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Abstract

This report describes the recent development and activities concerning fast reactors in Russia. The status of
nuclear power in 1996 and operational experience of the BOR-60 experimental rector and of the BN-600
nuclear power plant are presented. Main results of R&D programme in fast reactor area are discussed.

1. THE STATUS OF NUCLEAR POWER IN 1996

As of January 1997, 29 commercial power units were operating in Russia in 9

nuclear power plants with a total installed capacity of 21242 MW. This figure

includes 13 units with W E R (6 WER-400 units and 7 WER-1000 units), 15

units with uranium-graphite channel-type reactors (among them 11 RBMK units), and

1 unit with fast reactor (BN-600).

The NPPs generated 108.8-106 MW-h (99.3 • 10 6 MW-h in 1995).

The mean load factor was 58.32% (53.4% in 1995).

During 1996 there were only 2 incidents which can be classified by the INES

as level 1.

The mean value of unplanned outages involving the triggering of

emergency protection systems is 0.38 per reactor unit. As a whole, in 1995 safety

indices of NPPs in operation were higher than in 1995.

2. FAST REACTOR OPERATIONAL EXPERIENCE.

2.1 THE BN-600 NUCLEAR POWER PLANT

Operating histogram of the BN-600 reactor for 1996 is shown in Fig. 1.

During this year there have been two shutdowns of the reactor for planned

maintenance work and core refueling and three unplanned loops outages. During this

period the load factor was 76.32% (70.31% in 1995).

In Table 1 main BN-600 reactor characteristics for the last five years and from

the start of operation are presented.

Since first start-up the power unit have operated as electricity generating plant

during 76.6 % of time, 21.1 % of time heaving been spent for refueling and planned

repair works, while 2.3 % of time been taken by the unscheduled shut-downs (Fig.2).
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The reactor refueling is carried out twice a year, and scheduled equipment repair

works are fulfilled intentionally during refueling periods, taking in average 20 % of

time (in April-June and October).

By January 1, 1997, the reactor equipment and systems have operated for

about 110 000 hours, the reactor have been on power during 4500 eff. days, total time

of the steam generators and steam-water circuit equipment being about 105 000 hours.

Average load factors for the periods since full power reactor start-up and since entail

start-up are respectively 73 % and 70 %.

Statistical distribution of the main performance indicators of the BN-600

reactor power unit operation and the range of the variation are represented in Fig. 3 -

11.

In 1996 there were no water-into-sodium leaks in steam generators.

The operating experience has confirmed the correctness of the adopted steam

generator concept - 12 water-into-sodium leaks have accounted for only 0.3 % of loss

of power generation.

Inter-circuit leaks were mainly in the superheater modules (six events) and in

the reheaters (five events), while in the evaporators there were only one leak event

(Table 2).

The important result of the unit operation has been validation of the evaporator

lifetime equal to 105. 000 hours (instead of design 50. 000 hours) and this allowed

changing them only once instead of three times during the entire lifetime of the unit.

This has been an outcome of the long-term program on studying evaporator condition

and has been ensured by more strict water quality, the decreased rate of transient and

emergency conditions against the design value, the periodical re-agent cleaning and

washing by water to«remove porous deposits.

By now the evaporators have worked out more than 100.000 hours each.

Therefore they are replaced so that their lifetime wouldn't have been expired by the

moment of the last old evaporator replacement.

The specified design lifetime of the superheater and re-heater modules

corresponds to the reactor plant operation life - 200. 103 h.
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Table 1. Main BN-600 reactor characteristics for the last 5 years and from the
start of operation

Characteris
tic

Electric
power
output

Load factor
The

number of
unit shut-

downs
The

number of
loop

outages

Units

106

kWh

%

1992

4402

84

2

2

1993

3915

80.3

2

0

1994

3810

78.2

2

0

1995

3695

70.31

6

1996

4022

76.32

2

3

From the start of
operation up to

Jan. 1,1996

60836

70

77

66

Table 2. BN-600 SG loss-of-tubes integrity events

Date 24.06 04.07 24.08 08.09 20.10 09.06 19.01 22.08 16.11 10.11 24.02 24.01

1980 1980 1980 1980 1980 1981 1982 1983 1984 1984 1985 1991

Leak RH SH RH SH SH RH SH SH E RH SH RH

place

Leak L L S S S S L S S S S S

size

Abbreviators: RH - re-heater, SH - main superheater, E - evaporator, L - large leak, S -

small leak

Note: Large leak is characterized by changes in integral parameters of a secondary

loop (sodium and gas pressure in expansion tank).

Operating experience with the core.

As known, after the 26-th run the BN-600 reactor core has been changed over

to the third charge with a maximum fuel burn-up of 10 % h.a., the maximum dose

being 75 dpa. The fuel subassembly duct material is 311-450 type ferritic - martensitic

steel (13Cr-2Mo-Nb-P-B), the fuel pin cladding material is the cold worked austenitic

steel (16Cr-15Ni-2Mo-2Mn-Ti-P-B).
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In 1995 a decision was made to increase the time duration of the runs 32, 33

and 34 in order to confirm the performance of the core and the radial blanket up to

burn-up of 11,3.% and 2 % h.a.,.respectively.

As a result the total lifetime of fuel subassemblies will be 540 eff. days.

In standard fuel subassemblies a maximum bum-up by the end of run 32 was

11.1.% h.a., a maximum dose was 80 dpa.

Up to now 12 SAs with pellet MOX fuel were irradiated in the BN-600 core.

First eight SAs were irradiated during 3 cycles up to MOX burn-up of 10 +10.5 %

h.a. with maximum dose of 70 -r 72 dpa. Last four SAs were irradiated during 4 cycles

up to MOX burn-up of 11 * 11.8% h.a. with maximum dose 80.7 dpa. Three of them

were examined in hot cell of BN-600. Initial PEE showed good performance of

experimental SAs.

At present more 12 SAs with pellet MOX fuel are under irradiation in the BN-

600 core.

2.2. THE BOR-60 EXPERIMENTAL NUCLEAR POWER PLANT

In 1996the BOR-60 plant was operated at 50 - 55 MW. The first loop of the

reactor was provided with the reverse-type steam generator RSGl and air exchanger,

another one - with the reverse - type steam generator RSG - 2.

The results of plant operation in 1996 are presented in Table 3. In this table

also are given the main results of BOR-60 operation from the commissioning up to

1997.

A large number of irradiation tests of fuel and structural materials of nuclear

and thermonuclear reactors are carried out in the core and radial blanket and

irradiation of electroceramics and electric insulation materials - in vertical channels.

Standard BOR-60 fuel is MOX vibropacked fuel with uranium gutter,

maximum burn-up in some SAs - 21 h % h.a., maximum dose - 100 dpa. The total

number of fuel pins with bum-up value more than 20 % h.a. is ~ 410 pins. Three fuel

pins are under irradiation now in the dismountable test assembly; at the end of 1996

maximum bum-up was 30.5 at %. Dismountable test assemblies are used for pellet

MOX fuel irradiation also, the maximum bum-up for pellet MOX fuel is ~ 17 % h.a.
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Table 3 . Results of BOR-60 plant operation
Characteristic

Operation
time, h

Availability
factor ""

Maximum
power level,
M W ( t h )

Power
generation:

thermal, Mwh
electricity,

Mwh
Steam

generators
operation time,

h
RSG1
RSG2

Heat output for
consumers,

GKal

1

2184

1.0

50

102002

15324

2184
2184

33435

2

1419

•0.65

50

53429

9616.8

1399
1399

5006

1550

0.7

50

54165

10891.2

1532
1532

2865

4

1071

0.48

55

54300

9254.4

1062
1062

17036

1996

6224

0.71

-

263896

45086.4

6177
6177

58342

From commissio-
ning

u£ to 1997

146952

6049024

991987

79609
32604

248807

One SA with U-Pu-10 % Zr fuel is under irradiation now, maximum burn-up -

7 % h.a.(endofl996).

3. R&D PROGRAM

3.1. PHYSICAL RESEARCH AT CRITICAL FACILITIES

3.1.1. BFS CRITICAL FACILITIES IN 1996

In the first half of 1996, tests were completed on substantiation of the

neutronics of the BN-800 reactor core with the sodium plenum at the top, allowing to

minimize positive component of the sodium void reactivity effect in case of completely

dried mixed uranium-plutonium fuel core.
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The final stage was devoted to the measurements of the control rod worth and

sodium void reactivity effect in the core sector including all three different enrichment

zones (BFS-58-4 critical assembly was simulating the reactor at the beginning of the

run after refueling).

In the previous years, more comprehensive tests were carried out modeling two

other BN-800 reactor core conditions:

- end of the run, when the reactivity compensating rods are withdrawn from the

core completely (BFS-58-1);

- middle of the run, when the reactivity compensators are half withdrawn from

the core (BFS-58-3).

Preliminary analysis made in 1996, showed, that the whole experimental

program carried out, gave the possibility to determine the sodium void reactivity effect

with sufficient accuracy (- 0.2 ± 0.3% Ak/k).

In the second half of the year, the preparation work was under way for the

experimental studies on the simplified model of the BN-800 reactor core with

increased plutonium content (up to 39%) in the mixed U-Pu fuel and non-fertile

blankets. These studies are going to be conducted in 1997.

BFS-1 critical facility was used to continue studies on the characteristics of fast

reactor cores designed for the weapons grade plutonium utilization and minor actinides

burning, for instance, the effect of neptunium introduction into fuel. The first stage of

these studies made on the insert of the BN-800-Superphenix reactor fuel with up to

14% of depleted uranium dioxide replaced by neptunium dioxide was accomplished in

1995 (BFS-67 critical assemblies set).

In the first half of 1996, the experimental studies were completed on the insert

with MOX fuel containing about 39% of weapons grade plutonium (BFS-69-1). In

order to estimate accuracy of the central functional calculation, the following

parameters were measured:

- fission and radiationcapture spectral indices;

- reactivity coefficients of reactor material samples;

- sodium void reactivity effect;

- worth of boron rod mock-ups;

- distribution of fission rates; etc.
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On the further stage, about 13% of depleted uranium dioxide in the central area

of the insert were replaced by neptunium dioxide (BFS-69-2), and the same set of

measurements was conducted.

The introduction of this considerable neptunium amount into the fuel makes the

neutron spectrum more rigid, and the increase of spectral indices following high energy

band of the neutron spectrum, is 5% to 11%, that is approximately two times less than

that for the MOX fuel with traditional plutonium content.

Owing to neptunium introduction, the SVRE value caused by the removal of

15 kg of sodium from the central area of the insert becomes less negative by about 0.3

pef, while the removal of 0.15 kg of sodium causes its change from - 0.16%J3ef to +

0.33% pef, the efficiency of boron mock-ups being decreased by 6-8%. The changes in

the central reactivity coefficients are also observed. Fission rate pattern deformation is

less significant.

Currently, the experimental results are under analysis.

In the second half of 1996, BFS-71-1 critical assembly was mounted with

MOX fuel containing about 55% of plutonium. Standard measurements were carried

out, and neptunium was added to the fuel in the late 1996 in order to continue

measurements. The results obtained are under analysis.

3.1.2. THE COBRA CRITICAL FACILITY

In 1996, all scheduled studies on the uranium-thorium fuel cycle were

completed on the CBR-22 critical assembly with the core containing metal enriched

uranium and metallic thorium. The high enrichment of the core fuel (~20%) caused

quite rigid neutron spectrum (neutron fraction having energy lower than 10 KeV did

not exceed 1%).

Based on the results "of'the"initial stage' of the experimental data analysis, the

following conclusions can be made:

1. The calculation made using KRAB, MMK and FFCP codes with the BNAB-

90 database overestimate K̂ g- value by about 1% as compared to the measurement

results.

2. The calculated and measured values of the average capture cross section by U-

238 are in a good agreement, while the calculated value of capture cross section for

thorium is about 12% higher than that obtained in the experiment.
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3. About 8% underestimation of calculated value of Np-237 average capture

cross section is observed.

In order to explain the above results, as well as for analysis of considerable

amount of experimental data on the transuranium isotope fission cross sections, it is

necessary to perform more specified analysis using various nuclear data base versions.

Measurements on time distribution of prompt fission neutrons using Rossi-alpha

method (applicable for (3eg- measurements) were made on this assembly. Prompt

neutron decay constants were measured for various arrangements of polyethylene

moderator discs in the assembly reflector, including the case when there were no

moderator discs in the reflector. It became possible to explain the presence of short

decay periods owing to the corrected coefficient of connection between the core and

the polyethylene discs in the framework of the two point model.

A series of tests were also carried out on the CBR-22 critical assembly on the

substantiation of changing over from the fertile blanket to the steel blanket, the

radioactive isotopes to be yielded in the latter. The replacement of uranium blanket by

the steel one has resulted in significant reactivity gain (up to 0.9% Akcff/ketr).

New designs of irradiation devices for the production of radioactive isotopes, in

particular cobalt-60, were tested in the steel blanket. The key innovation in these

designs was the absence of the absorber elements. In the course of the experiments,

power bursts up to -50% were revealed on the core boundary. Since the considerable

decrease of power is observed in the core periphery, these bursts are unlikely to cause

the parameters of power reactor standard fuel subassemblies ta go over permissible

operating limits. However, the final conclusion on this issue can be drawn only after

the comprehensive analysis of S/A performance taking into account the obtained

experimental data.

3.2. MINOR ACTINIDES UTILIZATION

The concept of fast reactor core for effective minor actinides (Np and Am)

burning was analyzed with safety assurance of such cores taken into account. In results

of optimized studies it is suggested three core variants allowed to utilize minor

actinides effectively.
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The preliminary investigation showed that introduction of minor actinides in

fuel results in great increasing of sodium void reactivity effect (SVRE) and therefore

the using of traditional fast reactors is impossible because it isn't possible to assure

zero value of SVRE which is dictated by Russia Safety

Rules. Hence it is necessary to find the way which allows to fulfill this requirement and

to burn the minor actinides effectively.

Proceeding from this we suggested some ways to solve these problems:

- the location of minor actinides into radial blanket sub-assemblies;

- the location of minor actinides homogeneously in fuel in which the

fuel enrichment was preliminary increased;

- the location of minor actinides in fuel based on inert matrix where

uranium-23 8 is replaced (partially or fully) by diluent (for example,

cerium oxide or magnesium oxide).

In first case the introduction, of minor actinides doesn't influence on core

physical parameters and efficiency of its burning is ~ 30 kg/TW*hour. When we use

the core with increased plutonium enrichment the efficiency can be increased up to 32

kg/TW*hour.

In case of homogeneous introduction of minor actinides into the fuel the

allowed amount of minor actinides is limited by 10 %. Table 4 shows efficiencies of

minor actinides burning for different variants of their isotope content.

The efficiency of minor actinides burning is 14-23 kg/TW*hour. This value is

two time less than in case of traditional fast reactor core.

The largest efficiency of minor actinides burning can be reached by using core

with fuel without uraiiiumr231$r~SVRE value as'a function "of ma fraction for different

fuel compositions is shown in Table 5.

The low value of SVRE allows to introduce from 15 % (fuel PuO2+MAO2) to

35 % (fuel U235O2- MA02) of minor actinides.

Major physical characteristics of the variants are given in Table 6.

Thus, optimal core variants permit the utilization of:

125 kg/year of Np and 100 kg/year of Am for plutonium fuel loading;

260 kg/year of Np and 245 kg of Am/year for uranium fuel loading.

Thus the investigations carried out allowed to show clearly that the problem of

minor actinides utilization can be effectively solved by using cores which were

developed for plutonium burning.

159



However the problem of curium isotopes utilization stand over because the fuel

fabrication (even we add a small amount of curium) process is very awkward due to

high activity of these isotopes (mainly Cm244 and Cm245).

Table 4. Efficiency of minor actinides burning (kg/yr.)

Minor actinide fraction, %

Minor actinides isotope content

Np-237 - 100 %

Am-241 - 100 %

Isotope mixture

2.5

93.2P

73.36")

97.04

64 25

57.57

5

186.02

166.15

197.54

151.34

134.96

10

357.62

338.59

386.17

300.11

275.14

25

810.01

794.1

885.01

727.53

671.41

*} the figure corresponds to burning of the isotope considered;

"' the figure corresponds to total minor actinides burning

(accounting for their production).

Table 5. SVRE dependence on MA fraction, % Ak/k

Fuel

MA fraction

SVRE

PuO2+Np)2(AmO2)

5

-2.10

(-2.18)

15

+0.06

(-0.31)

25

+1.52

(+0.84)

U2j5O2+NpO2(AmO2)

10

-6.54

(-6.23)

25

-2.11

(-2.06)

50

+2.31

(+2.11)

Table 6. Major physical characteristics of optimal variants

Critical plutonium loading in a fuel

Pin,g

MA loading in a fuel pin, g

MA burned quantity, kg/year

Doppler reactivity coefficient, Tdk/3T

Rate of reactivity change, % Ak/k

PuO2+15%+MAO2

Np

33.3/40.1

5.9/7.0

125.8

-0.00289

3.6

Am

33.2/39.5

5.9/7.0

100.3

-0.00277

3.4

U235O2+35%MAO2

Np

35.4/42.4

19.1/22.8

263.4

-0.00135

1.6

Am

36.0/43.3

36.0/43.3

245.2

-0.00130

1.5
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3.3. WEAPONS-GRADE PLUTONIUM UTILIZATION

To date Russia has certain achievements in the field of design, construction and

operation of fast reactor installations BR-10, BOR-60, BN-600 operate successfully in

the country, besides the BN-350 reactor in Kazakhstan operates under technical

assistance of Russia. An example of fast reactor successful is NPP with BN-600

reactor, which is the best in operation results per 1995-1996 in the "Rosenergoatom"

system.

Despite the fact that the BN-350 and BN-600 reactors use presently uranium

fuel, Russia has gained significant experience in plutonium utilization in fast reactors

(Table 7). •

For example, as early as in 1957 for the pulse reactor IBR-30, a core from

metal fuel-plutonium alloy was manufactured. In 1957-1965 a fuel was produced in the

form of plutonium dioxide for the BR-5 and IBR-2 reactors.

Thus far in the BR-10 reactor two cores have been tested with fuel containing a

weapons grade plutonium.

In the BOR-60 reactor a number of fuel pins has been tested, manufactured by

different technologies with the use of plutonium having different isotope composition.

Reactor operates, re-circulating its own plutonium.

Extended tests of MOX-fuel were carried out under conditions of the BN-350

and BN-600 reactors with the use of installation "PAKET" (I.E. "MAJAK") designed

for SA production (up to 10 SAs per year). In the BN-350 reactor, in-reactor tests and

subsequent investigations were performed of test SAs containing up to 350 kg of

weapons grade plutonium. To date more than 3000 fuel pins on the basis of such fuel

have been manufactured and tested in the BN-350 and BN-600 reactors.

Test works with NOX-fuel for fast reactors (FR) performed permitted the

transition to designing and construction (using MOX-fuel) of a small series of power

fast reactors BN-800 (South-Ural and Belojarsk), which corresponds to the power

strategy of Russia and the problem of fuel cycle closing in nuclear power.

Far and away the development of nuclear power in Russia with fast neutron

reactors is connected with the use in a closed fuel cycle primarily of power plutonium,

produced in thermal reactors. However, availability of successfully operated BN-600

reactor and the construction in sight of BN-800 reactors permits to consider the
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Table 7. Utilization of mixed uranium-plutonium fuel in fast reactors

Reactor BR-10

(PuO2)

BOR-60 BN-350 BN-600

Pellet fuel

Fuel pins number

Maximum burn-up, % h.a.

Maximum linear power,

kW/m

3287

14.1

17

-370

12.6

50

1778

10.8

48

1524

10.5

48

Vibrocompacted fuel

Fuel pins number

Maximum burn-up, % h.a.

Maximum linear power.

kW/m

-

-

-12800

26

54

254

7.2

48

762

9.8

48

Table 8. Changing of plutonium isotope composition*

Initial weapon plutonium1

Plutonium from BN-800 reactor

(100% MOX)

Plutonium from WWER-1000

reactor (1/3 MOX)

Pu-239

93.5 %

84.4 %

52.1 %

Pu-240

6.0 %

14.2 %

25.2 %

The rest of the

isotopes

0.5 %

1.4%

22.7 %

* The data are average over the total mass of unloaded spent fuel.

variant of ex-weapon plutonium utilization as a well actual and acceptable in near and

distant prospects.

3.3.1.SOME PECULIARITIES OF WEAPONS GRADE PLUTONIUM

UTILIZATION IN FAST REACTORS

Reactor physics

Physical aspects-of a" fast-reactor core with the use of MOX-fuel are well

studied and justified by the practice of NPP in operation. It has been shown that a
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weak dependence exists of major reactivity coefficients, influencing safety (except

SYRE) on a fuel type - uranium or plutonium, or on plutonium isotope composition.

Oscillations of critical parameters as a function of plutonium content in fresh

fuel are compensated by correcting initial enrichment in values in accordance with

special method worked out for the BN-800 reactor design. However, it is typical for

the civil plutonium. No such problems arise if weapons-grade plutonium is used.

The SVRE problem is solved by means of sodium plenum introduction over the

core, providing zero or slightly negative SVRE value. This realized in the BN-800

reactor design.

When using FR-bumer with a fuel, containing increased plutonium content,

both Doppler - effect and SVRE value decrease. However, the Doppler - effect value

decrease is in allowable limits, and besides reactor self-protection in some beyond

design basis accidents improves.

Thus, we can state with assurance that the utilization of weapons grade

plutonium in fast reactor, even at transition to a FR-bumer. doesn't lead to serious

problems, connected with the reactor physics and the provision of its safety.

Core design modification

Weapons grade plutonium utilization in the BN-600 and BN-800 reactors will

of course result to the necessity of solving of some technical problems. First of all, the

new core design will be required for the BN-600 reactor. However, this development

will be based upon already checked technological approach adopted for the BN-800

reactor design, and this will simplify the development.

Hybrid core design for the BN-600 reactor is based on approaches tested in the

BN-600 reactor. The new element, common for all cores of BN-600 and BN-800

reactors intended for weapons grade plutonium utilization is the non-fertile (steel)

blanket. This is necessary requirement from the standpoint of weapons grade

plutonium utilization in fast reactors.

Weapons grade plutonium denaturation

With the use of weapons grade plutonium in fast reactor MOX-fuel, the

unloaded spent fuel will contain plutonium, which is of greater interest for the
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subsequent power use, as "compared with plutonium in spent fuel of thermal reactors.

Both in fast and thermal reactors plutonium is reliably removed from weapon

standards.

As an example, Table 8 presents data characterizing a denaturation process

(isotope composition changing) of weapons grade plutonium in BN-800 (reactor-

burner) and WWER-1000 reactors.

In the case, when a more deep plutonium denaturation is needed, the following

methods can be in principle used for these purposes in a fast reactor:

- previous mixing of power and weapons grade plutonium prior to its loading

into the reactor;

- the increase in fuel burn-up level;

- the introduction into fresh fuel of minor actinides (Np, Am) for enhanced

production of Pu238, yield of spontaneous fission neutrons of which is 2.6

times

as higher, and specific heat release is 80 times higher, as compared with Pu240.

It is necessary to note, that whereas the first two variants lead to some decrease

of weapons grade plutonium consumption rate, the third variant, in addition to

effective weapons grade plutonium denaturation, permits "burning" of minor actinides

(MA).

Reasoning from the above, we can state that weapons grade plutonium

utilization in a fast reactor permits "to regulate" over a wide range its denaturation

extent, and thus to solve optimally tasks, connected both with subsequent power

utilization and with prevention of plutonium use in military purposes. In either case,

denaturated plutonium is reliably removed from the weapons grade plutonium grade.

3.3.2. MAJOR CHARACTERISTICS OF REACTOR TECHNOLOGIES

FOR WEAPONS GRADE PLUTONIUM UTILIZATION IN

RUSSIAN FAST REACTORS

Solution of a strategic task of plutonium utilization under closed fuel cycle

conditions is connected with BN-800 type reactor construction and corresponding fuel

infrastructure.

" The "modern BN"-80Q-reactor design" has a breeding ratio equal to unit, uses

MOX-fuel on the basis of power plutonium and meets all safety requirements.
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The construction of South-Ural NPP first unit with BN-800 reactor at present

time is discontinued for economical reasons, but in the Russian power program the

construction of four similar blocks is provided (sites of South-Ural and Belojarsk

NPP).

No problems exist with substitution of power plutonium with weapons grade

plutonium in the BN-800 core conditions. In this case, the traditional core (design

version) may transform 1640 kg of weapons grade plutonium per year to a spent fuel

standard, burning and producing 140 kg Pu/year.

More efficient plutonium burning in BN-800 reactor can be carried out by

transition from a reactor-converter to a reactor-burner. By now, two cores-burners

types have been developed, as applied to structure dimensions of the reactor design

variant.

First of them considers the replacement of breeding blankets to steel ones. In

this variant, with annual consumption of approximately 1700 kg weapons grade

plutonium, physically 140 kg/year is destructed.

More intensive burning (with approximately the same annual consumption can

be achieved by simultaneous replacement of breeding blankets and some increase in

the fuel enrichment by plutonium. In this case up to 270 kg Pu/yr can be burned.

Major characteristics of the above-mentioned cores of the BN-800 reactor,

developed to date at a level of technical proposals, are presented in Table 9.

Under conditions of delay in BN-800 units construction, as a first stage of

realization of the weapons grade plutonium utilization program in Russia, the transition

to MOX-fuel of the operating BN-600 reactor can be considered.

In this case, at the initial stage it is appropriate to use a variant without

changing the standard SA design with introduction of MOX-fuel only into limited core

volume (hybrid core) and replacement of breeding radial blanket to a steel one.

Replacement of uranium SAs to subassemblies with MOX-fuel is performed in

the high enrichment zone (HEZ). Allowable number of SAs with plutonium is

determined reasoning from the requirement of retaining SVRE value in zero or

negative regions.

On the basis of safety conditions, a limit number of SAs with MOX-fuel has

been determined; in this case an annual consumption of weapons grade plutonium is

equal to 240 kg.
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Table 9. Major core parameters of BN-800 reactor at weapons grade plutonium
utilization

Traditional
core (design

variant)

Core with steel
blankets

Core with increased
fuel enrichment and

steel blankets
SA number
LEZ/MEZ/HEZ

585
211/156/198

585
211/156/218

585
211/156/218

Fuel enrichment in zones, .5/18.7/20.816 16.4/18.6/20.8 19.2/23.5/27.5

Annual needs in SAs,
( <p = 0.8)

407 407

Annual needs in Pu, kg
(<p = 0.8)

1640 1700 1650

Maximum
h.a.

burn-up, % 10 10 11.5

Annual quantity of
burned plutonium, kg (
<p = 0.8)

140 270

Isotope composition
unloaded
plutonium

of LEZ MEZ HEZ Core LEZ MEZ HEZ Core LEZ MEZ HEZ Core

Pu-239
Pu-240
Pu-241
Pu-242

Minor actinide fraction
in unloaded plutonium, %
Isotope composition of
minor actinides
Np-237

Am-24l
Am-242m
Am-243
Cm-242
Cm-244

83.0
15.5
1.4
0.1

0.09

70.7
22.7
0.5
4.1
1.8
0.2

84.9
13.8
1.2
0.1

0.08

71.5
22.9

0.5
3.4
1.6
0.1

87.
11
1
0

1 85.1
.8 13.6
0 1.2
1 0.1

0.06 0.08

S6.4
29.3
0.3
2.6
14
-

69.4
25.1

0.5
3.4
1.5
0.1

82.5
15.9
1.5
0.1

0.09

70.7
22.7
0.5
4.1
1.8
0.2

84.0
14.5
1.3
0.1

0.08

71.5
22.9

0.5
3.4
1.6
0.1

86.2
12.6
1.1
0.1

0.06

66.4
29.3
0.3
2.6
1.4
-

84.4
14.2
1.3
0.1

0.08

69.4
25.1
0.5
3.4
1.5

0..1

81.1
17.4
1.4
0.1

0.08

66.5
25.8
0.6
4.8
2.1
0.2

83.0
15.6
1.3
0.1

o.Oo-

65.3
27.8

0.6
4.2
1.9
0.2

85.2
13.6
1.1
0.1

0.06

62.9
30.9

0.5
3.8
1.7

0.2

83.1
15.5
1.3
0.1

0.07

64.8
28.2

0.5
4.4
1.9

0.2

*) ~ 140 kg/year of weapon plutonium are bushed in the core, and
approximately the same quantity is accumulated

Table 10. SVRE dependence
Number of SAs with Pu

0
32
98
159

SVRE, % AK/K
-0.254
-0.144
0.021
0.124
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Table 11. Major cores parameters of the BN-600 reactor at
grade plutonium utilization

SA number
LEZ
MEZ
HEZ

Fuel enrichment by zones
LEZ
MEZ
HEZ

Annual needs in SA ((p=0.8), items
Annual needs in Pu (cp = 0.8), kg
maximum burn-up, % h.a.
Annual quantity of burned plutonium, kg
Isotope composition of unloaded

Hybrid core with
steel radial blanket

(80 SAs with MOX-
foel)
801

-
-

80

-
20.5
40

243
11.3
222

weapons

Core with full
loading by MOX-fuel

without breeding
zones
404
136
94
174

- 4 6 . 1 — -
20

24.7
273
1310
10

115

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

0.02
87.39
11.57
0.94
0.08

0.03
86.02
u.n

1.1

0.1

2 - for active part of SA with Pu, but in the whole reactor 216 kg of Pu are

accumulated
J - from active SA parts with MOX fliei.

Major hybrid core characteristics of the BN-600 reactor are given in Table 11.

Next step seems to be realistic in the program of weapons grade plutonium

utilization in the operating fast reactor BN-600 - transition to 100 % MOX-fuel.

Major core characteristics of the BN-600 reactor with 100 % loading with

MOX-fiiel are presented in Table 11.

Annual consumption of weapons grade plutonium in this variant is 1310 kg,

and in this case 115 kg Pu/yr are burned.

3.4. RADIOLOGY

Besides highly radioactive wastes of the core and blankets (spent core and

blanket fuel subassemblies), medium and low level radioactive wastes are produced in
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fast reactors, including primary sodium coolant, shielding materials and the primary

system components.

In spite of their low radioactivity level, all the primary circuit wastes are to be

disposed, their volume significantly exceeding that of the spent core fuel

subassemblies.

It is theoretically possible, that the problem of the radioactive wastes of the

primary circuit, except for the spent fuel and fission products (S/A), can be solved

without their disposal, if the wastes are stored in the intermediate storage during 50 or

100 years. In order to do this, several interconnected problems should be solved.

For example, in order to decrease the amount of solid radioactive wastes,

accumulated as a result of irradiation of fast reactor core and shielding materials, it is

necessary to solve the problems of introduction of the low activated materials and

development of technology of the highly activated impurities removal, as well as the

problem of decreasing superficial pollution of structures with the radioactive deposits

from the coolant.

The superficial pollution rate can be decreased by means of limiting the release

of the fuel and fission products from the failed fuel elements into the primary sodium

coolant and the yield of the radioactive corrosion products, and by removing highly

activated impurities from the coolant.

The fulfillment of these requirements is even more important, since it would

allow avoiding disposal of the primary coolant.

On this stage, studies have been aimed at the evaluation of permissible content

of highly activated impurities in the design structural materials of the core, blanket and

shielding, as well as in the advanced low activated materials.

Analysis of the results of activity studies on the low activated materials and

estimates of permissible limits on the impurities content in these materials have shown

theoretical possibility of creation of structural materials for the core, blanket and

shielding notrecfuiringdisposahbecause of their low induced activity after 50 or 100

years of storage (on condition, that the impurities content in the materials has been

decreased down to permissible limit, and the problem of radioactive deposits on the

component surfaces has been solved).
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Studies have shown that the activity of 19 elements (Ta, W, As, Si, Ge, H, F,

Na, Pr, Ga, Au, Ti, Mn, Cr, V, Rh, Yb, Hg, Mg), irradiated in the blanket, after their

storage during 50 or 100 years, is such that there would be no need in their disposal.

Studies on the impurities activity have shown, that there are about 20 impurity

elements (Co, Ba, U, Cd, Th, Sm, Nd, Li, Dy, N, Cs, Nb, K, Hf, Ni, Mo, Er, Gd, Ho,

Cl), whose content in the low activated materials should be monitored.

For the most promising low activated materials, such as Ti and TiH2, irradiated

in the blanket of LMFR, the content of the natural uranium and niobium impurities

should not exceed several thousandths of ppm, while for thorium and dysprosium this

limit is several hundredths of ppm.

As regards the requirements to the low activated steel (which, in addition to Fe,

should only contain the elements with the activity lower than that of Fe) and boron

carbide, these are less rigid (10 ppm and over), however, the blanket and some part of

shielding made of these materials would have to be buried.

In the BN-600, BN-800 and BN-1600 reactors, all structural steel of the

blanket and shielding located between the core and the intermediate heat exchangers,

should be buried because of presence of the activation products of niobium,

molybdenum and nickel in the stainless steel.

3.5. THERMOHYDRAULTCS

3.5.1. LIQUID METAL BOILING IN THE CIRCUIT UNDER

NATURAL FLOW CONDITIONS

In the SSC RF IPPE, boiling of the liquid metal coolant (sodium-potassium

eutectic alloy) under the natural flow conditions has been studied. The objective of

these studies is to investigate the possibility of the stable decay heat removal from the

fast reactor core.

The experimental studies are carried out on the fuel subassembly model

containing'seven mock-up ftel elements installed in the natural flow liquid metal circuit

(Fig. 12). The length of the heater zone is 420 mm. There is a 165 mm length section of

hydrodynamic stabilization upstream of the heater zone, the latter being followed by

the mobile bundle of 200 mm length (see Table 12). All necessary instrumentation is
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Fig. 12. Schematic diagram of 7-pin test section in AR-1 facility
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Table 12. The main geometrical parameter of 7-pin subassemly.

N
1

2

3

4

5

6

7
8

9

10 j

11 i
i

i
12 |

13 |

• Name
;: Outer diameter of pin simulator, d, mm

j Inner diameter of pin simulator, d,, mm

| Length of heating region, l0, mm
i

Pitch-to-diameter ratio

Number of simulators, n

Number of displacers

Pitch of wire-wrapping, h, mm
Diameter of wire-wrapping, dn, mm

Outer diameter of subassembly wrapper
tube, D, mm
Thickness of wrapper tube, S, mm

Length of wrapper tube, L, mm

Length of mobile 7-pin bundle, /, mm

Maximal displacement of mobile 7-pin
bundle, /?„,
mm

: Value

; 8

;6

:'42O
1

I

j 1.185

: 7

i 1 2

! 100
M-5

50

1.5

2878

200

300

provided for both model and the circuit. Temperature distribution over the fuel element

surface, temperature of the coolant, its flow rate, pressure and vapor content pattern,

as well as acoustic signals are measured. The circuit design makes it possible to vary

the coolant flow rate in the model by controlling the pressure drop value of the circuit.

Tubes with different surface roughness were tested: smooth surface (roughness

of 0.15 u.m), and natural (roughness in 0.63-1.25 jam range).

The method of studies was based on the increasing of power supplied to the

working section on condition that the circuit hydraulic resistance characteristic is

preliminarily set. The coolant temperature in the working section increased until the

saturation point was reached and the boiling process started.
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Three boiling modes were observed in the course of studies: stable boiling on

the initial stage, and pulsation boiling mode, which further was transformed into the

stable mode again, when the power supply was increased.

In order to study the effect of heat transfer surface condition on the fuel

element cladding temperature, one fuel element mock-up with polished cladding

surface and the others with the rough surface were used.

Data presented in Figs. 13 and 14, demonstrate significant effect of the surface

condition on the fuel cladding temperature. The abrupt temperature rise of the cladding

under the appeared vapor bubble was observed on the smooth cladding surface

(corresponding to the standard fuel elements), while there was no increase of the rough

surface cladding temperature which was kept at the saturation point.

Liquid metal boiling tests carried out during 5 hours with over 20 motion

cycles of the mobile bundle, have demonstrated, that the coolant evaporation and

boiling processes do not depend on presence (or absence) of the liquid metal plenum

over the working section.

Values of the heat transfer coefficient obtained experimentally depend on the

heat flux. The increase of the heat flux value causes the increase of the heat transfer

coefficient. Heat transfer coefficient values are similar for the stable and unstable

boiling" modes: The comparison" of the above~data witrr~those for the liquid metal

boiling in tubes has shown good agreement. The following relationship can be used:

a = 3 qa7 p015 ,

where [q] = W/m2; [p] = bar.

The only relationship obtained for the critical heat flux value under boiling

conditions in the smooth tube bundle is in a good agreement with the data on the crisis

of liquid metal boiling in the tubes and annular gaps, and the integrating relationship

proposed by Kottowski:

qav = 0.216 r (1 - 2x1Xpa)°-807(cI/l)0-s.

The results obtained are not sufficient for giving recommendations on the stable

sodium boiling modes in the core of fast reactor. In order to specify the area of stable

boiling depending on various parameters and factors and to generalize and justify data

for their application in fast reactors, fine experimental studies are to be performed.
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Fig. 14. Difference between smooth pin temperature and coolant temperature ( T402.T405 ).

and rough pin temperature and coolant temperature in top section of heated region (T402-T405)

3.5.2. SOME ISSUES OF APPROXIMATE MODELING OF FAST

REACTOR DECAY HEAT REMOVAL SYSTEMS

Considering the progress in studies on fast reactor decay heat removal systems,

the following points may be noted:

- variety of foreign studies made in water (Ramona, Neptune and other

models), allowed getting an idea of the process physics and verifying computer codes,

used for the further reactor calculations;

- recently, studies have been carried out in Japan on applicability of

experimental results obtained in water tests, to the sodium cooled reactor conditions.
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However, the theory of water based modeling of the reactor cooling by the

decay heat removal system lately developed in Japan, leads to certain problems related

to the effect of some physical phenomena on the process of transition to the natural

flow. The comprehensive analysis made at the SSC RF EPPE on the results gained in

many countries on the modeling theory has shown as follows:

- existing opinion on the minor role of the Reynolds number in natural flow

development is not correct. Its direct effect upon the thermal hydraulics within the

plenum is insignificant, but its influence on the hydraulic resistance coefficients

determining" the'entire process of natural flow (Euter criteria), is appreciable;

- in order to specify some points of theory and practice of modeling, additional

experimental studies are required using fragmentary models in water and liquid metal.

Such experiments also give grounds for the improvement of calculation codes.

In particular, it is necessary to check self-similarity of the processes with regard

to Peclet number, to study the effect of initial conditions, system pressure drop values,

etc. For this purpose, simple flat water model has been constructed at the SSC RF

IPPE. This model will be used for studying the effect of various factors and similarity

criteria on the accuracy of modeling of the natural sodium flow (LMFR DHRS) on the

water experimental rig.

Currently, adjustment works are under way. On the first stage of studies,

experimental justification of the self-similarity of transients for different Peclet

numbers.

3.6. SODIUM LEAKS AND FIRES

3.6.1. SODIUM SPRAY FIRES

Results of analysis and operating experience gained have shown that the large

sodium spray leaks are not real as far as the reactor facilities are concerned.

Nevertheless, studies on the sodium spray burning are still going on. Leak tight vertical

cylindrical chambers with elliptical bottoms and covers are used for the tests. The main

objective of the experimental studies is to determine the portion of sodium burnt in

drops. The sodium jet is directed straight upwards. The injector is located near the

chamber bottom. There is a reflector provided on the jet route in order to break the jet

into drops. The distance between the injector and reflector can be varied.
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Originally, tests were carried out in 2mJ volume, ~lm diameter chamber. The

injecting device operated from the burst of the membrane that occurred at 0.45 MPa to

0.65 MPa (the value of pressure being dependent on the membrane design). The

temperature of injected sodium was in the range of 400°C-500°C. The amount of

sodium injected in 0.07s to 0.7s varied from 400g to 2000g.

Maximum gas pressure in the chamber varied from 0.16 MPa (injection of 400g

of sodium)"to-0.41 MPa (injectfon of" 2000g-of sodium). Maximum local-gas

temperature (in the area of the jet striking against the reflector) was 1250°C.

The experimental data obtained were not sufficient for answering the question

concerning the portion of the sodium burnt in drops, since the large amount of sodium

fell on the chamber walls after the jet had been broken. That was why in 1996 the

experiments were continued in the 8mJ volume, ~2m diameter chamber. The sodium

was supplied by opening the valve instead of bursting the membrane. Maximum

amount of the sodium delivered at 500°C was 12 kg. Maximum pressure was 0.16

MPa and maximum temperature in the upper part of the chamber was ~ 700°C. The

results obtained so far show that the maximum portion of the injected sodium burnt in

drops is 10%. However, the tests are going on.

3.6.2. SODIUM LEAKS UNDER THERMAL INSULATION

The effect of thermal insulation on the mechanism of sodium leaking through

the crack in the pipe wall is of great interest. A decision was made to make the

experimental studies on the phenomenon. For this purpose, a series of tests were

carried at the IPPE in 1996. The experimental rig included working section (horizontal

145x5 mm diameter glass fiber insulated pipe with 3 mm diameter orifice on the top),

sodium tank, and gas vessel. In the first three tests, there was one 50 mm layer of

thermal insulation over the pipe. In the fourth test, the diameter of the orifice was 8

mm, and there were three 40 mm insulation layers over the pipe: two fiber glass layers

and one layer of kaolin wool. In contrast to the design applied in the reactor facilities,

there was no jacket over the insulation. Sodium was forced to the working section by

increasing the gas pressure. Besides the regular observation in the course of tests,

measurements of temperatures of the sodium in several points of the working section

and that of the air in the cell, as well as of the sodium leak rate and time were

conducted.
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The input data and maximum temperature values measured in the area under the

insulation in the course of experiments completed by now presented in Table 13.

Table 13. Input data and results of experimental studies on the effect of thermal
insulation on the process of sodium burning
Test No.

1
2

4

520
515
400
450

PNa, MPa

4
5.5
5.5
5.5

XNa, min

7.5
8.0
10
2

GNa, kg/S

0.08
0.09
0.1
1.0

VN,,1

40
50
70
120

Tmax under
insulation, °C

800
850
600
600

Notes

*)
*)
*)

**)

*) 3 mm diameter orifice. Thermal insulation: one 50 mm layer of glass wool;

**) 8 mm diameter orifice. Thermal insulation: two 40 mm glass wool layers

plus one 40 mm kaolin wool layer.

In these tests, neither burst of thermal insulation, nor flowing out of sodium jet,

nor its spraying occurred. The sodium was leaking through the insulation, their

interaction being very active. It was most significant in the area of the working section,

located below the defect.

3.7. WORKS AND INVESTIGATIONS ON SODIUM

TECHNOLOGY

- The effects of oxygen behavior in sodium loops with carbon simultaneously

present in sodium at high concentrations (as compared to its saturation level at a given

temperature) while providing the contact of sodium flow with a developed surface of

mild steel (carbon content 0.2 % wt). The experiments have been performed with

oxygen supplied into the rig in the form of sodium carbonate, sodium oxide and water.

The initial levels of oxygen in sodium (determined by means or chemical analysis and

electrochemical cells measurements) were equal to several tens ppm with the volume of

sodium in the rig of- 100 kg during 3 - 4 hours the oxygen level has decreased down

to the threshold values of oxygen determination by routine methods. Solid phase

products found in the rig contained high levels of carbon and iron. An explanation of

the phenomenon, being now in progress, presupposes the formation of the sodium-iron

compound oxides by means of the intermediate interactions with carbon participation.
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- A set of the experimental runs performed in study of the depositions

formation mechanism and their subsequent behavior in contact with sodium.

Depositions were obtained on the gas plenum surfaces of the experimental parts, by

means of pumping of argon, polluted by water and oil vapor through the gas plenum

during'various time int"efva1s~aiKlaT various pollution's concentrations. Reactions rates

and volatile products composition have been measured with account for various sodium

temperatures, times of the depositions aging etc. For the depositions, formed due to

wetted argon it was shown, that theirs hydrogen content is essentially dependent on

sodium mirror temperature and temperature distribution on the walls of the gas plenum.

- Experiments have been carried out to study sodium saturation temperature by

the products of its reaction with water. It was shown that sodium hydride was the first

to crystallize from the saturated solution. For the "water" concentrations of 10 -150

ppm there were obtained terminal solubility expressions for sodium hydride and sodium

oxide in sodium.

- A physical model has been developed to describe the processes in the system

"structural material surface-evaporated drop of sodium" (or some other liquid metal

coolants). During experimental verification of the model it was shown that interaction

of sodium with structural material took place at the total contact surface.

4. STATE OF ART OF THE BN-800 REACTOR CONSTRUCTION

Currently, the BN-800 reactor design undergoes examination according to the

regulations now in force in Russia, in order to obtain the license to continue its

construction on both Beloyarsk and South-Urals sites.

In order to fulfill the construction of the 4th power unit of the Beloyarsk NPP,

the public joint-stock company has been established incorporating several large

enterprises and institutions whose financial potential is sufficient for accomplishing the

construction during 7 years. The economical analysis of the BN-800 reactor design,

including the revision of some expense items is carried out aimed at the cost reduction.
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