cycle 8A)» and releases of radioactivity to the environment
have been very low* well below environmental standards. This report
discusses these three aspects of fast reactor cover gas purification over
the first eight operating cycles of the FFTF (a duration of a little more
than four years, from April 1982 through July 1986).

INTRODUCTION

The Fast Flux Test Fac i l i t y (FFTF) is a sodium-cooled fast neutron spectrum

reactor. This United States-DOE f a c i l i t y was designed speci f ica l ly for

Irradiat ion test ing of fuels* materials* and components for advanced

nuclear power plants/fast breeder reactors. I t s mission has been expanded

to include an Inherent Safety Test program and irradiat ions of fusion and

space reactor materials. The reactor operates at a power of up to 400

megawatts thermal using mixed uranium and plutonium oxide fue l .

The FFTF is located on the Hanford s i te in southeastern Washington State,

seven miles (11 km) north of the City of Richland.

The FFTF achieved i n i t i a l c r i t i c a l i t y on February 9* 1980, demonstrated

f u l l power operation on December 21 , 1980, and started Cycle 1 operation on

Apr i l 16, 1982. The reactor has continued regular power operations since

that date. Cycle 8 ended on July 19, 1986. At the end of Cycle 8 the

reactor had operated for 888 effect ive f u l l power days, and some fuel had

reached a burn-up level of 152,000 megawatt days per metric ton of metal.
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Also* some fuel pin cladding breaches have occurred releasing f iss ion gases

Into the reactor cover gas.

The reactor cover gas processing system at the FFTF 1s called the radio-

active argon processing system (RAPS). A system similar to RAPS whose

purpose 1s to process potent ial ly contaminated Inert gases and a i r from

various ce l ls 1n the plant 1s called the ce l l atmosphere processing system

(CAPS). Both RAPS and CAPS process waste gas streams by holdup, which

permits radioactive decay of a l l radionuclides except krypton-85, which has

a h a l f - l i f e of 10.7 years. Holdup 1s accomplished by a series of tanks and

liquid-nitrogen-cooled charcoal beds. The system was designed for one

percent fa i led fue l . The attached f igure 1s a simpli f ied flow diagram of

RAPS and CAPS.

The RAPS header receives a nominal 5 to 6 scfm (0.16 ir^/min) argon flow

from the reactor cover gas. The normal flow 1s through a vacuum tank, one

of two paral lel compressors, a large surge and delay tank, past two cold-

box In let radiation monitors, through the cold-box, past a cold-box out let

radiation monitor, and then into the out let of CAPS. The compressors

provide the motive force for RAPS by pumping argon from the vacuum tank

into the surge and delay tank. The surge and delay tank provides about 24

hours holdup to permit decay of the short-Hved radionuclides. The purpose

of the radiation monitor on the in le t to the cold-box is to l i m i t , via flow

control valves, the radioact iv i ty and hence heat Input to the cold-box.

The cold-box consists of four l iqu id nitrogen cooled charcoal beds. The

charcoal beds are maintained at a nominal -135°C and hold krypton for about

a week and xenon for several months. The purpose of the radiation monitor

at the out let of RAPS is to divert the RAPS exhaust to CAPS for additional

processing should the radioact iv i ty concentration exceed established

l im i t s . I f for any reason RAPS were to f a i l , the RAPS in le t flow can be

diverted to CAPS for processing.

The CAPS header receives a nominal flow of about 40 scfrn (1.1 nr/min) which

consists of a mixture of a i r , nitrogen and argon from various plant

locations. Because there 1s normally very l i t t l e or Insigni f icant radio-
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activity in the CAPS header, the normal flow 1s not through CAPS. The

normal flow 1s through a blower, past a radiation monitor. Into the reactor

containment exhaust, past an additional environmental radiation monitor

and, finally to the environment. If radioactivity above established limits

1s detected in the blower exhaust, flow 1s diverted through CAPS. CAPS

flow is through a vacuum tank, one of two parallel compressors, surge and

delay tank, past a cold-box inlet radiation monitor, through a cold-box,

past isolation radiation monitors, Into the containment exhaust and

finally, past an environmental radiation monitor and to the environment.

The CAPS cold-box contains two charcoal beds that are maintained at a

slightly higher temperature (-100°C) than are the RAPS beds. Holdup times

in CAPS are not as long as for RAPS but still are long enough to permit

decay of argon-41. Calculations Indicate that CAPS has the capability to

provide redundancy to RAPS with failed fuel.

PERSONNEL RADIATION EXPOSURE

Personnel receive very little radiation dose1 from day-to-day occupancy of
the plant. The FFTF radiation shielding, Including the shielding for RAPS,
was designed to achieve dose rates of less than 0.2 mrem/h (0.002 mSv/h) in
routinely occupied areas. This goal was surpassed. With the reactor at
full power, dose rates in all accessible areas of the FFTF are at back-
ground levels. Only a few local areas (none are associated with RAPS and
none 1n routinely occupied spaces) have dose rates of 10 mrem/h (0.1m Sv/h)
or less.

Personnel radiation.doses received from maintaining the RAPS have also been
very low. Personnel entry Into cells that contain RAPS components is
prohibited during reactor operation and for 24 hours after reactor shutdown
to permit decay of argon-41 (which has a 1.8 hour half-Hfe). Exceptions
to the 24 hour waiting period are made only 1f all sources of reactor cover
gas are Isolated from the cell being entered, or a special safety evalua-
tion has been completed and approved. Radiation surveys conducted during

*The correct term for rem or mrem 1s dose equivalent. However, for
clarity, dose is used in this paper.
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these special cell entries show that dose rates on RAPS components from
4*Ar during reactor operation with no failed fuel are very low — about 1

mrem/h.

The equilibrium concentration of ^ A r in the reactor cover gas with the

reactor at full power is only about 0.4 m1crocur1e/cc (14.8 kBq/cc). Dose

rates on RAPS components after a 24 hour waiting period and with no failed

fuel are at background levels. Dose rates on RAPS components following a

breached fuel pin(s) would be higher due to the addition of radioactive

krypton and xenon to the reactor cover gas. Conservative calculations

indicate that the release of 100% of the radioactive krypton and xenon from

one fuel pin would cause a dose rate of about 1 rem/h (10 mSv/h) one foot

from a one-inch diameter RAPS pipe. A more realistic calculation that

takes credit for decay of short lived radionuclides in the fuel (that,

thus, never enter the cover gas) indicate much lower dose rates - 0-100

mrem/h.

Personnel radiation exposure received as a result of operating and main-

taining RAPS should increase slightly as a result of cesium contamination

but still continue to be low. During initial entry into the RAPS compres-

sor cells, following the Cycle 8A operating period, a dose rate of 320

mrem/h (3.2 mSv/h) was measured en a filter assembly upstream of the R-9

compressor; 80 mrem/h (0.8 mSv/h) was also measured on a filter assembly

upstream of the R-10 compressor. Spectra measurements Identified the

radionuclides as "'Cs and *^Cs. General area dose rates in the compres-

sor cells.were 1 to 10 mrem/h (0.01 to 0.1 mSv/h). In order to reduce

cesium levels in the primary sodium, a cesium trap is being installed.

This will also slow the buildup of cesium contamination in RAPS, and thus

limit personnel doses. Local shielding will also be used, where practica-

ble, to limit personnel exposure.

RADIOACTIVE CONTAMINATION

Sodium vapor traps installed between the reactor cover gas space and RAPS

have successfully prevented radioactive sodium from reaching RAPS.

However, the traps have permitted cesium to escape because of its higher
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vapor pressure. Thus, radioactive cesium has reached the filter assemblies

located just upstream of the RAPS compressors. The extent of the cesium

contamination 1n RAPS other than these filters 1s not known. Dose rate

measurements Indicate that most of the cesium 1s stopped by the filter

assemblies. How much cesium passes through the filters to contaminate

downstream components 1s not known. RAPS (at least those portions ac-

cessed), was free of radioactive particulate contamination until sometime

during Cycle 8A, when the cesium first appeared.

The RAPS cold-box has also been contaminated with tritium. Conservative

calculations, based on measured tritium concentrations In the reactor cover

gas and the flow rate of cover gas through RAPS, show that up to 7 curies

of tritium could be present in the RAPS cold box. Tritium in the RAPS

cold-box thus far has not created any environmental or radiological

concerns. However radiological problems might occur during future main-

tenance and eventual decommissioning. The plant final effluent measure-

ments, that Includes the RAPS exhaust, showed that tritium was below

minimum detectable levels (about 2 x 10"' microcuries/cc). This compares

favorably with the offsite concentration guide of 2 x 10 microcuries/cc.

No skin contaminations or Internal depositions have occurred from operating

or maintaining RAPS. However, the cesium contamination Increases the risk

of these events.

RELEASE OF RADIOACTIVITY

Radioactive noble gas releases (there has been no particulate releases) to

the environment from operating and maintaining the FFTF have been very low.

The RAPS has made an important contribution to this success. A total of

about 37 curies (1.4 TBq) of airborne radioactive noble gases have been

released through 1985. This would have resulted 1n less than 0.01 mrem

(0.0001 mSv) to the maximally exposed off-site Individual, who hypothe-

tical^ is assumed to stay continuously at the nearest site boundary. This

dose is trivial compared to the average dose (100 mrem/year) from natural

sources of radiation.
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A summary of FFTF releases to the environment via RAPS 1s shown in Table 1 .

The f i r s t release occurred 1n May 1982 during Cycle 1. A to ta l of about

1.5 curies (55 GBq) of noble gas, pr incipal ly xenon-133, was released.

Leakage 1n some RAPS instrument tubing connections caused the release. The

leaks were repaired during the next outage. The second release occurred 1n

October 1983 and was the result of a planned tes t . The tes t demonstrated

the capabi l i ty of CAPS to provide redundancy to RAPS. About 1.5 curies (55

GBq) of argon-41 were released during the t es t . About 10 curies (370 GBq)

of noble gases, pr incipal ly krypton-85 and xenon-133, were released during

November 1984. About 10 curies (370 GBq) of krypton-85 and xenon-131 from

various sources, were released during December 1984. During 1985 about 13

curies of radioactive noble gas, pr incipal ly krypton-85, were released.

The 1984, 1985, and 1986 releases were the result of experimental fuel pin

cladding breaches.

Releases from the FFTF are about two orders of magnitude below PWRs and

three orders of magnitude below BWRs. For example, in 1981 ( latest

available) BWRs released an average of about 50,000 curies (1.8 PBq) of

radioactive gases; and PWRs released about 4,000 curies (148 TBqMl).
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TABLE 1

SUMMARY OF ENVIRONMENTAL RELEASES

Date

May 1982 - Cycle 1

Oct. 1983 - Cycle 3

Nov. 1984 - Cycle 5

Dec. 1984 - Outage
fol lowing Cycle 5

Apr i l & May, 1985,
Cycle 6

June 1985 - Cycle 6

July 1985 - Cycle 6

Dec. 1985 - Cycle 7

Curies*
Released

.5

1.5

10

10

8

1.2

1.2

2.7

Pr inc ipa l
Rad1onucl1de

Xe-133

Ar-41

Kr-85 and
Xe-133

Kr-85 and
Xe-131m

Kr-85

Kr-85

Kr-85

Kr-85

* 1 cur ie = 3.7 x 1010 Bq

KNOWLEDGE GAINED

The fo l lowing Information has been gained from operating and maintaining

RAPS:

Xenon decays 1n-trans1t and hence does not pass through the cold

boxes. Xenon 1n the f i n a l e f f l uen t Indicates a leak upstream of the

cold box.

Krypton takes about a week (7 t o 10 days) t o t rave l from the reactor

cover gas t o the environment. Krypton-85, wi th a h a l f - H f e of 10.5

years, 1s the primary radioisotope released.

The e f fec t i ve holdup time fo r argon 1s about 16 hours. Most of the

argon 1s probably held up fo r about 24 hours (mainly 1n the surge and

delay tank ) , whi le a small f rac t ion t rave ls more rapid ly because small
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holes in the baf f le plates of the surge and delay tank provide a by-

pass. A small quantity of argon-41, about 2 microcuries per second or

0.17 curies per effective-full-power-day (EFPD), 1s released to the

environment. The dose to the maximally exposed o f fs i te Individual 1s

less than 0.01 mrem from a l l argon-41 releases (about 150 curies)

through Cycle 8. Argon-41 releases are estimated from RAPS process

radiation monitors since the release rate 1s below the minimum

detectable level of the eff luent monitors.

SUMMARY

Radiological and environmental experience with RAPS has been excellent.
Personnel radiation exposures have been essentially nil from operation and
maintenance of the system. Radiation levels in routinely occupied areas
adjacent to RAPS are at natural background levels; as are levels 1n cells
containing RAPS components* after reactor shutdown. Cesium contamination
1n some RAPS components will result in Increased radiation levels and
personnel exposures during future maintenance work. Installation of a
cesium trap will limit further cesium contamination.

Largely due to the successful operation of RAPS* releases of radioactive
materials to the environment have been very low. Releases have been two to
three orders of magnitude below releases at commercial LWRs. The resultant
dose to the maximally exposed off-site individual (using a conservative
calculation) is less than 0.01 mrem (for all releases through Cycle 8).
This dose 1s Insignificant compared to the average dose (100 mrem/yr) a
person receives from natural sources of radiation.
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