
at the Pu-contaminated Waste Treatment Facility (PWTF) of 

PNC, which is now operation since 1987.

The techniques for decontamination and dismantling of 

large-size waste contaminated with TRU nuclides have also 

been developed in PNC, which will be applicable to decommis

sioning of nuclear fuel cycle facilities. These include ice/ 

dry ice blasting technique, electropolishing technique and 

redox technique for decontamination, and portable plasma 

cutting remote arm. These techniques have been developed 

and partlydemonstrated at the Waste Dismantling Facility 

(WDF) of PNC's O-arai Engineering Center since March 1984.

13.3.4 Construction Program of the Storage Engineering 

Center

The center is to be constructed for the purpose of 

storing vitrified HLW and immobilized LLW, and developing 

waste disposal technology including utilization of heat and 

radiation from HLW. 4,000,000m of land is to be provided 

for the center which will comprise a high-level vitrified 

radioactive waste storage plant and a low-level immobilized 

radioactive waste storage facility as main facilities and a 

research and development laboratory, an underground research 

laboratory, a hot test facility and others as adjacent 

facilities.

80 billion yen is anticipated for overall expenditures 

for the first 10 years.
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INTRODUCTION

By the beginning of 1988 in the Soviet Union 48 nuclear power 

units with a generating capacity of 33.100 megawatts were in ope

ration. Three power units with VVER-1000 reactors were put into 

operation during 1987.

The basic attitude of the USSR to the nuclear power i® unaffec

ted. It is supposed that electricity and heat production by ato

mic power stations will increase by a factor of two in 1990 as 

against 1985, by a factor of over three in 1995 and by a factor 

of five in 2000. Is the Soviet Union in the position to abandon 

nuclear power even if proceeding from the assessments of the ef

fects of Chernobyl NPP accident? The analysis shows that in spite 

of the availability of vast sources of energy, there is no rea

sonable alternative to the development of nuclear power in the 

European part of the country. Cancellation of nuclear power would 

render impossible the implementation of numerous social and eco

nomic programs. Nuclear power engineering should be developed, 

but its safety should be essentially improved.

Therefore, the advance in nuclear power development as well as 

electric energy transmission from the Eastern part of the country 

are still considered to be the basis of meeting demand for elec

tric energy in the European part of the USSR.

When planning large-scale development of nuclear power it is 

required to ensure its fuel supply, the most complete utilization 

of nuclear fuel resources. Past reactors are focused on the solu

tion of these problems. Consideration is given to the development 

of this trend of nuclear power engineering in the country too.



The present report deals with the status of fast reactor acti

vities in the USSR by the beginning of 1988. The information on 

operational experience of running reactors, on BN-800 construc

tion, advanced reactors development is presented. The most signi

ficant results of the R & D  program are also included.

1. STATUS OP BN-800 CONSTRUCTION AND BN-1600 DESIGN

1.1. Nuclear power plant BN-800

The conceptual design has been completed over the whole 

NPP. The design has been revised in accordance with a series of 

new safety requirements. The reactor and the main equipment were 

not modified. All the components of power unit with the excep

tion of turbine hall equipment (a turbine, separator superheater, 

turbo-feed pump) in fact do not differ from those utilized at 

the BN-600 and undergo endurance tests either at NPP with ther

mal reactors (e.g. separators -steam-superheaters) or at ThPS 

(Thermal Power Station) with organic fuel (a turbine, electric 

generators, electric equipment).

The reactor and sodium loop equipment are validated by the 

corresponding experimental and calculated investigations and 

turned over for commercial-scale production. On the atomic equip

ment fabrication plant "Atommash" two complete sets of reactor 

vessels and equipment are being fabricated. The construction on 

Beloyarskaya site is underway. In particular, the construction of 

the erecting shop is coming to an end.

In published papers and presentations at international con

ferences the reactor design, NPP thermal layout, configurational 

approach, basic characteristics of the BN-800 were discussed in 

detail. The above published works observed the principal con

cept of the BN-600 to be basically preserved as to the reactor 

and the primary circuit equipment. The major modifications occured

in the secondary and steam-water circuits including steam genera

tors, sodium pumps, steam-water system. Other equipment of the 

plant underwent modifications and improvement focused on simpli

fication .higher reliability, lower materials consumption. This 

current stage of BN-800 plant activities encompasses the problems 

of management and engineering. Some design solutions are in the 

final stage of licensing by the inspecting state authorities 

(Gosatomnadzor, Fire inspection board). The calculated research 

on safety covers a vast spectrum of failures and malfunctions, 

which can in this or that way affect reactor safety performance.

The basic design physical characteristics of the BN-800 

reactor are given in Table 1.1. The activities on improving 

design-engineering aspects of the later power units (following 

the two forerunners) with BN-800-type reactors were initiated.

1.2. Nuclear Power Plant BN-1600

Because of the requirement on safety enhancement the research 

on development, configuration and construction solutions is 

underway. The structural layout - the pool-configurated reac

tor system with 4 heat-removal loops (4 pumps, 8 intermediate 
heat exchangers) located in a vessel 19 m in diameter is pre

served. Efforts are made for the maximum integration of radio

active circuit in the reactor vessel.

As applied to the BN-1600 reactor, taking into account the 

fact, that the nuclear fuel situation can be abruptly changed 

during the reactor lifetime, the requirement to develop the 

reactor so, that diverse-type cores could be adopted-both ho

mogeneous and non-conventional configuration cores with im

proved physical engineered performance remains valid. Considera

tion is given to the core with fuel assemblies 153 mm across 

flat and two options of fuel pins: 6.6 mm and 7.4 mm in diameter. 

The basic design physical characteristics of the BN-1600 reactor 

with a homogeneous core are given in table 1.1.



T A B LE 1.1. BASIC D ESIG N  A N D  PH Y SIC A L PA R A M E T ER S O F  T H E  BN -800 
A N D  B N -1600 REACTORS

P a r a m e  t e r BN-800 BN-1600

Thermal power, mW 2100 4200

Electric capacity, mW 800 1600

Number of heat removal loops 3 4

Number of turbogenerators 1 2

Turbogenerator power, mW 800 800

Maximum fuel burn-up in core 
fuel assemblies, % h.a.

10 10

Time of reactor shut-down for 
refuelling, days

6 6

Core height/ diameter, cm 95/245 100/34!

Number of fuel assemblies 517 384

Number of enrichment zones 3 2-3

Critical loading in mean-steady 
state, kg Pu

2630 4980

Breeding ratio, BR 1.27 1,31

Excessive breeding ratio, BG 0.25 0.28

Number of control and safety 
rods/total efficiency in % A k/k

Including:

30/8.1 36/7.6

automatic controllers 2/0.40 2/0.46

shim rods 18/4.5 22/3.6

Safety system + integrated with 10/3-3 
temperature compensation (SS, SS-TC)

12/3.6

Reactor run time, eff. month 3.7 5

Loss of reactivity per eff. month, 

A k/k

0.66 0.60

Temperature reactivity effect 
with temperature elevation by

100°C, %, Ak/k

-0.18 -0.19

Power reactivity worth with power 
growth from 0 to 100%, %, Дк/к

-0.79 -0.93

2. FAST REACTOR OPERATIONAL EXPERIENCE

2.1. NPP BN-600

2.1.1. Physical properties of the up-dated core.

The BN-600 reactor was changed over to a new up-dated core in 

1987. The main difference of the up-dated core from the previous 

one is a higher active section of fuel rods (100 cm instead of 

75 cm) and 3-fuel enrichment zones (instead of 2) for energy 

release field smoothing. These activities enabled the maximum 

lineary power to be reduced to ^ 480 W/cm (instead of 540 W/cm 

in the first-load core), the fuel assembly life to be increased 

and as a result the fuel costs to be reduced. The fuel enrich

ment determined for the zones of low, medium and high enrich

ment were 17, 21 and 26%, respectively.

The reactor's change over to the up-dated core was initiated 

in 1987 upon the completion of 16 reactor runs. A special prog

ram of innovative core formation through transferring a portion 

of fuel assemblies into an in-vessel storage and backwards was 

developed. 45 up-dated fuel assemblies were included in the 

16 core reloading together with the old-type fuel assemblies;
+Vi

after the 18 reloading the innovative core formation was com

pleted.

The completion of the new core formation was followed by a 

series of measurements of the main physical reactor characteris

tics. The control and safety worth, reactivity effects, energy 

distribution were measured. Some results of the measurements are 

shown in Table 2. 1,

The efficiency of safety rods in the new core has been no

ticeably reduced as a result of the core becoming higher ( the 

rods dimensions remained the same). This reduction, however, is 

acceptable, since the total efficiency of the safety system in 

the new core satisfies the Nuclear Safety Guides. The efficiency 

of compensation rods increased primarily due to the replacement 

of europium rods by boron ones, whose efficiency is approximately



TABLE 2.1. CONTROL SYSTEM EFFICIENCY A N D  REACTIVITY W O R T H  
BEFORE A N D  AFTER THE CHANGE-OVER TO THE UPDATED CORE

Control member, First loading core Up-dated core

reactivity effect worth % A  k/k % A  k/k

19 compensation rods 5.65 + 0.40 6.66 + 0.40

6 safety rods 3.60 + 0.20 3.05 + 0.20

(reactivity margin 2.40 + 0.15 3.60 + 0.20
)

Reactivity variation

as a result of fuel -(2.37 + 0.67)* 10 -(1.69+0.06)*10~¿

burn-up per day

20% higher. The reactivity margin extension enabled the reactor 

run to be increased from 100 eff.days up to 165- The temperature 

and power reactivity effects have slightly changed.

The obtained experimental results of control system and reacti

vity effects in the whole are in a good agreement with the calcula' 

ted design data on the innovative core BN-600 reactor.

Energy release over the reactor was determined through measu

ring the -radiation intensity of fresh fuel assemblies’ fis

sion fragments exposed in the reactor for a short time. A colli

mator installed inside a transfer cell from the central rotating 

column side was used to measure ^-activity of fuel assembly fis

sion fragments. In this experiment 36 fuel assemblies were mea

sured (1 of them from the lateral screen and 2 from the in-ves

sel storage), in addition to this a vertical height ¿f” -scanning 

was performed for 4 fuel assemblies.

Experimental distribution of energy release in the central 

plane of the core for the majority of measured cells agrees with 

the calculated results within the experimental error (3-8%), the 

maximum difference in individual cells is as high as 7%; the 

uncertainties over the core height obtained in the experiment

within the experimental errors are in accord with the design 

values (K =1.26); the experimental data on energy release level
Z>

in the storage exceed the design ones by ~  20%, which, however 

not exceed a permissible ratio under fuel assembly cooling con

ditions.

The programs of experiments on the BN-600 reactor after its 

change-over to a new core included also an investigation of 

neutron characteristics in the ionization chamber unit (ICU).

The thermal neutron flux value was measured here at various 

power levels up to 70% to the nominal value, a cadmium ratio of 

the reaction U (n,f) (120+5) and some spectral indices 

( 6 ^ /  = 1 56+0.05) were measured, in addition a tempera

ture of neutron gas T= (420+15)K° was determined.

The thermal neutron flux in ICU at the nominal power level
Q О

appeared equal to (1 06+0.06)* 10^ n/cm *SeCf that is л/10% 

higher than the data obtained prior to the change-over to an 

up-dated core.

2.1.2. Operational experience of the core

Until 1986 fuel assemblies of the core were unloaded with a 

burnup of 45000 MWd/t in a low-enrichment zone and 63000 MWd/t 

in a high-enrichment zone. Burnup limiting was due to major de

formations of wrapper tubes as a result of wrapper material swel

ling and radiation creep (fig. 2.1). The BN-600 reactor is spe

cified by a relatively small clearance between the fuel assemb

lies (2.4 mm), that imposes stringent restrictions on the per

missible gain in sizes of wrapper tubes under irradiation. The 

analysis of efforts on fuel assemblies withdrawal demonstrated, 

that on an average they were 300+400 kg.

In July 1981 before the reactor shut-down for refuelling the 

cladding leak-tightness control system (CLTC) first detected 

"gas'* leakage-failed fuel rods in the core. From here on the 

reactor operated with gas-failed fuel rods almost at each reac

tor run (the period of reactor operation between refuellings).



The number of failed fuel rods during the most unfavourable 

runs were estimated not to go over the preset limits. The cases 

of gas-detection signal were observed as a burnup reached 

53000 MWd/t. If the process of fuel assembly operation with 

"gas-untight fuel rods" continued, then the cases of delayed- 

neutron-detection signal at the end of individual runs were 

observed as a burnup reached 60000*63000 MWd/t. The BN-600 

experience has demonstrated that the reactor can operate for a 

certain period of time with failed fuel rods without the viola

tion of safe operation conditions and limits. The time interval 

including a period from the moment of gas-untight failed fuel 

build-up till the beginning of delayed-neutron CLTC system indi

cations growth and the stage when this system reached the preset 

limit was long enough to operate until a scheduled reloading.

It is evident, that failed-fuel reactor operation required safe 

and informative operation of all CLTC systems, particular atten

tion of the staff to these systems readings, timely evaluation of 

fuel rods condition.

Cold-worked austenitic steels were used as wrapper material 

of fuel assembly wrapper tubes and fuel rod claddings in the up

dated core. Exposion of individual cold-worked steel fuel assemb

lies allowed the knowledge on the scale of fuel elements deforma

tion up to the dose of 70 dpa - 75 dpa to be gained (fig.2.1,2.2). 

This information enabled the maximum fuel burnup in the high-en- 

richment zone of 73000 MWd/t to be established. Note that in con

trast to the previous core the fuel elements deformation scale now 

is significantly lower. Not a single case of fuel rod's loss-of- 

leak-tightnese in the core was indicated.

Fuel assemblies with wrapper tubes of low-swelling ferritic 

steel IXI3M2BFR are part of the BN-600 reactor core fuel assemb

lies. The use of low-swelling steels of the ferritic-martensitic 

type for fuel assembly wrapper tubes has the following advantages 

from the standpoint of fuel assembly serviceability as well as 

physics and operation performance of fast reactors:

- insignificant swelling and radiation creep result in 

higher stability of the core from the standpoint of fuel assembly

Приращение размеров чехлов из сталей (I) 08XI6HIIM3 (MT0), 

(2) 08XI6HIIM3T (хд).
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FIG.2.1.

Распухание оболочек твэлов из стали 0Х16Н15МЗБ (хд).

FIG.2.2.



deformation;

- reloading and transformation of assemblies is simplified;

- an opportunity is provided to diminish the clearances bet

ween the fuel assemblies and the wrapper tubes' thickness; to 

pass to the enlarged fuel pin diameter and therefore, to raise 

the breeding ratio;

- there is an opportunity of additional breeding ratio growth 

due to improved neutronics characteristics of these steels resul

ting from low nickel content in their composition.

Fig. 2.3 illustrates the variation of size gain for 

0X16HIIMZT c.w. and IXI3M2BBR steel wrapper tubes over the fuel 

assembly length.

Изменение по длине приращений чехлов TBC из стали 0XI6HIIM3T хд (I), 

из стали 1Х13М2БФР (2)
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By now 1200 fuel rods were exposed up to burnup in the BN-600 

reactor as part of fuel assembly with the IXI3M2BFR steel wrapper 

tube: 65 MWd/t, the dose 5§*60 dpa; 500 fuel pins up to burnups 

of 80000 MWd/t, the dose 75 dpa; 127 fuel pins up to a. burnups of 

95000 MWd/t, the dose 90 dpa. The measurements of spent fuel assem

blies in a "cooling" pond confirmed high radiation resistance of 

ferritic steel. All the fuel rods remained leak-tight.

2.1.3. Some results of the BN-600 NPP operational experience

Operating histograms of the BN-600 NPP for the past 8 years 

are shown in fig.2.4. The operating conditions of the BN-600 NPP 

are known to be the reference ones, the plant is not involved in 

load and frequency control in the energy system. That is why NPP 

power under normal operating conditions can be either nominal,

§ of the nominal one at the operation without heat removal loop 

or equal to 0 at the complete shut-down.

The residence of the BN-600 NPP in the 3 mentions states in spe

cified by the following data:

- rating (41200hr or 67%);

- f of output (4200 hr or 7%);

- output 0 (15900 hr or 26%)

Annual load factors of NPP, beginning with 1980 are given below:

1980* ig81 1982 1983 1984 1985 1986 1987

27.5 50.1 56.5 71.8 72.8 72.5 73.6 74.0%

*
The reactor is connected with the grid in April 8, 1980.

Upon the correction of defects revealed in the course of pre

commissioning work, the load factor was steadily growing and it 

reached 74% in 1987, and idle time of the unit results basically 

from the scheduled maintenance.

The BN-600 NPP control system is designed in such a way, that 

with a .shut-off of one of the three heat-removal loops the unit 

maintains 67% of its capacity. Since 1982 the operating staff has 

developed and implemented an algorithm of in-service actuation of
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T A B L E  2 .2 . A N N U A L  D ISTR IB U TIO N  O F  N PP B N -600 E Q U IPM E N T  SH U T-O FFS 
A C C O M PA N IE D  BY H E A T  R E M O V A L  L O O P SH U TD O W N

Equipment Number of shuts -off accompanied by heat'-removal loop idle time

TG 1981 1982 1983 1984 1985 1986 1987 1981-1987 %

TG 2 1 2 2* 3+1 *=4 1 1* 9+4*=13 44

III 0 1 1* - 2 - - - 3+1*=4 13

MRP I с 1 3 1 2 - - - 7 23

MRP II с - - - 1 1 1+1 *=2 - 3+1*=4 13

SG 1 1 — ~ 2 7

Total: 30 100

Equipment shut-off as a result of control and service errors.

a shut-off loop with the reduction of capacity to 20*30%. There 

were 30 shuts-off/starta-up for 7 years of operation (table 2.2). 

If the operating conditions at 2 loops were not provided, the 

losses in the load factor during the 7-year operation time would 

be 'v 4$. The BN-600 operational experience (as well as the other 

3-loop fast reactors) has demonstrated, that the requirement of 

2-loop operation occurs at the equipment failure due to the so- 

called "chronic" defects requiring prolonged repairs (replace

ments). In the BN-600 conditions among them were primary circuit 

pumps and steam generators at the initial stage of operation. 

Following therejection of faulty SG models and repair of primary 

pump the unit operated with a small number of loop shut-down and 

during the past (1987) year there was only one loop shut-down.

Fig. 2.5. shows the components of power productions for 1981- 

1987. The major contribution to power underproduction is made by 

unit shuts-down for preventive maintenance and overhauling, ins

pection and examination of the valves, refuelling. The latter is 

due to comparatively short time of core run (up to 100 days), 

comparatively large amount of valves as well as the availability 

of 3 TG at the unit requiring considerable scope of repairs.
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FIG.2.5.

Power density reduction as a result of core height growth from 

0.75 m to 1.0 m caused longer reactor run time up to 165 days.

The unit maintained this schedule in the second half of 1987.

Owing to unscheduled shuts-down (failures of equipment and 

systems) the greatest losses sure related to primary pumps. Some 

difficulties of PP erose in the course of power increase early in

1981 at the next stage of reactor power augmentation. Uprated 

vibration of the bearing was observed and the corresponding loop, 

converting the reactor to § power operation mode.

Of 11 cases of SG loss-of-tightness there were only two, which 

required shut-down of the loop all in all for л/ 400 hr. In the 

other cases the SG module was shut - off by the valves on the 

sodium and water side without power decrease.

The modules with leakage were dismounted and replaced by the new 

ones. The examinations have shown, that the most probable reasons 

of water ingress into sodium were the defects unnoticed in the course 

of manufacturing. This was the situation with austenitic steel steam- 

-superheater modules. The sectional modular SG design is prefe

rable due to operational conditions.

From its very commissioning the NPP BN-600 fully complied with 

the current safety guides and requirements. Nowadays the new regu

latory codes make their appearance thus requiring the revision of 

the implemented design. In particular, the systems for heat sink 

into the atmosphere through air heat-exchangers connected with each 

of the loops will be used.

The experiments have demonstrated, that an effective natural 

circulation is developed following the pumps shut-off in the pri

mary circuit.

2.2. Regeneration of the cold traps of the BN-350 secondary 

circuit

This year the BN-350 plant will be 15 years. The reactor and 

equipment have been operating steadily at power 750 MW with the 

load factor 88% for a long time.Some elements and equipment are 

approáching the exhaustion of their lifetime and their regeneration 

should be taken care of. Four of the six cold traps of the II cir

cuit have been recently regenerated. In table 2.3 the tentative 

data on impurities build-up in cold traps II с are included.

The signs of trap lifetime exhaustion (reduction of purifi

cation depth, purification rate, deterioration of heat removal) 

started manifesting themselves to a different extent in all the 

traps. The evaluations showed the traps capacity to be close to 

the calculated one.

The substance of the trap regeneration technique consists in 

refractory sodium oxide Na^)built-up in the cold trap in reac

tion (I) being converted into relatively fusible sodium hydro

xide NaOH , which dissolves Na20 and NaH building-up regeneration 

products with a melting point 380-390°C.

Na20 + NaH —- NaOH + 2Na (1)



TABLE 2.3. IMPURITIES BUILD-UP IN II-CIRCUIT COLD TRAPS

2CTI 2CT2 2CT3 2CT4 2CT5 2CT6

Water leaks,kg 14 80-100 65-70 - 53 25

Impurities in

leakage

(1975-1985), kg 

h 2o

13 11 35 24 40 25

NaH built-up, kg 120 83 71 130 33 96

Na+H20 reaction 

products build-up, 

kg

270 560-680 620->630 150 570 305

Total inventory of 390 

impurities built-up, 

kg

640-760 690-700

ОCOC\i 600 400

On lifetime by 

impurities, weight

53

%

87-103 93-96 38 82 55

The regeneration products at the temperature 500°C drain off 

into a bottom section of the cold trap; they can be either removed 

from this section or retained in the form of a space-saving mass, 

which is hard at the rating operational conditions of the trap.

As a result, the filters,clear openings and the basic portion of 

cold traps heat exchange surfaces are purified resulting in their 

serviceability reestablishment.

The cold trap reached the regeneration conditions through 

joining up stand-by zones ofastandard cold-trap electric-furnace. 

The heaters of all lines adjacent to the cold trap were operating 

at all times. The regeneration temperature (480-500°C) was reached 

approximately a day after the initiation of heating-up. The trap

was held at the temperature 470-530°C during a day. Then the fur

nace was deenergized and its self-cooling was initiated. The hydro 

gen pressure inside 2CT3 at regeneration was as high as 1.4 ata.

In the course of trap cooling the range of solution hardening 

at the trap bottom was determined - 385-389°C. The line for regene 

ration products removal being absent in the 2CT3 regeneration cir

cuits, they remained included in the trap volume.

The evaluations have shown, that the regeneration products 

occupied a near-bottom section of the trap >v 400 mm high. It is 

~  7% of the cold trap net volume and, as the subsequent operation 

has demonstrated, the regeneration products layer actually did not 

effect the cold trap performance.

The regeneration modes of the other three traps were close 

to those described.

The regeneration products were removed from the trap 2CT5.

The trap was heated up to 500°C-520°C, and the supply tubes-up 

to 430°C-510°C. Prior to expulsion the transport vessel was 

evacuated and the trap was filled with argon up to 2 atm.

The initiation of expulsion was registered by the temperature 

jump in the manifold. The expulsion process was monitored by a 

contact level gauge. All in all 130-150 1 of regeneration products 

and 30-50 1 of sodium were drained out.

The temperatures were registered during 5 days at the natural 

cold-trap cooling-down after the regeneration products removal.

No plateau indicating the availability of phase transition 

in the temperature range 380-410°C was detected in this case.

This indicates, that the regeneration products removal was comp

leted.

In the course of cold traps regeneration the hydrogen sampling

was carried out for tritium content determination. On the basis

of these data and the data on the amount of hydrogen built-up in

the cold traps the evaluation was made to the built-up tritium
Cu

inventory equal to 200 — ^ ,

Therefore, as the resource of the built-up impurities of the 

BN-350 II-circuit coolant purification cold traps was exhausted, 

they were regenerated,as a result of it their serviceability by



key performance virtually was completely recovered. Provision is 

made to the normal reactor coolant purity operating conditions 

after the target regeneration.

2.3. Experimental NPP B0R-60

The modes and operating parameters for the past year were 

defined by both the core state, the primary circuit coolant state 

and by experiments and activities associated with installation of 

the 5 ^  air heat-exchanger section and steam generator module 

?ut-out for examination The operating histogram of the B0R-60 

plant for 1987 and 3 months of 1988 is given in Pig.2.6.
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All in all 44 fuel assemblies were exposed and unloaded from 

the reactor in 1987, their average burnup was 9.1% h a . ,  and the 

core fuel burnup reached 7.20% h.a., the maximum burnup reached 

13%. The basic number of fuel assemblies were exposed at linear 

power q = 400 +45o wt/cm, the fuel rod cladding temperature being 

T= 650-680°C.

The thermal load at individual experimental fuel assemblies 

reached q= 520 Wt/m and the cladding temperature - T=700°C.

The pumps with a hydrostatic bearing serve as primary and 

secondary pumps. High reliability of operation and stability of 

their hydrodynamic properties have been noted during their opera

tion. The primary pumps have 120000 running hours. The endurance

tests of one pump with the elevated parameters and shut-down reac

tor were conducted in October-November which was followed by its 

désintégration. The pump was in a satisfactory state. The conclu

sion was made to prolong its lifetime.

Since September 1981 the reverse-type steam generator has ope

rated for 30000 hours in the steam-generation mode and continues 

its operation. The design characteristics of steam generator are 

confirmed as part of the tests. Prom the standpoint of operation 

the reverse steam generator poses no additional problems: it is 

simple, safe and good in operation. A certain deterioration in 

heat-transfer characteristics due to the growth of deposits on 

heat-exchange surfaces was observed. In May-June 1987 one of the 

steam generator modules was dismounted for examination. The heat- 

transfer tube specimens analysis has demonstrated, that dense 

deposits are of the maximum thickness 0.2* 0.25 mm in the eva

porator. The analyses of tube material state have shown, that 

sodium-side corrosion is actually absent; the rate of overall

water/steam-side corrosion in the economizer was 3-10~^mm/year,
—3 —3

in the evaporator - 8*10 mm/year, in the superheater- 7*10

mm/year; the maximum depth of pits under the deposition layer

in the evaporator is as high as 0.15 mm.

Owing to one module of the reverse steam generator being cut

off, its design output reduced by -v 3 MW. An additional fifth 

section of the sodium-air heat exchanger was assembled in May-



June 1987. The precommissioning tests confirmed the expected 

power increase of the heat exchanger. Putting this section into 

operation provided the reactor operation at the power 53*55 MW.

Radiological situation at B0R-60 with mixed vibro fuel essen

tially in the test period did not differ the situation of the 

previous years despite the leakage in some fuel rods.

The average values of discharges through ventilation did not 

go over a limit preset on the basis of the recent operating ex

perience. The mean radiation dose for the operating staff did not 

exceed 3.2 mzv per year. The in-vessel gas activity level during 

the reactor run grows with the emergence of fuel rods loss-of- 

tightness usually up to (1-3) TBk/m .

An activated charcoal filter-trap for gas space argon purifi

cation is installed on the reactor to avoid activity dumping into 

the environment.

The dominant activity in sodium is cesium-137 and -134. The 

adoption of special cesium absorbers once caused cesium concentra

tion reduction, oxide cold trap properties variation (OCT), en

couraged the entrainment of 90% cesium to OCT. Now the concentra

tion of cesium-137 is about 700 KBk/g sodium, and the adoption of 

standard graphite adsorbers facilitates the several-fold dimini

shing of this value, but the OCT restores the concentration of 

cesium in sodium from the supply of its own. The new facilities 

are required capable of extracting cesium both from sodium and 

OCT. The preparation to this is in full swing.

There are both fission and corrosion products in the circuit 

surface deposits. During mixed fuel testing the activity of 

"^Mn at a cold section of manifold increased to 4 GBk/m2 . The 

core dimensions, its surface area were enlarged, the core tempe

ratures were somewhat higher. The activity of ^°Co is on the
? ас 140

same level 0.2-0.3 GBk/m . The surface activity of ^ N b  and La 

at the time of repairs specifies each run. These products were 

determining the exposure dose rate in the primary circuit cells
p

during the latest runs. Sometimes their activity exceeds 10 GBk/m 

hindering the convenience of short-time repairs.

3.1. Development and high flow test of electromagnetic pumps.

Electromagnetic pumps (BMP) are widely used for liquid-metal 

coolant pumping over the booster circuits of fast reactors.

A certain positive operating experience is provided concerning 

the main circuits of the research reactors BR-10, IBR-2 and the 

secondary circuit of the B0R-60 reactor. The electromagnetic 

pumps fabrication and operation experience for the flow rate up 

to ■г- 1000 m /hr provides a possibility of activities on designing
О

higher-power EMP with the flow rates of several thousands m /hr.

The development of these pumps is supported by a system of theore

tical calculations and experimental and design studies performed 

in D.V.Efremov's NIIEFA as well as in the IP of the Latvian Aca

demy of Science and G.M.Krzhyzhanovskij's ENIN.■

A cylindrical induction pump with the mefcal flow turn through 

180° was adopted for operation in the main fast reactor circuits. 

This design (Fig.3.1) provides the dismounting and assembling 

of the inductor related to its repair or replacement without cir

cuit loss-of-tightness.

The secondary and primary circuit EMP with the loop configura

tion are set in the circuits pipelines through inlet and outlet 

connections and do not need dipping into sodium. The inductor 

coil cooling-down is substantially simplified due to this. The 

EMP of this design - TsLIN-3/3500- was developed and then fabri- 

cated for 3500m /hr flow sodium pumping, under the pressure 0.3 MPa 

and the temperature 350°C in one of the loops of the BN-350 reac

tor II-circuit.

Since the EMP is to replace a mechanical pump, then on the basis 

of the current scheme of pipeline layout in the plant, the flow 

direction in the pump was chosen opposite to the common one (back

ward relative to that shown in Fig.3.1).

The detailed electromagnetic, thermal, mechanical calculations 

later verified by the corresponding experimental research were 

conducted for the chosen version.

3. R & D  program



Общий вид насоса

FIG.3.1.

The general view of the fabricated pump is represented in Fig.

3.2. Its key design parameters are: number of poles - 12; pole 

pitch - 0.156 m;channel height - 26 mm, average diameter of 

channel - 0.95 m, overall dimensions: height - 5 m ,  diameter - 

1 . 8 m .



114 Rig trials of the pump with nominal parameters were conducted 

at a liquid-metal rig at the sodium temperature 300°C in 1986.

The total test data processing was completed in 1987. The results 

of these tests are reduced to the following. The nominal operating 

conditions are specified by the following parameters! 

flow rate Q = 3600 m /hr 

developed pressure P = 0.3 MPa 

intake power 1 Ш  

voltage V ■ 650 V

current I p  3000 A at f * 50 hz (c.p.s), Cos $  = 0.3;

^  = 30#.

The experimental values are fairly close to the calculated ones 

(the calculation error is as high as 9%, for the efficiency at 

the same flow rates - 3.5% absolute).

The experimental flow characteristics of the pump with the 

fixed and variable hydraulic resistance are shown in Pig. 3.3.

Регулировочные характеристики 

FIG.3.3.

The parameter amplitude of oscillation does not exceed 3% in the 

nominal point, within the shown region of flow rates and pressures 

the pump operates steadily. The maximum pressure developed by 

the pump was 0.32 MPa, the maximum flow rate - 4200 m /hr.

The experimental performance at V = 650 V is shown in Fig.3.4. 

The maximum efficiency can be seen to fall at the flow rate 

3600 m^/hr, in this case the values of Cos 'f are also close to 

maximum.

The thermal tests of the pump have shown, that the maximum tem

perature of coil measured by thermocouples on the coil surface is 

280°C, and the average temperature of coil measured in the resis

tance method is ~  240°C. The corresponding calculated temperatures 

are -v 295°C and -v260°C, that is verycloseto the experimental 

ones. The mentioned operating temperatures of coil with the uti

lization of material brought to a commercial level provide the 

required lifetime with a high degree of reliability.

Рабочие характеристики.

FIG.3.4.



In addition a series of tests were performed to confirm inherent 

requirements of operation in fast reactors. In the course of these 

tests the excessive inlet pressure ( top section of the channel) 

changed from 1.1 to 0.35 kg/cm^ at the flow rate 3750 rnVhr (the 

rate in the active section of the channel is ^ 13.5 m/sec).

In this case no deviations in the pump parameters, vibration 

values were observed. In the whole it was established, that the 

pump satisfies the requirements on non-cavitational operation in 

the nominal and partial operating conditions.

3.2. Physical research at critical facilities

3.2.1. Critical facility COBRA

Two assemblies (KBR-13 and KBR-14) with various chromium content 

in the central inserts have been recently investigated within 

the program on structural materials * constants accuracy research.

Thus, if chromium was about 2.8% among structural elements- 

diluente of the central insert in the KBR-13 assembly, then the 

relative chromium content in the KBR-14 assembly was already 82%.

In this case the relative concentration of U-238 was about similar, 

that accounted for the same neutron spectrum nature in the center 

of these inserts (about 11*12% of neutrons with the energies below 

10 keV).

It is evident, that chromium concentration rise resulted in the 

improvement of its importance in the total balance of neutron absorp

tion (6.7 and 16.7%, respectively) and, consequently, in the growth 

of measured functionals sensitivity to this element cross-section 

accuracy.

The relation ( K ^ *  - KC<¿S* )/Кс̂ '  for the assembly KBR-14 

appeared to be + 5%, then it did not exceed +3% like in the case 

of central inserts with stainless steel and X28 steel. It is also 

confirmed by the result of an individual measurement of chromium 

reactivity coefficient which turned out to be approximately 25% 

less than that predicted by calculation. The similar disagreement 

was observed earlier as well in the assemblies with comparatively 

hard neutron spectrum.

As far as the data on reactivity coefficients of other stain

less steel elements-components are concerned, a relatively good 

agreement with the experiment for iron ( ~  +2.5%) and an unexpec

tedly overrated experimental value for nickel ( ^  +8%) should be 

noted. In all the earlier-analyzed assemblies with the chromium 

content common for stainless steel a noticeable overrating of 

nickel calculated reactivity coefficients by -*/ 12+25% was noted, 

and in the assemblies with high chromium content this disagreement 

decreased ( ~  2% in the KBR-13 assembly) and even reversed the 

sign (the KBR-14 assembly).

3.2.2. Critical facilities BFS-I, BFS-2

The critical assembly BFS-53 was installed on the BFS-1 faci

lity in December 1986 to verify the calculation methods and to 

determine the real accuracy of key characteristics prediction for 

hybridic fast reactor cores, i.e. the core utilizing metallic 

fuel in their lower section, oxide fuel in the upper one, whereas 

these two sections are separated with a fertile layer e.g. metal

lic uranium.

The critical assembly BFS-53 core dimensions correspond to a 

relatively low-power reactor (of the BN-350 type), it is л,-127 cm 

in diameter and ^-97 cm in height. The assembly core vertically 

consisted of two subcoress the lower core with metallic uranium 

fuel with the uranium-235 isotope enrichment in the LEZ (Low En

richment Zone) - 12.5% and 20.3% in the HEZ (High Enrichment Zone) 

and the upper core with oxide uranium fuel with the enrichment

30.4% in the LEZ and 34.4% in the HEZ. Accordingly, the bottom 

blanket was fabricated of metallic uranium, and the top one - of 

uranium oxide; several options of the BFS-53 assembly were instal

led and researched, the option with the stainless steel central 

interlayer among them.

A significant series of experiments were conducted at the 

BFS-53 assembly to measure:

- fission reaction rates fields;

- average reaction cross-sections ratio;



- central reactivity effects of small specimens;

- sodium reactivity void effect;

- hydrogen reactivity effect;

- efficiency of single simulated control-and-safety rods.

The critical assembly BFS-55 was installed at the BFS-1 fa

cility in October 1987. Its core with the diameter and height 

■v 100 cm represents a system which is single-zoned by compo

sition and fuel enrichment with a metallic plutonium-uranium load 

of -v 10% enrichment by fissile plutonium isotopes. The axial and 

radial blankets of the assembly are composite: internal ones- 

20 cm in thickness made of metallic uranium, external ones - 

20 cm in thickness made of uranium dioxide.

The critical assembly BFS-55 research has not been completed 

yet; by February 1988 the following measurements were conducted 

at this assembly:

- fission rates fields;

- average reaction cross-sections ratio;

- central reactivity effects of small specimens.

The BFS-50-5 critical assembly was installed at the BFS-2 

facility in October 1986 to verify the adequacy of high-power 

fast plutonium breeder simulation with an axial internal blanket 

by uranium loading for the fully inserted system of reactivity 

compensators. Its core-v3l0 cm in diameter and ^ 95 cm in height 

represents a three-zoned system of fuel enrichment: a low-enrich- 

ment zone (bBZ) with oxide plutonium-uranium load (plutonium en

richment 18%, diameter v 160 cm); a medium-enrichment zone (MEZ) 

with oxide uranium load (uranium-235 enrichment -v 26%) 23 cm in 

thickness and a high-enrichment zone (HEZ) with oxide uranium 

loading (uranium-235 enrichment -v 37%) 13 cm in thickness.

On the level of the median plane of the assembly there was an 

axial internal blanket 21 cm in thickness based on metallic uranium 

slightly doped with uranium-235 ( '*'2%) to simulate fuel breeding.

The fully inserted system of 18 mocks-up reactivity compensa

tors consisting of 2 rings - 6 mock-up compensators in the internal 

ring with the radius 48 cm, and 12 in the external one with the 

radius 71 cm, was located in the LEZ. In addition to them there

were 13 simulated control and safety rods guidetubes in the LEZ: 

one central and two rings by 6 mocks-up at the radii 27 and 48 cm.

The radial and axial blankets of the assembly -v 60 cm thick 

were composed of uranium dioxide.

A significant series of experiments were conducted at the 

BFS-50-5 assembly to measure:

- fission reaction rates fields;

- average reaction cross-sections ratios;

- distribution of small specimens reactivity effects;

- mock-up safety rods efficiency;

- efficiencies of single mock-up compensation rods in the internal 

and external rings;

- sodium reactivity void effect;

- hydrogen reactivity effect;

- reactivity effects in simulating the axial blanket failure 

in the centre of the assembly.

The BFS-52-1 critical assembly installed at the BFS-2 facility 

in September 1987 represente the first in the series of BFS-52 

assemblies simulating the high-power fast reactor core. This is 

the assembly of the minimum critical load due to the lack of 

mock-up reactivity compensators, mock-up control-and-safety rods 

guide tubes and mock-up intermal blankets in its composition.

The BFS-52-1 assembly core with the diameter ^ 1 1 2  cm and л/80 cm 

inheight represents a single-zoned system with oxide uranium fuel 

of uranium-235 enrichment -v 15%. The uranium dioxide axial blanket 

is 40 cm thick, the uranium dioxide radial blanket is 87 cm thick 

The following measurements were conducted at the BFS-52-1 assem

bly:

- fission reaction rates fields;

- average reactor cross-sections ratios;

- central reactivity coefficients;

- mock-up control-and-safety rods efficiencies;
252

- importance of Cf fission neutrons.

A great series of measurements of heat release fields, neutron 

and gamma-rays spectra were performed in a few versions of simulated 

in-vessel storage bordering, on the radial blanket of the assembly.



The activities on the development of the methods of fast reactor 

fuel assemblies thermohydraulic calculations on the basis of the 

interchannel calculation technique with reference to real core 

operating conditions during the reactor run (taking into account 

fuel assemblies deformation) and for accidents taking into account 

liquid-metal coolant boiling-up was in progress.

Analysis was made for the current experimental results of 

interchannel exchange investigation in the reactor fuel subassemb

lies for the case of one-phase and two-phase coolant flows. The 

ratios of interchannel exchange intensity calculation by mass, 

pulse and energy in the one- and two-phase coolant flows were 

obtained. The homogeneous flow model and the model of separated 

phase flow are employed for two-phase flows.

The method of temperature field calculation in the fast reactor 

core employing the criterion of equal heat-engineering reliability 

of fuel subassemblies in various throttle control areas was deve

loped taking into account fuel assembly performance in the course 

of the reactor run as affected by heat release redistribution de

formation occasional, random by the value of parameter deviation. 

In this case the distribution of temperature field characteristics 

in the fuel subassemblies is taken from the thermohydraulic calcu

lation with randomly distributed data input.

The investigation results show, that fuel subassembly deforma

tion in the course of the reactor run due to swelling and bowing 

can result in the essential growth of the maximum temperature le

vel of fuel rods and fuel assembly wrapper tubes, the evaluation 

of coolant temperature non-uniformities over the perimeter of clad

ding in fuel assemblies, fuel rods and fuel subassembly wrappers.

The interchannel exchange intensification in fast reactor fuel 

subassemblies due to both-direction wire spacing of fuel rods were 

investigated.

A more than two-fold rise of interchannel heat exchange inten

sity was demonstrated, that causes a significant compensation of 

temperature fields non-uniformities in fuel assemblies, a reduction 

of maximum fuel rod cladding temperature.

3.3. Thermohydraulic Research An innovative alternative approach to the engineered thermo

hydraulic calculation of fast reactor fuel subassemblies was deve

loped, which does not require the interchannel exchange ratio de

termination.

The experiments on temperature conditions of sodium-sodium 

intermediate heat exchangers as an important section of the fast 

reactor NPP equipment were conducted. The heat-transfer coefficients 

determined in the traditional method based on medium temperatures 

in heat exchanger collectors are shown to be considerably under

rated. At the same time the heat-transfer coefficients determined 

in the method of local modelling in the centre of a tube bundle 

are in a good agreement with heat-transfer coefficients in the 

"infinite" lattice of fuel rods with the same relative pitch 

(S/d=1.32).

The effect of mixed convection on heat exchanger temperature 

conditions was researched, an integrated criterion of similarity for 

velocity and temperature fields with incidental convection was 

obtained.

The boundary of recirculation conditions and the degree of the 

device power reduction were established. Recommendations are made 

on the prevention of circulation reversal conditions in the heat 

exchangers intertube gap.

Experiments and calculations of the non-isometric flow struc

ture and mixing in the top chamber of fast reactor at water sectio

nal models in the scale 1/20 ♦ 1/7 were performed. The dependence 

of flow pattern, pulse characteristics and intensity of mixing 

on the degree of specification and similarity in modelling the 

subassembly tops was detected.

Computational modelling enabled the mechanisms of the observed 

phenomena to be explained and the method of the required flow 

pattern arrangement in the BN-800 reactors to be suggested. As 

for the pulse characteristics on the basis of the experimental 

data a model of their emergence was constructed, which allows the 

prediction of pulsations distribution pattern in the non-isother- 

mal coolant flow of spatially complex structure.



The numerical codes were developed for two-dimensional calcu

lation of transient hydrodynamic and thermal processes in the re

gions of arbitrary form containing fluid coolant and construction 

elements featured by the simplicity of computational analog const

ruction and insignificant computation time ( V  1 min. per Ю00 

calculated nodes for IBM-370 until the steady-state solution is 

obtained), that allowed to use them during design work.

3.4. Sodium Coolant Engineering Research

The distribution of sodium oxide and hydride deposits on the 

surface of cooled channel was analysed in the method of deposit 

layer thermal resistance measurement. The experimental values of 

sodium oxide mass transfer are in agreement with the theoretical 

dependences for the diffusional transfer mechanism.

Sodium hydride cristallization is defined both by the process 

of crystals growth and the diffusional transfer mechanism.

The effect of various mechanisms on the crystallization pro

cess is dependent on hydrodynamic flow conditions. The crystalli

zation process in the temperature range 270-230°C at Re=20000 

was defined by the process of crystals formation and growth on 

the mass transfer surface, the diffusional transfer process is 

essential at Re = 10000. The deposition layers distribution indi

cates, that hydride crystallization occurs on the mass transfer 

surface. With sodium oxide crystallization the distribution of 

deposits over the channel length was maximum, whose location cor

responded to the relative supersaturation in the f l o w 40% and 

indicated the emergency of particles in the flow.

Determination was conducted for the constants of the sodium 

carbonate loss rate in the sodium flow at 500-750°C and the con

stants of the oxygen build-up rate with carbonate decomposition 

in sodium. The activation energies of the above processes are 

120 and 150 kjoule/mole. The rate of oxygen content growth in so

dium under carbonate specimens exposure was found to be defined 

both by its decomposition rate and by its diffusion through the 

layer of reaction products on the carbonate-sodium interface.

This layer represents a cellular structure consisting of dendrite 

formations, which in their turn are composed of graphite grains 

of 3 t  5 mm. Sodium acetylides were revealed in the reaction pro

ducts together with graphite.

The data on kinetics of oil removal from sodium through evacua

tion at 350°C were obtained. It is shown, that with the mass 

ratio of oil and sodium weighed amounts equal to 0.01 for the 

time v 30 hr. the volatile forms of carbon, which can be removed 

through evacuation, are converted into non-volatile ones with the 

velocity defined by the expression

Cvol/Cinit.= Сог(10.0.10“5'Г)

where time [_ is in seconds.

4. Past Reactor Construction Costs

Past reactor construction costs currently are higher as com

pared with thermal reactors. An experience of this comparison, 

however, is rather limited due to small number of fast reactors.

No doubt, the difference in the stages of development and intro

duction in service has its effect, nevertheless, a sequential 

analysis of différencies in separate components of specific invest

ments is required.

Comparison of capital costs for the BN-600 and WER-1000 reac

tors erected almost at the same time at the "ready-made" sites has 

demonstrated the specific cost of NPP with a BN-600-type fast 

reactor to be 1.5-1-6 times higher.

Cost distribution by separate components and specific amount 

of metal (see the table) indicates the essential reason of great 

fast reactor NPP cost to be a high amount of metal per reactor 

itself and primary and secondary coolant systems.

Some thermal-mechanical equipment has insufficiently large 

unit size (e.g steam generators), though sectional arrangement 

has increased essentially operational reliability of a steam gene

rator.



Specific indicators of amount of metal and cost 

(relative values) of the equipment and NPP sys

tems with BN-600 and WER-1000 reactors

Equipment
i

Share in total :
22ÜÍE5!22£_£22¿jl.J§____i.
BN-600 ! WER-10001

Specific amount of 
_metalx_t¿MW£e2____
BN-600 ! WER-1000

Reactor

Immobile top shielding, 

vessel with intraves

sel structures; MCP-I, 

IHX (for BN-600),pri

mary loop piping,auxili

ary reactor systems.

30.2 11.1 8.7 1.8

Technological equip

ment.Steam generators, 

MCP (BN-600 secondary 

loop), piping from reac

tor to SG, auxiliary 

systems.

26 ¿1 31.7 7.2 5.7

Turbine hall equipment 

Turbine with the main 

and auxiliary equipment, 

station piping with val

ves and other devices.

5.8 21.5 16* 14.5

Electrical equipment 10.3 7.5 -

Automatic equipment, 

instrumentation system, 

radiation monitoring.

7.1 12.7

Equipment of service 

buildings and instal

lations.

8.4 10.8 5.5 4.0

Metalworks and trans

port-engineering system.

12.1 4.7 12.6 3.0

Overall Indicators 100 100 50.0 30.0

*The BN-600 plant incorporates three turbines with an output 

200 MW each.

Auxiliary systems in a fast factor are diverse and bulky. So

dium technology requires electrical heating systems, inert gas 

systems, special-purpose devices.

Inevitable, at least for the first reactors or the first series, 

is sophistication of conceptual design, monitoring system redun

dancy, conservative margins and reinsurances.

Alternatively, higher safety requirements for diverse reactors 

will result in increasing their cost and it is not still clear 

to the full extent how it will affect their comparative cost.

Making the safety requirements more stringent can change the 

fast and thermal reactors cost ratio, for the fast reactors have 

essential emergency decay heat removal reserves on the passive 

principles, deep negative feedbacks, better inherent safety 

features.

The analysis of fast reactor cost reduction shows, that a more 

careful use of potential reserves is required. There are no one 

or two cardinal solutions capable of reducing the reactor plan 

cost at once. However, for all efforts on cost reduction there is 

one common trend: higher compactness, simplification of systems, 

as high as possible shop readiness of manufactured equipment, equip

ment enlargement, increase of operational life-time and service 

time of the whole power unit, initiation of commercial manufactu

ring and construction.

An example of important role of a particular experience is a 

comparison of some economical essential characteristics of BN-600 

and BN-800 reactors. The last one has been designed on the base 

of BN-600. Due to improvement and simplifications of the reactor 

design the inherent reactor mass was decreased by 600 t, stainless 

steel was excluded from steam generators, the number of modules 

was reduced from 72 to 60; instead of 3 turbines only one was 

adopted. The overall mass of the equipment and manifolds of BN-800 

is reduced by 4000 t as compared with BN-600. The specific amount 

of metal for BN-800 is only 10% higher, than that for VVER-1000.

Another example can be the comparison of the Superphenix and 

Superphenix-2 reactors, where the possibilities of creating a 

highly efficient compact reactor arrangement have been demonstra

ted.



The evaluations of potential specific cost variations show, 

that specific investments can be reduced by 25-30%. It is clear, 

however, that this potential cannot be realized only with the use 

of paper projects. The reactors must be erected and their cost 

should be reduced in the process of these power plants development 

unit-by-unit.

I would like to say a few words about the low-power reactors, 

the so-called module ones. From our point of view it is not the 

best way to attain economical competitiveness with the subsequent 

extension of capacities implemented due to fast reactors. It 

would be logical and valid to focus efforts on the improvement 

of the standard technology.
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GRS Gesellschaft fur Reaktorsicherheit
HAZ Heat-affected zone
HCDA Hypotethetical core disruptive accident
IAEA International Atomic Energy Agency
IHX Intermediate heat exchanger
JAER1 Japan Atomic Energy Research Institute
KFK Kernforschungszentrum Karlsruhe
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