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- STATE-OF-THE-ART AND DEVELOPMENT PROSPECTS FOR NUCLEAR POWER STATIONS
CONTAINING PRESSURIZED-WATER REACTORS (VVék)

G. A. Shasharin, E. I. Ignatenko, UDC 621.311.2:621.039;621.039.57

and V. M. Boldyrev

At present, nuclear stations containing pressurized-water reactors PWR such as the VVER
have become most common in nuclear engineering in the USSR and elsewhere. In all, there are
27 stations containing VVER operating with unit electrical power levels from 70 to 1000 MW

and total installed.power of 12.14 GW (Tables 1 and 2) [1].
ATTAINMENT OF DESIGN‘PARAMETERS,<OPERATION, AND REPAIR

Table 3 shows that stations containing VVER reactors work reliably and consistently.

V4

The power utilization factor (PUF) in these VVER units, on the whole, is higher than in for-
eign ones (Table 4) and in some cases attains 90-96Z. 1In the main units, the PUF increase
steadily as the working time increases at first and attain stable values in the third year,
while in later units they stabilize in the second year. There have been substantial reduc-
tions in PUF in individual years for certain units because of long downtimes due to accident -
situations or control constraints. There are also differences in internal electricity consump-
tion at units of the same type because of differences in output, load level, and local work-
ing conditions. When a station is operating stably, the internal use varies around a certain
level, but all the parameters deteriorate when there are prolonged downtimes. The efficiency
is dependent mainly on local conditions, as well as on the state of the equipment. As a rule,
the efficiency increases after maintenance, condenser cleaning, the replacement of worn equip-

" ment, and other such measures.

The Ministry of Energy of the USSR operates a system for planned prophylactic mainte-
nance (PPM) at nuclear stations, which includes periodic major, medium, and current repairs,

whose sequence and duration are determined by the planned maintenance cycle. Each year,

each unit is shut down for major or medium overhaul. The fule 1s also changed during this
period. Working results show that the times taken in planned maintepance correspond to the
standards (Table 5). Information is not given on nuclear stations containing VVER-1000 be-

cause they have not been operating long.

One of the obvious factors resulting in improved economics at nuclear stations is the
reduction in the equipment upgrading time in annual PPM. This is dependent primarily on the

organization of the operations, the staff qualification, and the equipment of the station

with the necessary servicing facilities. The main operations in PPM are devoted to the equip-

ment in the first and second loops (Table 6).

About 280 items of equipment and apparatus are used in maintaining the nuclear steam-

4

producing plant at a nuclear station containing two VVER-440, which means that it is impor-
tant to upgrade the maintenance operations on the equipment in the first loop. The following

are required for high-grade and rapid upgrading and servicing:

1) a set of standardization documents laying down the specifications for checking the
metal in nuclear station equipment, including the corresponding methods of checking the metal;

2) a set of meané of checking the metal for use with those units and components whose

checking is laid down by the standardization documents;
3) criterta for accepting or rejecting defects found in the metal;
4) methods (technologies) for repairing defects in the equipment; and
5) repair equipment.

Translated from Atomnaya Energiya, Vol. 56, No. 6, pp. 353-359, June, 1984,

0038-531X/84/5606- 0361$08,50 ® 1984 Plenum Publishing Corporation
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, ,
TABLE 1. Nuclear Units Containing VVER TABLE 2, Basic Technical Characteristics
Reactors as of Jan, 1, 1984 = o of Reactor Systems Containing VVER
2 =
US s =
Q - o w b4
Number and |g.» | 88 |¢ - ‘ e | = © : e
Nuclear type of tur- |5 % o0 £?§ ~ Characteristic \é E E E é
station bines 3 R g-ﬁ&; {grid 3 & 8 E g
EEREEL] ==
Reactor thermal - 4265 | 760 | 1320 | 1375 | 30.0
. power, MW
N‘i’i")’l Vc{ronezh ' 3 AK7044 210 IX A9 Number of circulation| 3 6 8 6 4
rst unit : -70-41, 1 A€ 00ps .
3 TVF-100-2 : Pressgte. MPa;
second ~ 15 K-75-30, 365 - X11.1969 in reactor 9,8 | 90,81 10,3 | 12,3 | 15,7 °
. 5 TVE -100-2 : in steam generators .| 3,1 | 3,1 3,2 4,6 6,3
third 2 &%2302-154,2 417 12%25 X11.4197 Temp., C
. 2 -92920)- - L oy B
fourth 2 K-220-44, 417 |2%x25 X11.1972 at reactor inlet 250. | 245 248 268 288
: ) 1T¥¥ ~§:§()-.3.A at reactor outlet 266 | 266 | 274 296 317
VV-220- . -
fifth ) 2 1{-500-60/1500 |1000 }2x 30 V.1980 Coolant ﬂogv through | 16030 | 33..00 | 50500 *| 45900 | 88000 .

Kola . reactor, m*/h ‘

first unit 2Re220-44, | 440 12X25 | V1973 Internal diam, of re- | 2640 | 3560 | 356) | 3560 | 4139
2 TVV -220-2A tor bod .
second The same 440 l2x25 | X11.1974 actor bocy, mm :
third 2H-200443, | 40 |2X50 | 1111681 Core »
- y |"n’ 2 0_ :

Armenian- ‘ equiv, diam., mm 1900 | 2880 { 2880 2880 3110
first : 2;{#‘(}—421;2.‘”!\ 407,512x25 | X11.1976 . éht in working 2500 | 2500 | 2460 | 2460 | 3560

) VV-220 : : sta
second - |The same 407,5] 2% 25 1.1980 wer dens1ty. kw/. | 38 | 47 83. | 8 | 11

Rovensk . ter '

‘ . 2 TVV: 220.2AUZ semblies in core .
second The same 48 |2x50 | X11.1981 ggglber of fuel pins 90 | .90 | 126 -| 126 | 317

South Ukranian oun’Rdps diameter, 10,2 110,21 9,4 | 9,4 | 941
first unit 13-1000-60/1500, {1000 | 200 X11.1982 thlck_ness of Zr + 1% 0,6 0,6 0,65 0,65 0,67 -
o : TVV-1000-4 Nb sheath, mm ‘ : : :

Reinsberg (GDR) — 70 — V.1966 ) i ) ]

Nord _ mean linear power, 80 99 122 127 176
first unit 2K-220443, | 440 {2x50 | XI1.4973 Utdoimn: | -
ccond | {BLYVENRZ) s X11.1974 loaded into reactor | 17,0 | 40,0 [ 41,5 | 41,5 | 66,0
third ) 44) | 2X50 - X1.1977
fourth - . 440 |5x80 |VilI.1979 ipecxﬁc power, kW/ 15,5 | 19 32 33 | 45,5

Kozlodui (Bulgaria) ‘ ' enrichmentinnew | 2,0 | 2,0 | 3,0 | 3,5 {3,3/44
first unit 2 K-20044-3, | 440 |2x50 | VI.1974 pins on re lacig,g 173 .

Co - 2TVV 220-2AUZ (. , of assemblies,
second _ The same 440 |2xs50 |XIII.1975 mea burnup, MW- 13 14 | 28 27/40
third . 40 |2x50 | XII980 ay/ kg | .
fourth ) 440 j2x50 | 1V.1982 N’umber of CPS units .| 19 | 37 73 173/37| 1.9

L Unit efficiency, % | 26,5 | 27,7 | 27,7 | 32,0 | 33,3

Lovisa (Finland) : .
first unit 9 K-220-44-3, 440 12x50 11.1977 . .*With seven loops working (one loop reserve).

2TVV: 220-2A02 : :
second. The same 440 |2x50 X1.1980

Bogunice o

(Czechoslovakia) . , :
first unit 2 18-220-44-3, 440 |2xs0 | XI1.1978
o 9 TVV.220-2AUZ,
second The same 440 1250 111980 -

Paks (Hungary) .
first unit 2 K-220-44-3, | 440 |2x50 | XIL.1982

. : 2TVV-22( )-2AUZ‘ .

Up to now, the monitoring of metal at nuclear power stations has been undertaken on in-
dividual programs agreed annually with the corresponding organizations. From July 1983,
unified instructions apply for the monitoring of the state of the main metal and welded joints
in equipment and pipelines in the first and second loops in nuclear power stations containing
VVER, which make the fullest use of experience with metal monitoring at existing nuclear sta-

362
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tions.* These instructions cover not only the volume of work and the periodicity in monitoring.

]

TABLE'3.‘fUnit:Patametersbin Nuclear Sta-
tions Containing VVER . ,

Power pro-|Power |Internal |net unit
. . {duction, |use fac-.power ., %
: |billion tor, % [consump-(Eiks, 70
Nuclear kW.h . _ don, %
© station - i
e o0 2] o -] a0 o0 ]
< si212l2] 2 4 bt
Novyi Vor-
onézh:

- first unit 1,59411,602(86,5(87,1/6,96] 6,57/25,061 25,29 -
second 2,8 |2,851187,6189,116,53| 6,04]25,98]25,36
third 3,012{2,68282,5(73,418,02] 8,03(25,94/25,82
fourth 3,05713,219/83,788, 118,49 7,96|26, 22, 26,12

kf(i)lfth 5,338(7,085(60,9(80,9]5, 59| 4,76]29,77]29,94
a: ] : -

first unit 13,080(3,474{79,9{90,0}7,53| 6,67]28,87 29,16

second 2,6483,311168,7(86,9]6,99] 6,60129,00129, 14

third 2,049)2,632|53,2/68,3{7,72{ 5,95 28,35(29,82

_Armenian
-first unit - 12,304)0,873164,6124,4| 7,812,10[26,48 25,02
second: 2,179}3,073|61,0i86,1} 8,2| 8,32[26,25(26,01

Rovensk | .
first unit. -~ 14,8952 233155 2l65,0[8,93| 8,92f25,89[25,53

Ssectgnd 2,2662,018(62,2/55,4]8,96| 8,40(24,44[25,81
ou
Ukrainian
first unit { — 12,763 — |31,5[ — 4,76[ — | -

TABLE 4. PUF for Foreign Nuclear Statioms
.- Containing PWR, Z [2]

1983 -
Region | 1980~ 1981 1982 ° (first half
v S year)

All countries apart
from Comecon
members

59,3 | 61,9 | 60,0 | 59,2

the individual units and components in the two loops but also enumerate the main standardiza-
tion documents on metal monitoring, including methods of metal monitoring for various pur-
poses (ultrasonic, visual, magnetic-powder, color, etc.), in addition to the monitoring fa-~
cilities and the basic criteria or standards for evaluating metal state.

One mainly uses manual monitoring facilities at nuclear power stations, although this

tends to lead to high staff doses. Future facilities should be highly specific, for example
for monitoring the metal in the reactor body, the collectors and tube bundles in the steam
generators, the volume compensators, etc. Here we may note developments in this country (at
the All-Union Nuclear Power Station Research Institute) and in Czechoslovakia, including the
use of the miniature Prognoz-1ll TV system for monitoring inaccessible locations, the UNIKOP
specialized remote-sensing systems for monitoring steam generators, the KONAP units for check-
ing reactor piping, and the UKOZ for monitoring volume compensators. :

The metal defects at our nuclear power stations have the following percent distribution.

by cause: constructional 20, technological 40, metallurgical 16; installation 14, and oper-
ation 10. '

There are ongoing studies designed to improve the reliability'and safety, particularlyi

on the basis of studies of failures. Long-term experience with VVER~440 reactors is con-
firmed by data on PWR stations from other countries indicates that failures (defects) in
equipment are distributed in the following percent proportions: first-circuit equipment

El

*In January 1984, the unified instructions on operational'monitoring of the state of the

majn metal and welded joints in equipment and pipelines in nuclear power stations containing
VVER-1000 reactors were confirmed and put into operation, T
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TABLE 5. Durations, of Downtimes for One
Unit Containing VVER-440 for Fuel Chang~
ing and Equipment Upgrading

Nuclear station
Maintenance Novyi Arme-

[Voronezh Kola nian

Average from standards: 30 30 30
actual average 34 40 |39
-actual minimal S 18 1 24 30
Major from standards 55 55 59
actual average 66 66 52
actual minimal 53 45 45

TABLE 6. Structure of the Costs for PPM
in the Volume of Major Equipment Mainte-
nance in the Main Sections of Nuclear
Powver Stations

Proportion of |Proportion of
costs in overall|total 1abor
Section maintenance |cost, %
{costs, %
Reactor 40—~46 45—55
Turbine 25-~30 18—20
Electrical 6—8 8—10
Thermal automatics and 7—10 10—15
measurement
Others 4—5 2—3

15-20, turbines 25-30, electrotechnical and conversion equipment 35-45, and auxiliary thermo~
mechanical equipment and pipelines 15-20. In 15-20% of the cases, the faults are due to
staff errors. One unit on average shows 20-25 faults a year leading to power loss. For ex-
ample, in- 1981 this power loss from these causes was about 2% at nuclear statione in this. -
country. . . .

The most characteristic faults are leaks in condenéer pipes, sealing failures in the
high~pressure and low-pressure heaters, unsatisfactory operation (overheating or sparking)
in the brush apparatus in turbine generators, sealing failures in the pipelines and other
equipment in the second loop, failures in steam generator pipes, and 1ncorrect operation of
protection and interlock equipment.

The All-Union Nuclear Power Stations Research Institute has set up a system for acquir;
ing and processing information on these failures, and this has been accompanied by an analysis
of the earlier stages of operation, with the result that the design of power stations and
equipment for them has been improved in many ways, which have substantially improved the re-
1iability, where we may particularly note the following: - more defined welding in steam-
generator collectors for the water-steam interface sectfon to protect it from corrosion; a
modified throttling control for K-220-44 turbines and changes in the design of the high-
pressure heaters; design changes in the SPP 220; and anticorrosion coating in the volume
compensator to reduce corrosion.

The radiation backgrounds at operating power stations have been maintained within the
limits set down by the standards for staff safety in any operations. The overall specific
activity of water in the first circuit due to fission products 1is not more than 10~4-10"°
Ci/liter (1 €1 = 3.7 x 10*° Bq). The low activity level and the good sealing in the first
circuit have meant that the activity levels in the air in the sealed spaces are low. The
mean annual collective dose to staff in systems containing VVER-440 reactors has been 362
ber (1 ber = 0.0l Sv), the average number of staff being 380. The fluctuations in annual
dose are due to differences in the volume of servicing operations. The annual collective
dose in the normal operation of a VVER-440 unit together with planned preventive maintenance
and fuel reloading is distributed as follows: 130, 217, and 35 ber, respectively.

364

Dec':lassifi'ed and Approved For Releas'e 2013/09/14 : CIA-RDP10-02196R000300040006-2



o |
Declassified and Approved For Releas_e 2013/09/14 : CIA-RDP10-02196R000300040006-2

The radioactive discharges from power stations containing VVER-440 to the atmosphere
have been stabilized at the level of 2.1-3.3 Ci/Md(el) -yr, which 1s close to the average
for power stations containing PWR. The activity of liquid discharges to open bodies of water
has not exceeded 300 mCi/yr. The radiation backgrounds in areas around nuclear power stations
in the main are determined by global fallout and the natural ionizing-radiation background.
In normal operation, the power stations have virtually no effect on the environment.

At present, the staff numbers at nuélear power stations exceed the standard level by
15%Z, mainly due to maintenance staff, which account for about 53% of the total. The staff
numbers at Soviet nuclear power stations are higher by factors of 2.5-3.5 than those at nu-
clear power stations in the developed capitalist countries, while the numbers of maintenance
staff are larger by factors of 3-5, mainly because in capitalist countries the equipment is
maintained usually by the maker, whose staff are not included amongst the operating staff.
The approach used in this country in organizing nuclear power station servicing is due to the
lower equipment reliability, the absence of spare power, and the consequent higher equipment
use. T

UPGRADING VVER DESIGN

Improvements in nuclear systems contéining VVER reactors follow the lines of increasing
of the following:

1) unit power: in the 20 years since the first init at the Novyi Voronezh power station
was commissioned, the unit power of the VVER has increased from 210 to 1000 Md(ed.);

*2) first-circuit pressures and steam parameters: during this time, the pressure in the
reactor has been raised from 9.8 to 15.7 MPa, and the steam pressure in the steam generators
from 3.1 to 6.3 MPa; .

3) the power density in the core has been raised from 47 to 111 kW/liter by equalizing
the power distribution over the radius and revising the neutron-physics and thermophysics
characteristics of the core; and

4) increasing the burnup from 13 to 40 MW-day/kg U by improved fuel-pin design and the
use of boron regulation.

Some initial designs have been retained:
1) railroad transportability of the reactor body;

2) the use of hexagonal fuel assemblies in the core containing rod pins filled with
uranium dioxide sheathed in an alloy of zirconium with 1% niobium; :

3) the use of high-tensile chromiummolybdenum steels for the body; and

4) the use of horizontal steam generators to produce saturated steam.

We now mention some chaﬁges that have been made in the basic designs as a result of ex-
perience with the VVER. ‘

Reactor and Enclosed Equipment (EE). The displacement of the thermal shield at the
first unit in Novyi Voronezh power station in 1969 led to reconsideration of the flow and
mounting conditions gor all the EE components. The thermal screen has been completely
eliminated in the VVER-1000 and later models of the VVER-440.

Originally, the body was made from 15Kh2MFA steel without anticorrosion coating, where
suitable water treatment ensured a satisfactory state of corrosdon in the inner surface.
However, anticorrosion coating was applied beginning with the first unit in the Lovisa power
station, in accordance with world practice and to simplify the water-treatment requirements.

Core and CPS. To increase the core power, the outside diameter of the fuel pins has
been reduced from 10.2 to 9.1 mm, while the number of pins in an assembly has been increased.
The reactivity margin in the first reactors was compensated by mechanical CPS. Starting with
the third unit at Novyi Voronezh station, the reactivity margin compensating for burnup was
compensated along with slow reactivity changes by introducing boric acid into the coolant,
which reduced the number of mechanical CPS units in the VVER-440 from 73 to 37.

MCP. Originally, the units were fitted with low-inertia sealed pumps working at 1500
rpm, which were supplied when the external line was disconnected from the turbine genefator.

365
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7 /
In the VVER-1000 and the later designs of power stations containing VVER-440, pumps are used
in which surges are absorbed by a special flywheel.

" _Steam Generators. The main design changes have been related to providing access to first-
circuit collectors for examination and maintenance of the tube-mounting points directly from
the central bay, and there have also been improvements in the collector unit at the boundary
between the water and steam in the second circuit.

Safety Systems. In the first VVéR, the maximum design emergency was taken as the in-
stantaneous failure of a pipeline of diameter about 100 mm bearing a unilateral flow. 1In
the current VVER-440 and VVER-lOOO the protection and localization devices provide safety
in emergencies extending to instantaneous failure of the main circulation pipe coinciding
with complete current failure. Systems are also envisaged for emergency core cooling (hy-
draulic vessels connected in pairs to the inlet and outlet pipelines, with groups of low~
pressure and high-pressure pumps), which prevent the fuel-pin sheath temperatures from rising
above 1200°C.

Fission products escaping from the main circulation loop are localized in new power sta-
tions containing VVER—440 units by a system of sealed boxes, in which the maximum pressure
is 0.15 MPa. It is guaranteed that this pressure is not exceeded by condensing the steam
during the first period of a maximal design emergency using a special bubble condenser.

In power stations containing the VVﬁk—lOOO, there is a protective containment around
all the sections of the main circulation circuit and the reactor hall, which is designed
to withstand a total pressure such as would arise from the escape of all the coolant (0.4
MPa) with provision for reducing it with a sprinkler system. A high level of independence
is also provided in the duplicated protective and localizing systems by locating them in
different buildings with separate power supplies etc.

THE UNIFIED PROJECT

A unified project has been drawn up for nuclear power stations containing VVEi—lOOO
reactors. This design provides for flow production of the units and should substantially
reduce the installation time, which will greatly increase labor productivity because the
same operations are reproduced and are executed by specialized teams. The main and auxiliary
items of equipment have been standardized to provide power stations with similar designs no
matter where the equipment is manufactured, which will also increase labor productivity by
leading to longer runs. The start of flow production began at Zaporozhe power station, where
four reactor units are being installed simultaneously. Single-block styles were used for the
first time in Soviet power stations, which eliminates the gap between the reactor and ma-
chine sections, and this reduces the loss in steam parameters and increases the unit power
by 6 MW. The turbines have been fitted with modified condensers, which has reduced the size
of the machine bay by 3 m. These and other design modifications have reduced the volume re-
quired for the main housing by 207, with the consumption of reinforced concrete reduced by
6%, building labor involved by 307%, equipment mass by 9%, and pipelines by 12%. The unified
project differs from the £ifth unit at the Novyi Voronezh station also in having better phys-—
ical characteristics. The number of control and protection units has been reduced from 109
to 61, while the number of absorbing components in one unit has been increased from 12 to 18,
while the number of fuel-pin assemblies has been increased from 151 to 163 because jackets
have been abandoned.

The Atomic Heat and Electricity Design Institute has compared the unified project for
power stations containing VVER—;OOO with foreign power stations. This has shown as follows:

1. The specific working area of analogous foreign power stations (France and the Fed-
eral German Republic) is less by 34-35% than that in the unified project because the prin-
ciples used in determining these areas differ particularly as regards the set of buildings
and structures required for auxiliary and maintenance services (there 1s no nitrogen—oxygen
system or acetylene station with stock of carbide, nor are there mechanical maintenance work-
shops and stores). Also, foreign nuclear power stations are often built without access to
railroad transport, which also reduces the area required.

2. A comparison has been made of volume characteristics for the reactor sections in
" the unified project and for power stations in France, the USA, and the Federal German Re-
public, which has shown that stations such as Paluel and Belfonte are substantially better
(specific volumes 147 less, consumption of reinforced concrete and metal 30-35% less). In
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these stations, there is high unit power in the main equipment within dimensions enabling
one to fit them into the same building volumes as the unified project for the VVER-1000.

The reductions in reactor-section volume in power stations such as Bouget and Tricastin has
been attained also be using reactors with three circulation circuits and vertical steam
generators. At the Mulheim—Kerlich and Biblis stations (in the Federal German Republic),
better parameters have been obtained in particular because more compact electrical engineer-
ing and ventilation systems have been employed. In all cases, foreign power stations use
closer spacing in the reactor section, which adversely affects maintenance and servicing on
site.

3. The unified project differs considerably from the Biblis power station regarding
volume of the machine bay: respectively, 300 and 150,000 m®. This very substantial differ-
ence occurs because the turbines at Biblis are much smaller, as at most foreign nuclear power
stations, including as regards the diameter of the low-pressure cylinders, while the numbers
and dimensions of the separators, steam superheaters, and regenerative heat exchangers have
been reduced, while the low-pressure heaters are built into the condenser connecting pipes

. and do not occupy any additional volume.

A substantial difference also is that foreign power stations provide minimal maintenance
areas in the machine bay, in particular because the equipment is installed without modifica-
tion at the building site (on wheels).

4. The area of special facilities is estimated as 7800-8200 m?® for foreign stations and
9500 m® for the unified project, the difference being due to foreign stations not having long-
time stores for radioactive wastes and having much smaller volumes of domestic accommodation
and also the absence of laundries. -

The unified project is inferior on specific parameters to foreign power stations also
on certain auxiliary equipments, which is due primarily to the numbers of operating and main-
tenance staff, whose accommodation requires additional buildings, medical services, etc.

On the whole, this comparison of the unified VVER-1000 project with foreign stations
has shown that the design parameters are comparable with current levels, Nevertheless, the
designs for Soviet power stations still leave some margins that should be utilized in the
next generation of designs. :

'SCOPE OF IMPROVING UNIT POWER ECONOMIC PARAMETERS

At present, various research and development organizations in the country are examining
three basic ways of providing essentially new designs capable of giving a new level of economic
performance in power stations containing VVER: fuel-cycle improvement, reactors with super-
critical coolant, and substantial increases in unit power.

We consider the last of these as it is most fully developed. As traditional VVﬁR have
attained a high level and nearly optimum values have been obtained for parameters such as
coolant pressure, steam production, and power level, one of the ways for improving reactors
of this type is to increase the unit power substantially. All previous power—engineering
developments in this country and abroad have been accompanied by the enlargement of power
stations. ‘

The main factors responsible for this tendency are firstly the economic advantages of
concentrating production deriving from increased labor productivity, as is characteristic of
other branches of heavy engineering, and secondly the difficulties in providing the required
rates of increase in installed power without increasing unit power levels. However, as in
thermal power stations, increasing the unit power on nuclear systems not only reduces the
specific capital costs per station but at the same time adversely affects the system reliabil-
ity, and to maintain this at a fixed level there must be additional costs involved in increas-
ing the emergency backup and maintenance facilities. Therefore, increasing the unit power,
including in nuclear systems, is effective only if the reduction in the specific power-gener-
ation costs is at least not less than the costs for providing the additional backup. This
problem will have to be dealt with in the designs presently being drawn up by the Atomic
Thermal Electric Project Organization for a unit containing VVER-1500 reactors.
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STATE-OF-THE ART AND DEVELOPMENT PROSPECTS FOR
NUCLEAR POWER STATIONS CONTAINING RBMK REACTORS

‘E. V. Kulikov UDC 621.039.577

Over a comparatively short period, there has been a substantial increase in the generat-
ing capacity in the country on account of nuclear stations containing RBMK-1000 reactors,
which have been rapidly run up to nominal power and which have provided stable and safe oper-
ation, so one can say that this reactor type is promising for nulcear engineering in the next
few decades. The following advantages are responsible for the major plans for building nu-
clear stations containing RBMK [1]:

1) the RBMK units and equipment are made at existing plants in the country and have not
required, apart from construction in Yugoslavia, the building of new industrial organizations
with the unique equipment for making large components working at high pressures;

2) for these reactors there are virtually no limits to the unit power associated with the
manufacture, transportation, and installation;

3) the branching in the circulation system increases the overall safety because it elim-
inates a complete coolant loss from the core and enables one to build reliable protection -
systems and devices for localizing leaks;

4) the good physical characteristics of the reactor and the continuous fuel recharging
make it possible to provide efficient use of low-enriched fuel together with extensive burnup
giving low contents of figsile uranium isotopes in the spent fuel, and in addition there is a
fairly substantial increment in the burnup as a result of the incidentally produced plutonium;
and

.5) the high reliability in the heat-engineering units is supported by wide parameter
control ranges with monitoring in each channel.

The basis of a nuclear station containing RBMK is provided by two units of electrical
power 1000 MW each with a common machine hall. Each unit is a reactor with its circulation
system and auxiliaries, steam and condensate-feed units, and two turbine generators of power
500 MW each. The essential scheme of a unit is shown in Fig. 1.

The reactor is located in a concrete pit on welded metal structures, some of which are
used simultaneously for radiation protection, and which in conjunction with the jacket form
a sealed space filled with heliumnitrogen mixture (the reactor space), in which the graphite
stack is located. The stack contains the fuel channels (FC) and the CPS channels, which run
through the upper and lower metal structures.

A fuel channel (Fig. 2) is a welded tube construction intended to take a fuel assembly
(FA) and to organize the coolant flow. The upper and lower parts of the channel are made of
stainless steel, while the central part within the core is made of zirconiumniobium alloy
having good mechanical parameters and corrosion resistance together with a low neutron ab-
sorption cross section. The central part of the channel is coupled to the upper and lower
ones by special couplers.

Twelve units containing RBMK-1000 are now operated: &4 at Leningrad Lenin nuclear power
station, 4 at Chernobyl, 3 at Kursk, 1 at Smolensk, and 1 unit containing an RBMK-1500 at the
Ignala nuclear station. The overall installed power of nuclear stations containing RBMK 1s
over 60Z of the total nuclear power in the Soviet Union. These nuclear stations have very .
good performance parameters, on which they are in no way inferior to the best nuclear power
stations in the most -developed countries in the World. As an example, Table 1 gives the
economic parameters of the units at Leningrad and Kursk stations.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 6, pp. 359-365, June, 1984.
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Fig. 1. Scheme for a nuclear station containing RBMK-1000: 1) stack; 2) wet gas hold-
er; 3) delay gas holder; 4) helium purification system; 5) compressor; 6) gas loop
condenger; 7) FC integrity monitoring system; 8) pumping and heat transfer system in
CPS; 9) cladding sealing monitoring system; 10) separator; 11) control umit; 12)
emergency feed pump tanks; 13) FC; 14) CPS channel; 15) reactor; 16) MCP; 17) cool-
ing pumps; 18) regenerator; 19) pipe to purification system; 20) cooler; 21) emerg-
ency reactor cooling system; 22) compressed air; 23) emergency pump; 24) technolog-
ical condensers; 25) superheaters and separators; 26 and 27) turbine generators 1
and 2; 28) condensers; 29) KN-1 condensate pumps; 30) condensate purification; 31)
apparatus for burning explosion mixture; 32) plpeline to delay gas holder; 33) low-
pressure heaters; 34) deaerators (0.7 MPa); 35) electric feed pumps.

The high reliability of the RBMK~1000 is confirmed by the operation of the units for 52~
reactor-years and is indicated by numerous research studies, calculations, and design studies
performed in the early stages of operating the units. Improved reliability in fuel recharg~ -
ing with the reactor working has been provided by modifying the sealing plugs in the FC, the
ball flowmeters, and the control valves, while upgrading in the units within the containment
has extended to the separator drums in the main steam pipes, which has provided more uniform
loading on the separator drums and the required steam wetness under stationary and transient
conditions.

Reliable core cooling is provided when there is emergency reduction in the feedwater
flow rate, which can extend as far as complete stoppage, is provided by an automatic system
for reducing the power involving constant automatic comparison of the thermal power with the
feedwater flow rate {2]. Many experiments have been performed at the Leningrad station to
determine the cooling parameters arising from the natural circulation directly with the unit
working, which have shown that previous calculations and testbed results are reliable, and
this has provided proposals for means of switching off the main circulation pumps MCP at an
appropriate time and for accelerating the turbine unloading. The final stage in the research
on the natural circulation conditions was carried out at the Kursk station in 1981.

Nuclear stations containing RBMK have safety systems that eliminate any hazardous es-
cape of radioactive material even in the case of unlikely accidents, including failures in
major pipelines [1]. From this viewpoint, the main hazard lies in failure in the pressurized
MCP pipeline, since this halts the flow of coolant to the FC in the half of the reactor af-
fected by the emergency. This hypothetical accident determines the characteristics of the
emergency cooling system (ECS), including the response rate of this and the maximum capacity.

The water from the ECS is supplied to each distributing group collector (DGC), and to
avoid water escaping through the failed section there are nonreturn valves at the inlet to
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{
§v ation of Nuclear Units Containing RBMK-
¥ 1000 ‘
1982 .
wer pro-
Unit gg"‘.i"“' eff.,”
Nuclear station million PUF, % net, %
kW *h ’
" Leningrad 1 | e185,6 | 70,6 | 28,7
: 2 7864,7 89,8 29,58
3 7007,9 80,0 28,38
4 7298,1 83,3 29,19
" Kursk 1 7548,7 | 86,2 | 29,98
2 | 6305,0 | 72,0 [ 29,36
. 1983 - ‘
i .
11700 gOW?f pro- |effe, -
’ it }duction
Nuclear station Uni miltion .PUF. % | net, %
kW h
'Leningrad 1 77394 | 88,3 [ 20,51
2 7356,9 84,0 29,20
3 6234,7 7,2 29,23
4 487.8 | 85,5 | 28,78
Kursk 1 7237,5 82,6 | 28,96
2 6183,5 70,6 28,26
-*W {thout allowance for heat use.

Fig. 2. A fuel channel: 1) protec-
tion unit; 2) FA suspension; 3) FC
head; 4) pressure tube; 5) upper
protection plate; 6) thermal shield;

- 7) steel—zirconium joint; 8) FA; 9)
stack block; 10) supporting vessel;
11) lower plate; 12) channel sec-
‘tign; a) steamwater mixture outlet;
b) water inlet.

the DCC, Thé ECS consists (Fig. 3) of a major subsystem containing hydraulic accumulatio'n‘. -
unit and a long-time cooling subsystem having special pumps and water stocks in tanks. The
cooling water is passed through pumps to the ECS collector in each half of the reactor and
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a

Fig. 3. Essential scheme for circulation loop and ECS:
1) reactor; 2) separator; 3) MCP; 4) pressurized collec-
tor; 5) DGC; 6) hydraulic accumulation unit in ECS; 7)
feed pump; 8) ECS pumps; 9) water stock in condensation
device; 10) ECS collector; 11) restriction nozzle; 12)
intermediate throttling link; 13) cutoff float valve;

14) fast ECS valve; 15) DGC insert; a) steam to turbines;
b) condensate return.

then along pipes to each DGC. Fast slide valves are mounted in the water feedlines and col-
lectors, which open when the signal to actuate the ECS arrives. The algorithm for activating
the main subsystem in the ECS provides for cooling the core when there is complete or partial
failure in large pipes and eliminates incorrect operation in accidents not involving failure
in the circulation loop. ' :

The RBMK gives extensive burnup with low initial enrichment, which is provided by con-
tinuous fuel recharging with the reactor working. In all the nuclear stations containing
RBMK, there 1is ongoing fuel recharging at power by means of an unloading and loading machine.
The continuous-recharging mode enables one to roughly double to burnup by comparison with
complete fuel change in one operation. The ?°>U concentration is reduced from 18-20 to about
3.7 kg per ton of uranium, while the amount of fissile plutonium attains about 2.8 kg per ton
uranium. This change in isotope composition results in substantial changes in the core neu-
tron physics characteristics. :

In the steady recharging state, only the local characteristics such as the power in the
channels alter, while the characteristics of the reactor as a whole remain virtually unchanged,
whereas during the first operation of the reactor loaded with fresh fuel and additional ab-
sorbers, there are fairly substantial changes in the physical characteristics, in particular
in the reactivity coefficients (steam and temperature ones). The values of these coefficients
are dependent not only on the fuel isotope composition but also on the number of absorbers in
the core. Experience with the RBMK-1000 has confirmed the theoretical conclusions that the
reactivity coefficients increase and that the stability in the power distribution decreases
as the fuel burns up and the absorbers are extracted. The radial-azimuthal energy distribu-
tion is the least stable, where the form of the nonstationary deformation is determined by
several of the lower harmonics. The distribution is stabilized in two ways:

1) improving the automation level by means of a branched reactor control system; and
2) increasing the fuel enrichment.

Under the first approach, essentially new systems have been introduced for local auto-
matic control of the power distribution (LAC) and local emergency protection (LEP), which op~
erate from transducers within the core [3]. The LAC system automatically stabilizes the
lower harmonics in the radial—azimuthal distribution. This system maintains the overall set
reactor power level, by using individual effectors to provide automatic power control in the
individual core regions. The LEP system provides for emergency power reduction when there
are impermissible local power rises, in spite of the action of the LAC, The LAC and LEP use
groups of effector mechanisms (from 7 to 12 of them) uniformly distributed over the core and

- containing control rods each surrounded by two LAC transducers. The averaged and corrected
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Fig. 4. Distributions of radioactive
products in deposits (Ci/cm®) (1) and
in coolant (Ci/kg) (2).

signal from the LAC transducers is used to control the rods. The transducers in the LAC-LEP
system are triaxial chambers placed in central sealed sleeves in the FA.

Calculations on the performance expected from the second approach have shown that in-
creasing the initial 2°°U content of the fuel improves not only the dynamic parameters but
" also the economic characteristics by increasing the extent of burnup and reducing the specific
fuel consumption. It has been found that there is a substantial dependence of the time con-
stant for the first azimuthal harmonic on the steam reactivity coefficient. The less the
positive steam reactivity coefficient, the higher the power distribution stability and the
simpler the reactor control. The most rational way of reducing the steam coefficient is to
increase the ratio of the 2°%U concentration to the moderator concentration in the core. The
reduction in the steam coefficient as a result of going to fuel with 2% enrichment is about
1.3 B.* These conclusions served as basis for increasing the RBMK enrichment.

' We give below the basic characteristics of the RBMK~1000 fuel cycle for 1. 87 and 2%
initial ”’U contents (first and second values correspondingly):

Uranium burnup, MW-day/kg 18.5 . 22.3
Final ?°°y content in unloaded , :

fuel, kg/ton 3.9 , 3.5
Reduction in steam reactivity »

coefficient, B - 1.3
Annual input of enriched uran- }

ium, ton/GW (with:PUF = 0.8) 50.5 42

Annual consumption of fuel pins
to supply reactor (with PUF =

0.8), 10° per GW . 16.0 13.3 -
Annual consumption of natural .

uranium, ton/GW* 169 158
Mean FA use, effective days 1100 1350

*With PUF = 0.8 and 2°%U content in spent fuel of 2-3 kg/ton.

Since the first unit at Leningrad station began to operate, there has been continuous
monitoring of the radiation environment at the station and in the surroundings, which has
confirmed. that the design is correct and has providéed detailed data required in upgrading the
radiation safety systems in stations containing RBMK. ' These studies have shown that the ir-
radiation of the station staff on average is considerably below the permissible level: the
annual dose for over 35% of the operating staff does not exceed 0.2 ber, and only for 27 is it
between 4 and 5 ber. The collective dose to the staff in one unit after about 5 years of op-
eration was about 700 man-ber (1 ber = 10 mSv), which is virtually the same as the dose at
foreign nuclear stations of the same power. The largest contribution to the irradiation
(40-50%) comes from prophylactic maintenance operations and operations associated with mon-
itoring the metal; up to 60-65% of the dose to the station staff is due to operations dur—
ing prophylactic or major servicing, i.e., with the reactor shut down.

*g is the effective proportion qf delayed neutrons.
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Fig. 5. Block construction of the control room at Ignala nuclear power station.

Fig. 6. Loading the RBMK-1500 with fuel at Ignala power station.
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During this period, the radiation environment around the first circuit is determined
by the emission from radioactive corrosion products deposited on the inner surfaces (Fig.
4). The contributions from the y rays from different nuclides to the dose rate vary during
the operation, and after about 5 years the radiation environmment is determined by the ¥
rays from °°Co. The deposits on the equipment contain fission products, but their contri-
bution to the y-ray dose rate is not more than 10-15% on operating the station for 10 years.

During the entire period of operation for nuclear stations containing RBMK-1000, there
have been no instances where the discharges of radioactive gases and aerosols have exceedéd
the permissible values laid down by SP AES-79 (or the earlier SP AES-68). As the permissible
discharges have not been exceeded, the radiation background in the surroundings is satis-
factory. Direct measurements on the y-ray dose rate in the locality indicated no increase
over the natural background throughout the area.

The definitive parameters restricting RBMK power are the fuel temperature, the tempera-
ture of the graphite and the metal construction, and the margin from the heat-transfer crisis.
These parameters have not yet attained the limiting permissible values at existing RBMK-1000
reactors.

The margins of the temperature of fuel, graphite, and metal have led to the suggestion
of building a more powerful reactor based on the RBMK-1000 without change in general design
and dimensions. This requires a design that enables one to increase the critical channel
power without changing the dimensions or number of the FA, i.e., to increase the margin up
to the heat-transfer crisis. The solution is seen as FC with heat-transfer intensifiers.

A design has been developed for a new FC for the RBMK-1500 with special devices enabling one
to increase the heat loading, which is characterized by a high level of standardization in
the units based on RBMK-1000 ones. This means that the production of FA of a single type
will not only simplify the process by reducing the number of different types to be produced
but will also give a considerable economic gain from using the new FA in existing RBMK-1000,
which-will increase the core reliability, improve the stability in the power distributionm,
and raise the fuel burnup. The FA with intensifiers enable one to increase the thermal
power of these by 20-25% in the RBMK-1000 with separator drums of diameter 2600 mm. This
broadens the scope for the wider use of the reactors in district heating.

The RBMK-1500 at the Ignala power station has been commissioned and is being run up to
nominal power, the unit electric power being over 1500 MW. This unit has represented a start
on a new generation of channel reactors, as more economical ones should ultimately replace
the highly successful 1000 MW ones. Stations containing RBMK~1500 will reduce the specific
capital investment by 20-30% relative to ones containing RBMK-1000 and will also reduce the
fuel costs. Experience with designing, building, and operating the RBMK boiling-water re-
actors has shown that the correct decision was taken on building a large series of nuclear
stations containing reactors of this type, and that there are good prospects for developing
them further.
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STATE~OF-THE ART AND DEVELOPMENT PROSPECTS FOR NUCLEAR
POWER STATIONS CONTAINING FAST REACTORS

0. D. Kazachkovskii UDC 621.311.2:621.039+621.524.526

The scope for extending nuclear fuel breeding in fast reactors was predicted in the
1940s. 1In essence, this was a conceptual extrapolation from thermal reactors to fast omes on
the basis of the scanty experimental data then available, i.e., the parameters of the inter-
action of fast neutrons with matter. Subsequently there were studies designed to confirm
or reject this suggestion. It should be noted that these studies began before the first nu-
clear power station in the World had been commissioned, when it had not yet been shown that
- nuclear power stations were really feasible. However, the importance of the problem led to
considerable effort being devoted to determine the scope for extended breeding. In essence,
this corresponds to a requirement in the scientific revolution: the transition to operations
in a new stage need notwait onthe end of theprevious one, since otherwise rates of progress
would be inadequate. An unambiguous positive solution was obtained at the end of the 1950s,
when it was established that the breeding factor in a fast reactor can be greater than one.
This meant that fast reactors in principle allow one to use all of the mined uranium. The
rav-material base for nuclear power was thereby increased by factors of tens or hundreds rel-
ative to the case where only thermal reactors are used.

The next stage involved determining the engineering feasibility of industrial fast re-
actors. This was concerned mainly not so much with construction of high-power fast reactors
but instead the commercial fast reactors meeting certain requirements, particularly from the
viewpoint of fuel-cycle economy: heat production density of 500-1000 kW/liter of core, and
burnup of 10% of the heavy atoms in a run of more.

Right from the start, researches on fast reactors were directed to using sodium as the
coolant. Water is unsuitable for fast reactors because of its nuclear-physics parameters.
Sodfum on the other hand has good thermophysical parameters and acceptable nuclear-physics
characteristics. An important point also is the high boiling point (about 900°C), which
means that a sodium-cooled reactor does not need to use high pressures, which is a consid-
erable advantage from the engineering viewpoint. Also, simultaneously but mainly incidentally
one attains a considerable advance in efficiency by comparison with a water-cooled reactor.
For some time there was also a discussion on the use of sodium-potassium eutectic, although
this is worse in thermophysical properties and was found to be less suitable than sodium.
Therefore, one was involved in developing an entirely new industrial technology for using
sodium as a coolant. The problem was solved in a short period. In any case, it was shown
that there were no essential difficulties in setting up a large-scale industrial sodium
technology.

At the start of the 1960s, when the BN-350 began to be developed as the first commer-
clal fast reactor, an experimental fast reactor with sodium cooling, the BR-5, had already
operated at Obninsk. The thermal power of this was only 5 MW, whereas the design thermal
power of the BN-350 was 1000 MW. It must be emphasized that this was a very large step,
which was not decided on at once, but it corresponded to the general requirements in the
scientific revolution and the requirements for rapid devleopment. It is true that apart from
the power level, the BN-350 parameters were moderate: the coolant temperature, the tempera-
ture of the working body (steam), and the pressure were low. This was deliberate, since one
of the main purposes of the reactor was to determine the effects of the scale factor on the
working characteristics of such systems while avoiding any additional difficulties. Almost
simultaneously, work began on the BOR-60 research power reactor, which was designed to have
operational determinations of the effects from high power levels, high temperatures, and
other factors on the working characteristics of fast-reactor components and to define reason~
able safety margins for the engineering parameters. The development of the BN-600 began

Translated from Atomnaigméﬁérgiya, Vol.f56, No. 6, pp. 365-370, June, 1984,
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somewhat later. Thie was already a reactor with high and not excessively conservative thermal
parameters. At the same time, the power was such as to approach the basic parameters of future
standard fast reactors.

The BN-350 began to work at full power in June 1973, and the BN-600 in April 1980.

It is now possible to survey the operation of both reactors. Firstly, the design val-~
ues were attained for physical parameters such as the critical mass, the distribution of
heat production over the core, and the kinetic, thermophysical, and hydrodynamic character-
istics. The basic engineering parameters also corresponded to the design values, apart from
the power in the BN-350, whose nominal value was set somewhat below the initial design value
on account of difficulties with the steam generators. At present, the BN-350 is operated at
720 M4 (thermal) with the following parameters:

Electrical power, MW up to 130
Distillate output, '
kg/sec; 1000

Sodium Temp., °C: o
at reactor inlet 283
at reactor outlet ' 425
Superheated steam pressure, MPa 4.5
Maximum burnup, MW-day/kg:
in low-enrichment zone : 54
in high-enrichment zone 60
Power use factor, 7 ~ 88

The refined neutron-physics characteristics and other data obtained during the operation
of the BN-350 provided a basis for modifying the core and screen reloading programs. Improve-
ments in the CPS increased the working time between reloading cycles from 54 to 73.5 days.

The burnup was thereby increased by about 15% relative to the design value.

The basic working parameters of the BN-600 are as follows:

Electrical power, MW 600
Sodium Temp., °C

at reactor inlet 377

at reactor outlet 550
Superheated steam pressure at -

turbine inlet, MPa v 12.7
Maximum burnup, MW.day/kg:

in low-enrichment zone 41.0

in high-enrichment zone 61.0
Power-use Factor, 7 ~71.8

The equipment in the sodium system (apart from 'the steam generators) worked almost en-
tirely without faults in both of these reactors. In essence, the failures and unplanned shut-
downs were due to the third loop (steamwater one) .

The scale factor was substantial in relation to the steam generators. In the BN-350 and
BN-600, there were water leaks into the sodium and corresponding failure in some steam gener-
ator .sections. These failures were not due to any essential features of the steam generators,
but they were due to the development of defects or rather to the nuclei of defects at welding
points, whichon account of their smallness could not be observed by monitoring during manu~
facture. An essential point was that the defect growth rates up to a certain critical size
became large. This required the introduction of especial systems for early defect diagnosis.
This also imposed certain requirements as regards promptness in action by the staff. Failure
in the steam generators did not lead and could not lead to any catastrophic consequences.

The instances of steam generator failure in either reactor occurred during the initial per-
iod of operation, essentially in the running-in period. The subsequent operation was free
from faults. Nevertheless, there remains the problem of improving the reliability, or rather
improving the degree of detection of defects during manufacture and also the scope for cor-
recting errors and mistakes during operation., Here there is obvious scope for applying des-
4ign improvement and for using more suitable materials for the pipes.
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The scale factor also made itself felt to some extent in relation to the BN-600 fuel
pins, which work under heavy stress. The working life of the pins and correspondingly the
burnup are at present less than the planned values. Here there are some major factors
characteristic of fuel-pin working conditions in fast reactors, including some that were not
known in advance. Some constraints at present are imposed by the vacancy-swelling effect in
constructional materials produced by intense fast-neutron fluxes.

Further improvements in fuel-pin life are based on advances in constructional materials.
One can safely say that it is possible to improve the working life by a substantial factor,
but the researches and the tests on the systems inevitably require long time, and in addition
the studies after irradiation in hot laboratories are usually laborious and lengthy. This
means that measures have to be taken to substantially expand the scale of the operations.

It can thus be said that clearly that the engineering feasibility of commercial fast
power reactors has been demonstrated. After a certain initial startup period (which was
very short for the BN-600), both reactors have been operated reliably with large power-use
factors. Co :

There are two major technical problems requiring research in order to improve the work-
ing characteristics of fast reactors further: improving fuel-pin life and increasing steam
generator reliability, .

The future fast-reactor development program must be based on the economic parameters.
Economic aspects are ultimately always the last and final criteria for the desirability of the
large-scale development in any area. Here the situation is as follows. Of course, we can-
not determine the economic performance of future large standard commercial fast reactors by
extrapolation from existing stations with any great accuracy. Inaccuracies always appear in
extrapolation. However, at present we can say that the present fast reactors are foreseen
as developing much the same thermal power per specific capital cost; an exact figure cannot
be given but one can speak of a difference of 30-40%.

) On the other hand, the fuel component for the fast reactor is less, since the
fuel breeds at a higher rate than in a thermal reactor. Estimates in relation to
the fuel component are even less reliable, since at present there is no experience with rou-
tine commercial fuel reprocessing. However, it seems that one can conclude that existing
prices for natural uranium mean that the advantage over the fuel component (relative to ther-
mal reactors) cannot compensate for the disadvantage over specific capital costs. In the
future, as the cost of natural uranium rises, the cost relation will steadily improve in
favor of fast reactors. At some time there will be an inversion, and fast reactors will be
economically better than thermal ones. No date for this can be given. It should however
be remembered that the working life of a nuclear power station 1s long at 30-50 years. As
this life is long, it will be economically desirable to include fast reactors extensively
in the nuclear power program before the time of economic inversion has been reached. On the
other hand, it should be borne in mind that there are certain and by no means minor oppor-
tunities for reducing the specific capital costs. This scope is bettter for fast reactors
than for thermal ones. Fast reactors have high efficiencies, which are almost 30% more than
for thermal ones, which is already a great advantage. There is no particular point in rais-
ing the thermal parameters. Although the efficiency then increases somewhat, the specific
capital costs will most probably not thereby be reduced but increased. However, the main
point is that raising the temperature substantially reduces the fuel-pin life. Here one
expects a sharply varying relationship, and this will certainly have a very adverse effect
on the fuel component. On the other hand, it is desirable to increase the unit power, since
the specific capital costs are thereby reduced. Fast reactors enable one to raise unit power,
since they are compact and do have have pressures within the containment. One can say that
it 1s already technologically possible to make fast reactors of power 2000 MW and more. There-
fore, it is better to compare fast and thermal reactors not at identical power levels but at
the power levels that are accessible with the existing manufacturing technology. Finally,
there is scope for improving and simplying fast reactors, which extends to abandoning the
intermediate circuit, heating the main pipelines, etc.

It should however be noted that although the unit power will increase, we at present
cannot envisage and probably for a long time will not be able to envisage enlarging the steam
generators in fast reactors. At present, the nuclear station containing the BN-600 employs
a modular principle, with many sections (modules) of comparatively low power. When a module
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fails, it is switched out without shutting down the reactor, as has been demonstrated with
the BN-600. Then the module is replaced by a new one during the next planned preventative
maintenance. The modular principle has been found to be fully justified and should be used
in the future.

As regards the fuel cycle, a solvent-extraction technique has been developed for re-
processing the fuel rods. This will evidently be used in the first stage of large-scale fast-
reactor development. It may be that a nonaqueous technique will subsequently be devised.
Here there are no criticality constraints, and the wastes are obtained at once in solid form,
which opens up good scope for shortening the external fuel cycle. It is possible that non-
aqueous technology may not provide a sufficiently high degree of purification, but this is
not necessary from the physics viewpoint, since the fast-neutron absorption cross sections
in fission products are comparatively small. Instead, remote handling is required for the
fuel. On the other hand, the inherent activity of the recirculated plutonium will be so
high that remote handling will always be used. Also, the large scale of fuel-pin manufac-
ture in the future will necessarily require automation, which naturally fits in well with re-
mote handling.

We now consider the breeding rate. A breeding factor greater than one is already good,
and this is the essential feature that distinguishes the scope for using all mined uranium
completely from the partial use. However, higher values are desirable, because of the need
for self-sufficiency in fuel in developing nuclear power. The required breeding rates at
various stages may differ. Evidently, in the first stage the breeding rate should be high,
in order that such reactors can rapidly take over a considerable part of the total nuclear
power program. In the first stage, it is not essential to provide self-sufficiency in fuel,
since the plutonium accumulated in thermal reactors can be used to fuel new fast ones. Plu-
tonium 1s most valuable when it is used in fast reactors. It is clearly undesirable to burn
it in thermal reactors. It is thus very necessary for the first stage, the stage where fast
reactors take on an asymptotic mode of development. It is also possible that to fuel them,
i.e., to provide the initial loading for new nuclear stations, one should use enriched uran-
ium if the rate at which new capacity is introduced is high. Here one must remember that
we have a certain enrichment capacity for thermal reactors, and this capacity can be used
for fast reactors when these become the main line of development.

When the asymptotic growth mode has been attained for fast-reactor power, the rate will
be determined by the required rate of power engineering development. Fast reactors could
provide asymptotic development with self-sufficiency. It 1s also possible that they will be
required to produce additiomal plutonium for other power systems such as thermal reactors
not working in baseload mode. It is also possible that additional fuel will be required

- for commercial high-temperature reactors, etc. Fast reactors should be capable of providing
<“this additional plutonium. It is true that in that case one cannot speak of the breeding
rate, since this rate is the ratio of the excess plutonium produced to the total load in
the cycle of a fast reactor. If the plutonium is diverted to other uses, there is no need
to calculate the breeding factor, and it will be incorrect to refer the amount of excess
plutonium is diverted to other uses. There is no need to calculate the breeding factor, and
it will be incorrect to refer the amount of excess plutonium to the load in a cycle.

The breeding rate is determined primarily by the breeding factor and the specific heat
production, i.e., the specific power per unit amount of fuel. The latter is controlled
mainly by the scope for cooling.the core and by the acceptable thermal stress on the fuel
pins and does not exceed 1000 kW/kg of fuel. The breeding factor is also dependent to.a
substantial extent on the form of the fuel. When fast reactors began to be developed, they
were oriented to a use of uranium—plutonium metal fuel. However, it soon became apparent
that there were difficulties with metal fuel: swelling of the uranium and hazardous inter-
action between the metal fuel and the cladding. It was therefore necessary to abandon this
temporarily and to use ceramic oxide fuel, which is less satisfactory from the viewpoint of
the fuel breeding coefficient. There was a large reduction in the breeding factor because
of the neutron moderation at the oxygen and the reduced fuel density. An important task is
to increase the burnup, which is alsoc important from the viewpoint of improving the breed-
ing rate. The larger the burnup, the greater the fraction of plutonium formed in that rum
that 1s burned and correspondingly accelerates the breeding. The time spent in the external
fuel cycle is also economized, and there are benefits over the chemical processing and fuel-
pin manufacture. Table 1 gives some parameters characterizing the performance from exten-
sive burnup.
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. At present, all these reactorshere and abroad are designed to use ceramic oxide fuel,
but studies on metallic uranium have not stopped, and it is currently evident that it should
be possible to attain the necessary fuel-pin parameters with metallic fuel. In that case,
one could provide a breeding factor up to.1.8-1.9, which would satisfy any concealable fuel
requirement in the future. If all the same the transfer to metallic fuel is held up, and the
demand for fuel increases, one could use the principle of a heterogeneous (hybrid) core, i.e.,
simultaneous use of fuel pins .containing oxide or metal. From the physics viewpoint, this is
equivalent to removing some of thé oxygen from the core, with the corresponding partial in-
crease in the breeding factor. R

R

- It is also desirable to use fast reactors to produce not only electricity but also heat
for industrial purposes. Experience in that respect has been acquired with the BN-350, where
part of the energy is used for desalinating sea water. Further research on this topic is
favored by the fact that fast-reactor stations produce high-potential heat (over 500°C),
which is very useful for some industrial technologies. Also, the industrial use of fast
reactors at constant mode is equivalent to a baseload operation, which is most favorable

from the economic viewpoint and'whiCh;prOVides'the;largest agount of additional plutonium.

Many Comecon member-nations are interested in the fast-reactor researches. Those coun-
tries have collaborated in this ‘area for 13 years via the Fast-Reactor Council. The collab-
oration has accelerated the resolution of problems in designing large and economically viable
fast reactors. The program in he USSR envisages building the BN-800, which is essentially
a modified and ungraded BN-600, with the work then extending to the next generation with the
BN-1600. The basic reactor parameters are the following:

BN-800 BN~1600

Power, MW: o
thermal SR 2100 4200
electrical _ 800 1600
No. of cooling loops : 3 4
Coolant parameters in first
circuit: a . '
flow rate, ton/h - 31 000 62 000
Temp. at heat exchanger inlet,
°c : 547 547
Temp. at core inlet, °C " 354 354
Coolant parameters in second
circuit: ‘ T
flow through one steam gener-
ator, ton/h : . 10 000 15 000
inlet temp. for steam -
generator, °C : 505 505
outlet temp. from steam gen-
- erator, °C - - 309 309
Feedwater temp. at inlet to
steam generator, °C 210 210
Steam temp. at outlet from steam '
generator, °C o 490 490
Steam pressure at outlet from
steam generator, MPa 13.7 13.7

Run time between reloads, days 120 150

Considerable attention is being givenito the fast-reactor work in this country. There
are statements on the need to accelerate the work and to make early use of fast reactors in
the proceedings of the Twenty-sixth Congress of the CPSU and the plenary meeetings of the
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. TABLE. 1. Effects of Burnup on High-Power ’
Reactor Characteristics (type BN-1600 with
oxide fuel) and Influence on the Fue
Cycle ' ‘

Maximum burnup, % of

Characteristics heavy atoms -
5| 1o 15 | 20

Reactor characteristics
Breeding factor losses:

from capture by fission 0,0331 0,067 ] 0,101} 0,135
products o .
due to chemical repro= | 0,047| 0,025} 0,016{ 0,012
cessing (loss in cycle 2%) -

Overall losses in breeding | 0,080] 0,092] 0,117 | 0,147
factor :

Fiel cycle

Breeding rate (external . 3,84 5,7 6,71 7,3
. cycle 1 yr)

Specific volume of repro-- | 20,9 | 10,4 | 7,0 | 5,2
cessed fuel, kg/MW(el) * .

3
Sp):acific volume of repro- 3,5 | 1,9 1,4 | 1,12
cessed plutonium, kg/ _ ' _
MW(el) eyr :
Specific scale of fuel pin 20 45 30 22
- production, items/

Mw(el) - yr

Central Committee of the CPSU., Soviet scdentists and engineers, and workers and technicians,
and all who are involved with the problem will make efforts to carry out these resolutioms.
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* PAGES OF HISTORY

CRITICAL ASSEMBLY OF THE WORLD'S FIRST NUCLEAR POWER STATION REACTOR

M. E. Minashin UDC 621.039.524

~ Among the many questions and problems facing the developers of the world's first nuclear
power station and particularly its reactor, one of the principal ones must be designated the
determination and choice of physical characteristics of the reactor and also the study of 1its
behavior during runup, operation, transitional regimes, cooling, and in emergency situations.
All these characteristics can vary during.a reactor run, as burnup of uranium and buildup of
plutonium takes place. Fission products are accumulated, the ratios of the number of nuclei
of fissile isotopes to the amount of structural materials and coolant vary and, consequently,
the intensity of competing processes of the interaction between the neutrons and these mater~
ials varies. As a result of all these changes, as a rule, the effective neutron multiplica~
tion factor also varies, which determines the control ability of the reactor.

The determination of the nuclear-physics characteristics of reactors of selected design
and power, as is well known, starts with the determination of the amount and enrichment of
the uranium charge in order, in the final count, to ensure an acceptable duration of opera-
tion (or the amount of power produced from the reactor) and to have satisfactory character-

istics with respect to controllability and the necessary economic indices.

When designing and constructing the world's first nuclear power station, the questions
of economic operation of the station were not studied in detail, since the design did not pur-
sue an economic goal, but the problem of the proof of the feasibility of construction of the
nuclear power station and its operational capability was resolved. Only after startup and
during further work on the creation of more powerful nuclear power stations were investigas
tions on the economics and conditions for achieving economic competitiveness initiated. Just
as for the first nuclear power station, so also for subsequent stations, the main attention
was paid to questions of the operating reliability of each unit of the plant. The choice and
development of designs, including such new elements of the reactor as the fuel channels (FC)
and fuel elements, including the choice of the type of uranium fuel for it, were subordinate
to a considerable degree to this problem. Prior to the contruction of the first nuclear
power station, there was no design of fuel channel and fuel elements suitable for operation
at the high temperature and high pressure of the coolant, nor even data published about this.
The construction of the fuel channels and fuel elements was the most difficult problem in
designing the first nuclear power station. In addition to the physicists' calculationsof the
reactor, experiments were also conducted on the assessment of the sultability of the alter-~
natives being proposed by the designers and technologists for the designs of the fuel chan-
nels and fuel elements with different types of uranium fuel. When calculating the reactor
alternatives, difficulties arose in the manufacture of graphite components of large dimensions
for the reflector. However, these and many similar calculations associated with the choice
of designs were only tasks of an incidental nature, whereas the search for designs of the fuel
channels and particularly the fuel elements was conducted constantly right up to the end of
1953. Together with the use of tubular fuel elements, during planning the possibility of us-
ing rod-shaped fuel elements was considered. But from the point of view of reliability, the
tubular fuel elements were assessed to be the most suitable, as they could be previously
tested on a thermal test-rig under load. Other positive properties of these fuel elements
also were noted. Because of the nonmastery in 1951 of zirconium production for the channel
tubes, necessary for the use of rod-shaped fuel elements, the tubular type of fuel elements
was assessed to be the main alternative. Towards the middle of 1953, test-rig trials of new
samples of tubular fuel elements, which had been started in March 1953 by a group of special-
ists under the direction of B. A. Zenkevich, were mainly completed, and for which a uran-
fummolybdenum alloy dispersed in magnesium was used, developed by a group of specialists
under the direction of V. A. Malykh. These samples were subjected to thermal tests with
loads of more than 2.3 MW/m* (2:10° kcal/m?*:h). In the quantity of materials — nonproduc~
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- Fig. 1. AMF reactor (plan view): 1) loaded fuel chan~
nels; 2) fuel channels loaded to 2/7; 3) gaps filled
with graphite samples; 4) unloaded gaps; 5) rod ab-
sorbers of scram system; 0) reflector. '
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Fig. 2. Fuel element (a) and fuel channel (b) of the
AMF reactor: 1) filling of Us0e powder; 2, 3) 1Khl8NYaT
steel tubes, with diameter 13.4 x 0.2 and 9 x 0.4 mm,
respectively; 4) soldering; 5) steel sleeve; 6) water;
7) steel base with thickness 2 mm; 8) confining ring of
tin plate. _ »

tive absorbers of neutrons in the fuel elements and channels of this type (molybdenum, steel,
water) — and in geometrical dimensions, this fuel element version differed little from that
used in April 1952. For this fuel-element version, taking account of the availability at this
time of .new values of the constants (resonance integrals of absorption in *°°U, fission prod-
ucts, absorption cross-sections in molybdenum, etc.), new values were determined for the charge
and enrichment of the uranium (570 kg and 5%, respectively, instead of 600 kg and 3% in the
original design version). Although these values, just as the choice of the uranium compound
for the fuel elements considered in April 1952, underwent almost no changes right up to the
manufacture of a regular batch of channels, not one of the versions of fuel elements up to
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TABLE 1. ‘Véiuﬁe of Materials and Gas Cav-
ities per cm height of Cell, cm®/cm

. T - Lattice pitch ¢, cm
.- Materials and cavities |—-
Co . 14 20
U i - o o 4,84 4,84
C o ' 184,5 384,5
H,0 SR N 3.7
1Kh18N9T steel - 1,84 1,84
Gas cavities - 9,12 13,12
Total in cell . 204 ' ) ' 408

TABLE 2. Values of Constants Used in the
Calculations for Neutroms with Eo = 0.025

eV, b
Material | + o, | o, c ' 0y, e 2'_’.'
s a. f ) a0 8 tr cm_| t:m"
cC ol —|=]o00042 (4845 — 037
H,0 e a == - =] — o=
. =0,020 | . }=2,33 =2,35
23577 . 2,07] 545 645 8,3 ] 8,3 — —
238y - = 2,67 8, 8,3 — —
. steel . -] =0,247.

Note, For neutrons with E > 0.025 eV, og4,
VEo/E. Here va 1s the number of secondary
neutrons per absorption event; of is the
fission cross section; ogq is the absorption
cross section; I, = pog; Itot = POtot 18 the
- total cross section; p is the density of the
nuclei, )

the end of 1953, however, could be considered as acceptable. This wag explained by the fact

that attempts to manufacture test samples of certain versions of fuel elements ended in fail-
ure (these samples were not even subjected to thermal tests: their surface was covered with

pits, cracks, etc.) and the version placed as final still had not pressed reactor tests.

In view of the absence of a fuel-element version acceptable for the first nuclear power
station project, it was not possible to order an experimental batch for the testing of a
physics assembly. It was only in mid-1953, based on thermal tests (including also tests with
thermocycling) of samples manufactured by a technology developed under the direction of V. A.
Malykh, that confidence emerged that this type of fuel element was promising. Now the first
nuclear power station reactor project became more substantiated. All developments could be
refined. In June 1953, on the instructions of I. V. Kurchatov, the Commission of the Institute

~of Atomic Energy was formed at the Physicopower Imstitute (FEI) composed of V. S. Fursov, G. N.

Kruzhilin, V. I. Merkin, and S. A. Skvortsov, which examined the design data of the first nu-
clear power station reactor. 1In particular, the Commission noted that the physics calculations
of the reactor had no experimental verification and therefore could be erroneous.

Because of these comments by the Commission, verifying calculations were performed and a
report was issued. It was shown in it that according to the concepts existing at that time
about the constants, the margin of reactivity was sufficient for accomplishing the assumed
running period. At the same time it was noted that, taking account of the entirely possible
errors of the constants used in the calculations (and also the moderation length and diffu-
sion length, existing for a reactor of small dimensions, resonance absorption of neutrons in
2387, etc.), due to inaccuracy of the cross-sectional values, the relatively large amount of
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water in the lattice of the reactor and the complex geometry of the fuel channels, there
might not be a reactivity margin above the calculated value 6f the running time (100 days).
On the other hand, it was not possible to increase, for example, the uranium enrichment,
since the number of rod-absorbers necessary for compensation of the excess reactivity, cal-
culated with consideration of the assumptions mentioned above about the accuracy of the con-
stants (and the estimated value of Ake,== 28%), would be increased significantly and an ex-
cessively expanded grid of rod-absorbers would be used. This implied that it would be
necessary to assign an additional number of cells for these rods and have coolant feed and
outlet lines to them from both the main system of heat removal and from the heat-removal
system from the control and safety rod channels, afid to have feeder tubes for the cables of
the rod actuators, etc. All this concerned the design of the reactor and the control and
safety rod system as a whole. Therefore, it would be necessary to look for confirmation or
discrepancy of the calculated and factual data on examples of critical assemblies of other
reactors. Testing and verification of the procedures and constants used before and after
this period were carried out by means of a calculation of the RFT reactor of the Institute
of Atomic Energy and of other critical assemblies. The results obtained were quite good,
and this checked the designers before a new change of design of the first nuclear power
station reactor and its systems.

However, the results of the verification of the procedure and constants were obtained
as applicable to reactors with significantly different fuel-element designs. Therefore, the
question of accuracy of the calculations of the first nuclear power station reactor still re-
mained open. :

At the beginning of 1954 in the Physicopower Institute, an assembly of experimental fuel
elements was received for physics models, which in their dimensions were similar to the fuel
elements of the first nuclear power station reactor. The evalution calculations showed that
this assembly of fuel elements (435 pieces) was sufficient for the construction of a uran-
ium—graphite reactor of zero power and of small dimensions, with fuel channels similar in
design to the channels of the first nuclear power station reactor. More detailed calculations,
performed with the participation of Yu. A. Sergeev, V. Ya. Sviridenko, and G. Ya. Rumyantsev,
confirmed this possibility. Z. M. Kurova, S. I. Shagalina, L. Yu. Dol'skaya, and V. M. Stroi-
kova also participated in these calculationms.

_ The spacing grid for the rod-absorbers was .also chosen. The actuators for the rods of
this test-rig were designed by G. N. Ushakov, and with the approval of D. I. Blokhintsev, the
reactor was built in the Physicopower Institute with the vigorous participation of A. K. Kra-
sin, B. G. Dubovskii, A. V. Kamaev, M. N. Lantsov, E. I. Inyutin, L. A, Matalin, etc. The
schematic form of the reactor (designated AMF) is shown in Fig. 1, and a cross section of a
fuel channel and fuel element in Fig. 2. Table 1 shows the quantity of materials occurring
per cm of height ‘of the cell, and in Table 2 the values of the constants assumed in the cal-
culations are shown. The physics model was not an exact copy of the AM reactor, but in the
design of the fuel channels, cell dimensions and quantity of materiels in it, it was the

closest to the reactor. model by comparison with the one having been used earlier.

The distribution of thermal neutrons in the cell of fuel channels (¢) and the thermal
neutron utilization factor 8 were computed on the basis of the solution of the diffusion
equation .for each zone of the cell:

A, — 2 0, (1)

tD T
_ where Ly and D are the length and coefficient of diffusion in the zone i, respectively, and
q4 in the density of sources due to moderation.

At the boundaries of the zones, the fluxes ¢ were "joined" and the resulting fluxes were
Dy de4/dr.

‘The coefficient of resonance absorption escape was determined by the formula of M. B.
Egiazarov [M. B. Egiazarov, V. S. Dikarev, and V. G. Madeev, in: Session of the Academy of
Sciences of the USSR on the Peaceful Utilization of Atomic Energy. Conference of the Division
of Physicomathematical Science [in Russian], Academy of Sciences of the USSR, Moscow, (1955),
p. 53] which, after its transformation for a cell of the first nuclear power station reactor,
acquired the following form:

i) exp{ n V4228 (V0 }’
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- where F is the surface of the uranium turned ‘towards the moderator (water or graphite); 7
- 18 the mean free path of neutrons in the uranium"z = 2dr = 2(1.3-0.9) = 0.8 cm; € = po/b4.7*
- 1022 is the relative density of uranium nuclef; Vy, VC, and VH,0 is the volume of uranium,
" graphite, and water in the cell, cnm’ /cm, n is the number of fuel elements in the fuel chan-
nel, and y is the density of the water in the fuel channel.

The square of the neutron moderation length up to energy E in the lattice and in the
 reflectors was calculated for a homogenized medium on the basis of a computation only of
elastic collisions (in view of the small concentration of heavy nuclei):

Ep . . A
- X E __dE'/E" L) 3
() 3 &S f(Eg) x {S (2 thtrh) (Zztrhﬁzsth) 21;211 }dEo, ( )

where f£(Eo) is the distribution of fission neutrons with respect to energy Eo;

f(E)dE = "“?“”E" dE,;
: §e'E°sh]/2EodEo

Lgk = PkOgk and Itrk = pkOtrk are'the cross sections of scattering and transport of neutrons
by the nuclei of material ef the kind k,: occupying a volume Vk in a cell of the core or in
the reflectors; r (Eo)/6 is the square of the mean free path of a fission neutron with energy
E¢ before the first collision, as the average value of all mean free paths r;

. °°.r*‘ ~Z (Eo)r
g—s-e SO 5 (Bg) dr %)

v Se_z"w")r =5 (Eo)dr
0

’ | | R
‘ The critical size for a given neutron multiplicetion factor K, (or K, with specified

‘ dimensions) is determined on the basis of the formula of age approximation

(14 %3L3) exp (37;) = Koo, ' (5)
where '

'3__ n 2 E 2 .
| = () +(mem ) )
here H and R are the height and radius of the core, respectively, and £, = 2.401.

The values of the equivalent additions to the size of the core due to the end reflec-
tors (§z) and the lateral reflector (8R) were estimated on the basis of the solutions of the
two-group diffusion equations of age approximation, obtained on the assumption of an arbitrary
separation of the spatial realtions of the fluxes ¢(r, z) = ¢(r), ¢(z). For this, in 1951-
1952, a universal equation of critical sizes was developed and used for the first nuclear
power station reactor, suitable for 10 different geometrical shapes of one~dimensional re-
actors, at first for Lf = 1f (in the reflectors), and then also for L*? = tg.

The calculated data obtained by using these equations and formulas are given in Table 3,
whence it follows that with the number of individual fuel elements available in our arrange-
ment (435 pieces), a critical reactor with a lattice pitch of 20 cm could not be achieved,
but with a lattice pitch of 14 cm criticality should be achieved with 49 channels. The
physics model of the AMF reactor achieved criticality on March 3, 1954, when. 512/, fuel chan-
nels were loaded with the presence of gaps in the lateral reflector. According to the ex-
perimental estimates, loading of the gaps with graphite reduced the critical mass to 50 fuel
channels. The results of a comparison of the calculated and experimental data indicated the

' necessity for the use in the calculations of joining of the generation density of neutrons
‘moderated in the core and in the reflectors, with weighting factors averaged over the square
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~ TABLE 3. Calculated Values of the Physical
-Parameters for the AMF Reactor

Core, channels
e Y Reflectors -
Parameters with water

a=14cm|a=20cm | lateral | end

] 0,923 0,956 — -
e 0,792 0,759 — —
Koo 1,541 1,503 — —_
Jat,cm 124 259 3260 3260
Stot, cm 2,56 2,78 2,76 2,76
L2, em? 106 239,7 3000 3000
Tr, cm2 300 360 370 370
(£35)7?, cm 13,9 15,43 17,4 17,4
(EZ 241, cm? 60,5 69 67,4 67,4

£ 1,08 0,984 — -

g 1,25 1,128 — C—_
' 1,44 0,976 - —
5 { a=14cm - — 32 28
a==2() cm — — 39 32
Rer 55,8 132 - —
- 49 134 — —

Note. Rer is the critical radius of the core)
Ner is the critical number of fuel channels.

* 7 \'E;, /thermal region
“f

a
—_~

A S i ez, . S dv/Z}Ls)
‘lf %
I I | . _ b
n = T ) » g2 == T I3
..1‘_ {dz/gzs + S dT/ERE,
£ £y

Symbols with primes refer to the reflectors.

of the moderation length, but not for 1 eV, as this was sometimes used in calculations prior

The experiments conducted on the AMF showed that by using the procedure and constants
assumed for the first nuclear power station reactor there were no large errors at least at
the start of the reactor run. However, agreement with the experimental data on the AMF test-
ring was obtained only for a cold reactor state. However, the first nuclear power station re-
actor was designed for operation at a high temperature, and there could be no such agreement.

At the start of the 1950s, experimental and theoretical investigations in the field of
nuclear reactors, both in the Soviet Union and abroad, continued to expand., In this period
reactor physics was rapidly enriched with new data about the values and behavior of the inter-
action cross sections of neutrons.with the nuclei of different substances in different neutron
energy ranges, 'and the values of the yield of secondaiy neutrons as a result of absorption
were refined, etc. Under the influence of these new data, in May-June 1954, the procedure for

reactor calculations of the first nuclear power station (mainly in the part of the calculation -

of the effects of absorption in the region of moderated neutrons) and the constants were re-
fined. These refinements were caused by the necessity for detailing the neutron multiplica- -
tion process, in order thereby to allow for the difference in the capture and fission cross
sections in the thermal and epithermal energy regions, and to clarify the influence of other
effects. From a comparison of the method of calculation of the first nuclear power station
reactor [D. I. Blokhintsev, M. E. Minashin, and Yu. A. Sergeev, Atomnaya ﬁnergiya, 1, 24
(1956)], carried out in the second half of 1954, with that used for the AMF test-rig and the
first nuclear power station reactor in the first half of 1954, it follows that besides the cal-
culation of the epithermal absorption, a method was recommended for determining the cutoff en~
ergy between the thermal and epithermal regions, partially used even at the present time.
.Present-day calculations differ first and foremost in that the thermal energy region is div-

- 1ded into several intervals. The calculations are performed on a computer, which allows many
details of processes to be taken into consideration which previously were either unknown or
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.. could not be considered. It must be mentioned that the fundamentals of knowledge concerning
.  reactors, accumulated by many years of work by the scientists of the Soviet Union headed by
. I. V. Kurchatov, have remained unchanged since the time of planning of the first nuclear .
power station despite the complexity of the methods. Our debt and the debt of subsequent
- generations consists in gimultaneously displaying those integral effects enumerated in
Table 3, for all the complexities and refinements of the physical characteristics, which the
physicists of previous generations obtained at the cost of an enormous expenditure of labor.
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ARTICLES |

'HEAT ACCUMULATORS AT NUCLEAR POWER STATIONS

V. M. Chakhovskii - o D ~ UDC 621.355

From the early days of nuclear power, the equipment and fuel for nuclear power stations
have been designed for baseload operation, which is economically justified by the large cap-
ital investment in nuclear power stations and the requirement to maintain high rates of pro-
duction for secondary nuclear fuel. However, the conditions in the unified power system (UPS)
for the country have become such that the scope for increasing the control range in the out-
put power from traditional plants arevirtually exhausted. It hastherefore become necessary
to provide essentially new economic and technically accessible facilities. The traditional
approach here is to devise load-following nuclear power stations based on specialized fuel
pins and equipment stable under repeated thermal cycling, which is the method to be applied
when other and more economical methods of covering load variations have been exhausted.

The engineering and technological problems in designing load-following nuclear power
stations are so complicated that another approach has become necessary. This is to incor-
porate heat accumulators (HA). The main purpose of HA is to retain a high power use factor
(PUF) in the nuclear power plant (NPP) when the station works under varying load. There are
papers [l<4] on the working conditions in nuclear power stationg containing HA, which give
the essential schemes and designs. At present, the development of HA 1s taking various lines.

Table 1 gives the characteristics of HA for daily load graph control (HA of hot-water
accumulator type (HWA), double steam-water accumulators (DSWA), phase-transition ones (PTA),
ones containing chemicals (CA) or organic materials (0A)) and also for weekly load graph
control (HWA, DSWA, PTA, and CA). Here we present results on research on nuclear power
stations containing HA of HWA, DSWA, and PTA types. '

Methodological Aspects of Efficient HA Use. The nonuniformity in the load graph for a
power system makes it necessary to provide the optimum types of load-following system. When
one combines load-following and baseload systems, one employs principles for equalizing the
production of load-following and baseload power at the level of the station or system.

To make it possible to use nuclear power stations with HA in accordance with load-curve
requirements, one has to consider various ways in which they can participate in the variable
part of the load curve. When one déetermines the relation between the accumulated heat and
output power from an HA, one has to know the load graphs for working and other days, together
with the control characteristics of the system equipment. These data are used in establish-
ing the load coefficients and the power increment in relation to the power of the reactor,
which is taken as the nominal load of NPP with HA. To evaluate the participation of nuclear
stations in power regulation and to choose the optimum equipment composition for the UPS, we
use a modified form of model, whose basic concepts have been given in [5]. )

Two approaches can be used in determining the costs at nuclear stations with HA. . Firstly,
one identifies the components and systems in the HA loop (peak power) that provide for work-
ing the station with a variable load, and the costs for this system are referred to the addi-
tional energy production (peak) during the hours of maximum load (HA discharge), when the
turbine power is above the nominal reactor power. On the other hand, the cost of the basic
equipment is referred to the total power output less the peak output. In the second approach,
the costs of a nuclear power station containing HA include those for the peak system and are
referred to the total power production. In both approaches, the total costs are compared
with those for alternative load-following and baseload systems. The forms may be compared
separately on the production of load-following and baseload electricity. The alternatives
may be nuclear power stations with load-following fuel pins, nuclear power stations with
pumped-storage stations (PSS), nuclear power stations with gas-turbine systems (GTS), and
other combinations.

Translated from Atomnaya Energiya, Vol. 56, No. 6, pp. 389-396, June, 1984. Original
article submitted February 28, 1983; revision submitted February 24, 1984.
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TABLE 1. Basic HA Parameters

- HA type
HWA [Dswa | pTA | ca | oa

Parameter

Working body |Water- Wétet_ Salt gﬁgﬁgggorganic
- 3 ' - |cal mat4matter
ter

Working pres- 0,1-2,506,0-7,00 0,4 |0.14—4,000,1-1,5
sure, a :
Thermal ener- 1470_600/670-800| -300— | 500- [100—300

gy capacity, 3030 | 5000

M/m o

%orkmg temp.ﬂ Ho 2001 /10 280 | [lo 1000 | Jto 4500 | Jlo 400
Elect._ene' 1'15-45.| 5565 | 30~300| 60600 | 10—30
cwacuy 9 .

kW eh/m” | _

Cost of unit HA| 50-250/300-500{ 25~600 [200—900| 60—200
volume, .~ .

tibles/m? - ' e ‘

HA cost, 40—-2001 60250} 80340 |100—~400| 50~-260
rubles/kw : '

Cost of stored [0,8-2,8/1,2-3,6] 1,35~ |1,5~4,4/0,8-3,2
energy, ko~ . _ 3,85

pecks/kW+h | - ’

*The range in stored energy cost in HA is
dependent on the mode of operation in the
power system.

An important condition for the nuclear station is to provide the maximum PUF, and con-
sequently high rates of secondary nuclear fuel production (under conditions of a closed fuel
cycle). Figure la shows a possible integral daily load graph for nuclear power stations in
the UPS in relative units, which is characterized by pronounced load peaks. With this graph,
the load on the nuclear power stations should vary continuously, which involves ongoing
changes in the technological process, which firstly are complicated to provide and which
secondly reduce the station reliability. Therefore, in order to follow the graph for the
real load (real graph) one is justified in organizing each nuclear station on the basis of
a simple graph with the minimum number of load changes, for example as shown in parts b and
¢ of Fig. 1 for nuclear stations without and with HA. The daily power outputs from the real

. and simple load graphs should be identical, as should ‘be the conditions for running at the
minimum and covering the maximum load, namely in other words the graphs should have equal
areas, equal maximum heights, and equal minimum depths. Figure lc shows a simple load graph

‘ for a station with HA in which the nominal load on the NPP corresponds to the mean daily
nominal load in the real graph. . ‘ .

_The,following.condition must be met for the station in the system when a set of simple
load graphs 'is drawn up: the station must provide a given load Pky and therefore produce
power during time interval v, including the time of minimum load and the time of maximum:

. 7 . '
} ) : ‘ z (P]kuNj= Py, (k= i’—;; v=1, V)’ : (l)

where(pjkv is the relative load on nuclear power station } on day k during interval v;vthe
number of these being V when a station works n days a year, while Ny 1s the nominal NPP power
at nuclear station j, the total number of these in the power system being J.

' The PUF for NPP with and without HA may be defined by the following for identical daily
power outputs on the working and other days of the week with equal morning and evening peaks

in the load with the nuclear stations operating on a simple load graph (subscript j is omit-
ted):
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Fig. 1. Daily load graphs for nuclear stations on working days (1) and nonwork-
ing days (2): a) real daily load graph for nuclear stations in UPS; b) equiva-
lent daily load graph for nuclear stations without HA; ¢) equivalent daily load
graph for nulcear stations with HA.

- HA-
PUFNPP with HA = (q’gﬁ\fmln““ @maxTmax + (P?nATm) n-8760-l- _ ' (2)
PUFNPP without HA — ((pmin"mln +‘pmax7max + m m) n-8760™t —‘(Pn -8760-1. 24 (3)
where ¢§{,§ = 1 — o q;mx =14 p; (pm =1 + OTmin MHA— prmax) 'tm the coefficients for the

minimal, maximal, and intermediate loads on the NPP with HA correspondingly, Pmins> Pmaxs and

Pin (24(p — Tmax — Pmin Tmin) -r p are the same for NPP without HA, ¢ = 24-‘21‘ ¢; 1s-the mean daily.
- 1= R

(nominal) load, which is determined from the actual nuclear station load graph, @ = p-! (p — v

Pmin) Ny, 18 the nuclear station unloading coefficient under conditions of HA charging in
relation to the reactor power, p = 91 (1 — Pmin) —a¢ . 18 the coefficient for the increment in
turbine _power under discharging conditions in relation to the reactor power, Tin = 24 —
"-'max — Tmin is the time for which the nuclear station with HA works on intermediate load,
Tmax 1s the total duration of the morning and evening load peaks on the basis of teferring
the duration of the morning peak to the largest value of the evening one, Or T,,, = (1 — ¢)
Tmax max

421(¢l__¢) is the averaged time of maximum load, and n is the number of working days for

the nuclear station in a year.

The durations of the cycles Tmin, Tmax, Tin ORn the simple graph with minimal, maximal,
and intermediate loads are calculated from the real graph on the basis that the energy Emin

during the dip is set in relation to the load o representing the energy Emax produced during

the peak hours. together with the 1ntermediate load Ein:

E min =Emax+Ein- . ] . » 4)

_ Expressions (2)-(4) apply if the nuclear station does not particiﬁate in reducing the
baseload during weekend days. When allowance is made for the weekly nonuniformity in the
" base load on the nuclear stations, the PUF for the NPP with and without HA may be determined

' from (2) and (3) with identical characteristics for the load peaks on the working and week-

end days at nuclear station ‘§ using the following relationships:

PUFNPP with HA = PUFNPR with HA (a T $igpgd 75 | (5)

" PURRpp without HA = PUFnpp thhout HA . o (8)
X (ngq + g g 07, '

-390

Declassified and Approved For Release 27013/09/1.4 - CIA-RDP10-02196R000300040006-2 -




]

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040006-2
' - : PUF . ——
a8

o6}

04

ottt
0.2 04  064p

Fig. 2. Change in PUF of NPP in
relation to power control range: _

1) with HA for efficiency of HA

0.9; 2) nominal PUF of NPP with

HA; 3) efficiency of HA 0.8; 4)

PUF of NPP without HA; 5) nominal

PUF of NPP without HA.

where nyq and np4 are the numbers of working and nonworking days when the nuclear station op-
erates n days in a year, Vjw 1s the weekly nonuniformity coefficient in the baseload at nu-

‘clear station j, this being the ratio of the minimal loads (baseloads) on nonworking and

working days.

Figure 2 shows the variation in PUF with and without allowance for the weekly nonuni-
formity in the baseload in relation to the nuclear station power control range. HA provide

- for high values of PUF relative to nuclear stations without HA. When there are HA, the tur-~

bine power exceeds the NPP power by a factor 1 + p, which is equivalent to the capital invest-
ment in the NPP (the most costly part of a nuclear station) being reduced by comparison with
the case without HA. The saving is partly consumed in the construction of the accumulating
system, but most of it is released for other uses in power engineering. The results in Fig.
1b and c and in Fig. 2 have been obtained from (1)-(6), which enable one to incorporate the
working conditions of nuclear stations with HA and which are necessary for determining the
economic performance of nuclear stations in the UPS. '

Calculating the Thermal Schemes for Nuclear Statioms with HA. Particular attention has
been given in devising methods of calculating these schemes to the modes of HA charging and
discharging. There are the following specific features in devising the thermal scheme for a
feed-water accumulator (FWA). In FWA charging and discharging, there are changes in the
working conditions of the turbine system, steam superheater, separator, feed pump turbines,
condensate pumps, condensers, and regeneration system on account of changes in the steam flow
over the segments of the turbine and the flow of condensate in the feed water system. The
flow directions may alter. For example, in discharging mode the condensate from the separa-
tor is run into the cold condensate tank or into the FWA, etc. In accordance with the work-
ing conditions, there are changes not only in the mass-flow balance for the components hand-
ling the hot water but also in the number of flows, which leads to changes in the heat bal-
ances in the components. ' '

The turbine power is calculated for all modes of operation with the HA. A feature here
is that the expansion of the steam is accompanied by change in the volume flow rate over the
parts of the turbine. The efficiencies of the turbine stages alter during HA charging and
discharging (particularly in the low-pressure cylinder LPC and in the last stage), on account
of the changes in water content and the energy loss associated with the outgoing velocity
of the steam flow. One uses universal characteristics for the efficiency changes in the parts
of the turbine as functions of steam volume flow rate and pressure difference in order to
determine the parameters and heat contents of the steam in the sections and after the last
stage in the HA charging and discharging modes. These parameters are subsequently used in
balance equations for the components.

The thermal scheme for the nuclear station with DSWA combines the basic principles real-
ized in stations with FWA, and the method of calculation agrees with that for the latter. In
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Fig. 3. Essential scheme for a load-following nu-
‘clear station with a steam-water accumulator and
peak turbine: A main system; B peak system; 1)
VVER, 2) steam generator; 3) main steam turbine;
4) condenser; 5) condensate pump; 6) low-pressure
regenerative heaters; 7) deaerator; 8) high-
pressure heaters; 9) feed pump; 10) circulation
"pump in main and peak systems in feed water unit;
11) steam-water accumulator SWA; 12) expander; 13)
peak turbine PT; 14) PT condenser; 15) condensate
pump; 16) low-pressure. water heaters in peak cir-
cuit; 17) PT deaerator; 18) PT feed pump, 19) SWA
circulation pump.

ridition, for nuclear stations with DSWA we have derived expressions relating the flow rate
of the hot water Dpy entering the feed water system for the main turbine together with the
flow rate for the generated secondary steam Go supplied to the peak or main turbine. These
expressions include the unloading depth a, the duratioms 1¢ and tg of the HA charging and
discharging cycles, and the parameters of the working medium under these conditiomns:

Gy =Dy (i — i) (&, —»hw)(zw—z)*x(zo—th) 'rcrd, , Y
tﬁ&"“l%(% ) (88— 5) G, “%w) X (10 — i) %G (8)

where 1,, i: are the enthalpies of the main and secondary steam at the exit from the expander
correspondingly (Fig. 3), iy, ipy, and ic are the enthalpies of saturated water .at the corre-
sponding pressures in the DSWA, the hot water, and the condensate coming from the cold-conden-
sate tank in charging the DSWA.

To match the DSWA characteristics to the working-condition requirements for the nuclear
station, we have derived an expression defining the limiting discharging cycle time as a
function of the working-medium state parameters:

Ty 26 1o+ Dy D3 (35— i) Glo— i )71 X (15— iy ) (5 — £, . 9

The details of calculating the thermal scheme for a nuclear station with PTA are depen-
dent on the type of heat-accumulating substance HAS, the systems used to supply and remove
the heat from the PTA, and the point at which this is connected into the station system. If
the. PTA is -connected to the turbine system, the calculation principles differ little from
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Fig. 4. Essential scheme of nuclear station
with accumulating steam generator: 1) reactor;
2) accumulating steam generator; 3) turbine; 4)
condenser; 5) condensate pump; 6) low-pressure
heaters in main system and steam-accumulator
charging system; 7) deaerator; 8) FWA; 9) feed
pump; 10) pumping accumulator-steam generator
charging system; 1ll) cold condensate tank,

those for the FWA case, if the PTA performs functions analogous to those of the FWA. There
will be a difference concerned with calculating the characteristics and working modes of the
PTA, which are extremely complicated and are not considered here. When the PTA is connected
to the coolant system, there are changes in the working conditions in the steam generator, so
one additionally introduces a condition for joint operation of the steam generator and the PTA.

Developing HA Schemes and Efficient Use of HA at Nuclear Stations. Existing methods of
accumulating heat have some major disadvantages as follows: storing heat as steam requires
large vessels, and the steam parameters alter during HA discharging, while the peak turbine
works with throttled steam or steam with varying parameters, which results in low efficiency;
it is impossible to use the volume of the HA, the accumulated heat, and the steam mass com-
pletely, which means that very large volumes are required for the vessels, which also have to
work at high pressures; and there are imperfections in the systems for organizing the heat
movements during HA charging and discharging, which complicate the design of the accumulating
system. e : : '

This has led to the design of thermal schemes for nuclear stations with HA to eliminate
these deficiencies. Some of these deficiencies. Some of these schemes have been published
in [1, 3, 4]. Technically speaking, the simplest schemes involve FWA and DSWA. 'Those with
DSWA provide higher efficiency than some power station schemes with forms of steamwater heat
accumulators [6], but they are inferior to stations with FWA. The efficiency of DSWA is
0.65-0.8, and the largest values are attained when one organizes the heating of cold con-
densate 'to the feed water temperature in charging mode using the classical regenerative heat-
ing scheme, while the heating to the saturation temperature of the water in the steam gener-
. ator is performed with live steam in an additional heater after the feed water mains system.
The largest losses in thermal accumulation with DSWA occur in the expansion unit during dis-
charging. One can reduce the loss by increasing the power production by means of displacing
the regenerative steam flows (Fig. 3). In principle, one can realize a steam~power cycle
with high efficiency with DSWA, but then the latter becomes a double-acting hot-water accumu-
lator DHWA in which the water is fed from the DSWA directly to the steam generator. High ef-
ficiency (0.95 or more) in the DHWA (6.0 MPa) occurs because during charging the feed water-
is heated in the additional heater (or in the accumulator itself) to the saturation tempera-
ture in a way analogous to that used in heating the feed water to the saturation temperature
in the steam generator. Consequently, the DHWA enables one to realize simultaneously effects
attained in the regenerative heating system and in a steam generator of drum type. The feed
water is heated to the saturation temperature in the steam generator using live steam in DHWA
charging, which reduces the turbine power by a value proportional to the flow rate of the live
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TABLE 2. Economic Characteristics of Nuclear Power Stations with HA of the Water
Class Fitted with VVER-1000 and Phase-Transition Stores
Heat accumulator type
Characteristics ‘
DHWA hp FWA 1p FwWA DSWA PTA -
Working-body parameters in accumula-
tor
pressure, MPa 6,5 2,5 1,8 6,5 0,1
temp,, C 275 250 189 275 560
Accumulator eff,, "]h 95 96 84 75 9)
HA charging time, h/day 7 7 7 7 7
HA dxschargmg time, h/d . 5 10 5 10 5 10 5. 10 5 10
Rel, power (load) on reactor during day,) 100 100 100 10) 100
Rel. turbine gower, Toe ’
maximatl 141 123 115 139 ) 169
minimal 70 4 83 66 86,5 73 63 28 52 4
PUF of NPP with HA 0,825 0,82 0,821 0,82 0,818 0,815 | 0,805 0,78 0,815 0,8
0,733 0,781 | 0,782 0,781 | 0,78 0,777 | 0,768 0,743 | 0,777 0,76
PUF of NPP without HA 0,585 0,592 | 0,665 0,623 { 0,71 0,72 | 0,575 0,585 | 0,508 0,517
0,558 0,564 | 0,632 0,64 | 0,663 0,685 { (0,548 0,557 | 0,483 0,491
HA volume, 108 m3 i 82 32 64 | 27,5 55 39 78 24 42
No. of HA vessels 3 6 2 4 2 4 3 6 2 4
Cost-of accumulating system in relation 13,3 . 22,1] 7,6 11,9 | 6,1 8,8 | 14,4 22,2 | 4 34,6
to cost of power station block, % .
for HA, % 8,2 16,4] 425 85|27 55|77 165 | 142 284
Net eff, of HA system (elect.), % 31,4 31,6 ‘ 27 24,5 37
No. of hours of peak power use in year | 1500 3000 | 1570 3000 ) 1500 3000 | 1500 3000 | 1500 3000
Reduced cost of electricity produced by | 1,73 1,43 | 1,72 1,4 | 2,14 1,8 1 2,02 1,63 | 2,157 1.85
accumulating system, kopeck /kW -
‘h

*The maximum turbine power is determined by the HA type.
~ 1tThe electrical energy costs for PTA have been calculated on the assumption that
the heat-accumulating substance is completely renewed over 10 years.

steam passing to the accumulating system. In discharging mode, hot water is passed from the
DHWA directly to the steam generator, and the output increases by the flow rate of the live’
steam passing in charging mode to the HWA (with allowance for the correction for the effi-
ciency of the heater). Therefore, in DHWA discharging, the turbine power increases because
of the increase in steam production from the steam generator and the disconnection of the re-
generative tapoff of steam going to the water heater. Calculations have been performed for
a new turbine based on the K-1000-60 design, which have shown that the overall power incre-.
ment is 410 MW, of which 180 MW is due to the increased steam production by the steam genera-
tor and 230 MW due to disconnection of the regenerative steam tapoff. : .

Stations with DHWA provide the greatest increase in power relative to the nominal reac-
tor power, although this involves increasing the output of a steam generator by 16-18% in DHWA
discharging. In stations with DSWA, one can attain the same increment in power but with less
economy with unchanged working conditions in the steam generator and with greater load relief
on the unit if necessary (in part due to the efficiency being lower than with the DHWA).

A station with FWA provides reliable power control with an overall range of 60% by means
of turbine power change relative to the nominal reactor power ranging from +20-10% to -40 to
~50%. If necessary, one can provide a control up to 80-90% in relation to the nominal reac-
tor power, for example over 2-3 h by reducing the turbine power by 70-807 while increasing the
flow rate of the cold condensate in FWA charging. Here one has to provide a suitable margin
in feed pump output or number of them. A station with DHWA can provide power regulation in
the range up to 1207 (excess turbine power in relation to reactor power of 407 and reduction
by 80%), while the ranges up to 1407 with DSWA. To realize stations containing DSWA and DHWA,
it is necessary to develop reinforced-concrete heat-accumulator vessels designed for pressures
of 6.0-7.0 MPa, which are higher by factors of 2-3 than for FWA. However, there are no essen-
tial technical constraints on making HA vessels of volume 10 thousand m® for such steam pres-
sures [7]+ :
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TABLE 3. - Economic Parameters of Load-Fol-
lowing Units

: Rel, specif- [Specific redu=
LFU No. of hours| ;. capf;tal o2a electrical
ypPe  lin year used| investment, energy costs, 7
N kopeck/ kW . h
GTU-100-95 1000 90 3,38
PSS charged 1000 160 2,72
from nuclear 1500 145 2,07
station 3000 140 1,6
Nuclear station 1000 100 * 2,19
with HA 1500 100 1,72
3000 200 1,4
ABU 1000 80 2,256
1500 80 1,77
SPU 1500 118 3,16
3000 84 2,21
LENPST . 3000 192 2,61

*As 1007 we have taken the capital invest-
ments in accumulating systems for nuclear

stations with HA for 1000, 1500, and 3000

h/yr. °

tOperation of a nuclear station with load

following is economically sound on opera-

tion for 3000 h a year or more.

Attention should also be given to the use of steam—generating accumulators, which may
be made of prestressed reinforced concrete with the heat accumulator combined with the steam
generator as shown in Fig. 4., The main advantage of a station with such an accumulator-gen-
erator is that it combines the functions of HWA and steam generator. This enables one to
simplify the thermal scheme. However, this station design involves altering the structure
of the main containment.

A new line is to use PTA at nuclear stations fitted with high-temperature gas-cooled
and fast reactors. There are numerous HAS with acceptable thermophysical parameters and
high latent heat of fusion, particularly above 400°C. Stations with PTA can provide power
control from +70 to -90% relative to the nominal reactor power.. The efficiency in energy
accumulation in PTA is 0.80-0.95. However, before these accumulators can be realized, there
is much research to be done on PTA heat input and output and control. The main advantage
of PTA is the higher specific energy capacity relative to HA of water and organic types
(Table 1).

An algorithm has been devised for calculating the thermal schemes for stations with HA
of FWA, DSWA, DHWA, and PTA, and calculations have been performed on the economic perfor-
mance (Table 2). The PUF of the NPP has been determined on the basis that a station works
for 300 days a year and the HA is discharged for 5 h (peak) or 10 h (semipeak operation).
With a given HA charging time, the load relief on the power station is the greater the
longer the discharging time (Table 2).

The length of the charging and discharging cycle is determined by the working condi-
tions in the unified system and is chosen on the basis of the control range required for a
particular station. The models with different discharging times, in particular 5 and 10 h,
indicate that in the one case the station works with a smaller control range and in the ’
other with a larger one. The correspondence between these characteristics and the working
conditions in the unified power system may be determined by considering the characteristics
of all the system equipment.

Economic analysis shows that the thermal schemes for stations with DHWA, FWA, and PTA
are thermodynamically effective, while as regards economic performance preference should be
given to DHWA and FWA. Stations with DHWA and PTA deserve attention from the viewpoint of
providing a large power control range.

In spite of the weekly load nonuniformity, the PUF for NPP with HA alter only slightly
even when the reduction in baseload in the UPS during nonworking days is provided only by
stations containing VVER-1000 reactors (Table 2, where the PUF for NPP. with HA is given in
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the denominator). If the load dips on nonworking days are covered only by the stations con-
taining VVER-1000 reactors, the weekly base-load nonuniformity coefficient in the near future
will be not less than 0.75 of the minimum load on working days. When nuclear stations par-
ticipate in managing the Sunday load dips in conjunction with other systems, the weekly load
coefficient can be made about 0.85-0.9, i.e., the reduction in baseload on nonworking days

at stations containing VVER-1000 reactors will be not more than 10-15% relative to the mini-
mum load on a working day.

In Table 2, the PUF for stations without HA are given in the bottom lines on the basis
of the dips in baseload on nonworking days. Clearly, PUF is mainly determined by the daily
nonuniformity of the load graph on working days. On this basis we have considered the ec-—
onomic desirability of nuclear stations participating in load graph following. If the nu-
clear stations with HA are to participate in covering the load dips on nonworking days, it 1is
desirable to consider the accumulation of heat with high values for the parameters. For ex-
ample, on working days of the week, one accumulates heat in the HA at pressures up to 2.5 MPa
at 220°C, and on nonworking days at 6.5 MPa at 275°C. The increased energy capacity of the
medium in the HA produces an additional reduction in the load on the VVER-1000 on nonwork-
ing days of about 10-15% (under otherwise equal conditions).

The performance of nuclear stations with HA in the UPS has been evaluated by compari-
son with the parameters of other types of load-following system, including load-following
nuclear stations allowing the load to be reduced to a certain minimum, where the reactor
power is designed to meet the maximum load (here the costs of load-following and baseload
stations have been taken as identical); nuclear stations have also been compared with pumped-
storage ones, where the nuclear plant has a constant 100% load and the load-curve following
is provided by the pumped storage; also, a specialized semipeak unit (SPU) based on organic
fuel or a gas-turbine unit GTU and an air-accumulating unit AAU in a nuclear station. The
economic parameters of systems employing organic fuel have been determined at a fuel cost
of 35 rubes/ton with specific consumptions for GTU of 0.4 kg/kW-h, 0.360 for SPU, and 0.140
for AAU. The efficiency for pumped storage was taken as 0.71. These parameters were taken
from the data of [8, 9]. Table 3 gives the results.

The costs have been compared for various types of load-following unit (LFU) (Table 3),
including load-following nuclear stations LFNS, which has shown that stations with HA, AAU,
and PSS are effective. The largest economic effect in the UPS is attained when nuclear sta-
tions are operated with energy accumulators, where preference should be given to DHWA and
FWA; nuclear stations with pumped storage and with DSWA are practically equivalent. AAU can
compete with PSS and DSWA in the sharp-peak part of the load graph (if the parameters quoted
for them can be attained and they operate for 1000 h a year). Similar calculations have
been performed on using HA in CHPS. Estimates show that the economic effect from using HA
in CHPS is 15-20% higher than that at condensation stations with low-pressure FWA.

Conclusions. It has been shown to be technically possible and economically desirable
to introduce heat accumulators into nuclear power stations and CHPS, particularly FWA, DHWA,
and DSWA., The largest power-control range is attained with HA of DHWA, PTA, and DSWA types
and is 120-140% for stations with HA of the water class in relation to the nominal reactor
power or up to 160% for stations with PTA.

The inclusion of HA in a nuclear station provides higher PUF and consequently maintains
high rates of production for secondary nuclear fuel with nuclear stations working in variable-
load mode. The introduction of HA at nuclear stations will enable one to fit turbines of
power 1.2-1.4 times larger than the reactor power with HA of the water class.or by more than
a factor 1.5 for PTA, which provides a reliable means of covering peak loads by means of nu-
clear stations.
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A "LOAD-FOLLOWING ATOMIC HEAT AND POWER PLANT

V. M. foldyrev and V. P. Lozgachev UDC 621.039

: The capacity of condensation-type atomic power stations in the Unified Power Systems
(UPS) in the European part of the USSR has been increasing, with a reduction in the propor-
tion of installed power supplied by hydroelectric plants and an increase in the proportion
supplied by load-following thermal power stations (TPS) using organic fuel, whose price has
been rising and whose use in electric power generation has been more and more restricted
because of ecological considerations; as a result, it has become necessary to use nuclear
fuel to cover the variable portion of the UPS load curve. The establishment of a reactor
installation whose thermal power varies in a daily-regulation regime requires the solution
of serious technical problems, since the power plants already in existence or now under con-

‘struction are not adapted to operating in such a regime [1]. It should be borne in mind
that unlike load-following power stations that use organic fuel, the technological scheme
of a load-following atomic power station of the same type as the basic one is more compli-
cated. Consequently, there must be greater specific capital investments made for the con-
struction of such a plant. Furthermore, the fuel component of the cost of generating elec~
trical energy also increases owing to the greater specific consumption of nuclear fuel per
unit of energy and the higher cost of the fuel itself for operation in a load-following re-
gime. However, even if we disregard the increase in capital investment and in fuel costs,
the use of atomic power stations in a load-following regime, as will be shown below, is
economically unprofitable even today in comparison with organic~fuel plants. If we take into
consideration the worsening economic indicators of load~following atomic power stations, we

find that atomic power plante cannot be competitive with organic~fuel load-following plants -~ -

even if we use very pessimistic estimates of future increases in the cost of organic fuel.

A preferable arrangement would be not to construct load-following condensation-type
atomic power stations (APS) but to equip such stations with energy~-accumulating systems.
The first APS + HAPS (atomic power station + hydroaccumulator power station) energy complex
is already being constructed in the USSR today, on the basis of the south Ukraine atomic
power station. In such an energy plant the nuclear fuel can be used for covering the var-
iable part of the load curve of the power system while the thermal power of the reactor is
kept constant, which improves the reliability and safety of the APS.

The change from gravity accumulation of energy in HAPS to thermal accumulation in the
hot-water accumulators of an APS makes it possible to reduce the specific volume of the ac-
cumulators by a factor of hundreds, with a possible increase in the efficiency of the ac-
cumulation [2]. 1In particular, the question of 1ncluding line~water accumulators or feed-
water accumulators (LWA or FWA) in the construction of AHPP (atomic heat and power plants)
with condensation-type turbines of the TK-450/500-60 type is of great interest. In this
case we do not necessarily have to develop new turbogenerators usable in AHPP or modify the
existing ones. The reason 1s that the reduction in the rate of steam flow through the low-
pressure cylinders into the condenser when the heat bypasses are connected enables us for
the case of FWA to disconnect the regenerative bypasses and thereby increase the power of the
unit above its nominal value in the heat-and-power regime. When FWA are used on an APS with
condensation turbines and without heat bypasses, a new turbogenerator set must be designed.

The theoretical thermal scheme of an AHPP using a TK-450/500-60 turbine, LWA, and FWA
is shown in Figs. la and 1b. For charging the LWA (Fig. la), we propose using a pair of un-
regulated bypasses after the third and sixth stages of the turbine. These bypasses are pro-
vided for by the turbine design and are intended for the peak line heaters Hpeak, and Hpeak,-
However, for a specified value of the heat-power coefficient the use of these heaters in the
peak regime is not necessary. Thus, from the lower part of the accumulator, cold line water:
at a temperature of about 60°C enters the heaters Hpeak, and Hpeak,. After being heated in

Translated from Atomnaya Energiya, Vol. 56, No. 6, pp. 396-400, June, 1984. Original
article submitted March 9, 1983,
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Fig. 1. Theoretical thermal scheme of an AHPP with LWA (a) and FWA
(b): S) separator; SS-1, SS-2), steam superheaters; H1-H7) regener-
-ative heaters; C-l1, C-2, C) condensers; D) deaerator; CP) conden-
sation pump; HLH) horizontal line heater; HPC, MPC, LPC) high-pres-
sure, medium-pressure, and low-pressure cylinders.

the heaters to about 200°C, this water enters the upper part of the accumulator. The turbine
power 1is reduced during this process because of the reduction in the steam flow rate through -
the flow-through part of the turbine. After the charging is completed the accumulator will
. be full of hot line water.

When the accumulator is discharged, the hot line water from the upper part of the LWA is
mixed with part of the returning line water and enters the thermal line at the nominal temper-
ature of the direct line water. The other part of the returning line water is directed to the
lower part of the accumulator; the bypasses that deliver steam to the line heaters of the ac-.
cumulation loop are closed, and the turbine power increases to a value ‘corresponding to the
nominal amount of steam admitted to the condenser in a condensation regime. After the dis—

. charging is completed; the accumulator will be full of cold line water.

The scheme of an AHPP with FWA (Fig. 1lb) differs from the preceding one (see Fig. ‘la)
in the fact that when the accumulator is charged, what is heated in the heaters Hpeak, and
Hpeak, 18 not line water but feed water. When the accumulator is discharged, the feed
‘water from the accumulator enters the steam generator, and the regenerative bypasses are dis-
connected. The steam flow rate into the condenser, because of the presence of heat—power
bypasses, does not exceed the nominal flow rate in the condensation regime.
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Fig. 2. Variants for covering the calculation load
curves: Neg, power of the energy system; Nep,p and
Ng.sp» peak power during charging and semipeak power
during discharging.

Below are listed the limiting indicators of the complexes AHPP + LWA and AHPP + FWA (for
one unit); during charging the maximum steam flow rate from the bypasses after the third stage
1s 200 tons/h, and from those after the sixth stage it is 300 tons/h; during discharging, line
bypasses for LWA or regenerative bypasses for FWA are completely disconnected. The charging

~ and discharging times are determined from the balance of accumulation and flow rate of the

line or feed water in the accumulator over 1 day.

AHPP + LWA AHPP + FWA
Turbine power, MW:
during charging (Nch) 700.8 - 700.8
nominal in heat-power
regime (Np) 891.2 891.2
during discharing (Ng) 1008.6 ‘ 1100.6
peak (Np = Nd — Npn) 117.4 209.4
" compensating in UPS
(Ne = Ng — Nop) - = 190.4 190.4
load—following (sz = '
- - Ng — Nep) 307.8 399.8
Time, h: N
charging : 14.88 15.52
"discharging - 9.12 8.48
Water flow rate, tons/h: _ '
during charging g . 3672 3106
during discharging - : 5984 5680
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ing energy sources, we must reduce them ‘to identical energy and regime indicators.

TABLE 1. Technicoeconomic Indicators of Load-Following Power Plants
Indicator ACPS,, LwA ACPS,  |AcPs, AHPP + TPS| 4ps)t
Load in the energy system, MW: 4
peak 1200 1200 1200 1200 1200
semipeak 1320 1320 1320 1320 1320
Duration of dayume peak load, h 4 4 4 4 4
Duration of mﬁ httime dip in load h 7 7 7 7 7
‘Reduction in the power of the APS when LWA is 112,72 — - - -
| charged for the daytime dip in load, MW : '
Increase in the power of the APS when LWA — 35,66 - — —
is char%]ed for semipeak load, MW 1.
Reduction in APS power when LWA or FWA is charged 1432,72 1284,34" 1320,0 — —
© for nighttimedip, MW
JIncrease in APS power when LWA or FWA is dis- . 1087,28 1235,66 1200,0 — -
! charged for daytime peak load, M )
Load- followin power, 2520 2520 2520 2520 2520
Daily outg‘ %electncal energy, kWh: o
i when LWA or FWA is discharged 4,35-10% | '5,406.108 | 4,50-108 - —
when LWA or FWA is charge 22,89-10% | 21,83.10¢ 22,44-108 — —
Out ng of electrical energy for load- following power :
da11y 27,24-10% | 27,24-10¢ 27,24-108 27,24-108 | 27,24-108
annual 68,1-108 68,1-108 68,1-108 68,1108 68,1108
L%ngth/ of time the load-following power 18 used ©9m0) 250 - 250 250 250
a
Totaylsvz{ume of accumulators, m3 0,222.10% |. 0,447-108 22.108 - -
Speg:xflc capital investment in "LWA or FWA, rubles/ 236 354 — — -
m .
Cap1ta1 investment, millions of rubles: - -
m LWA or FWA 52,31 51,91 — - -
n HAPS - - 188,4 — —
m ACPS¢ 401,16 * 359,61 369,60 . - —
total ' 466,55 424,5 558,0 - 705,6
Expenditures for nuclear fuel and deductions from the 30,20 27,08 - 27,82 - 217,36
cost of the initial charge, millions of rubles/yr
Anntl’xlal 7xpend1tures for organic fuel, millions of — — - 99,15 -
rubles/ yr
Reduced calcilated expenditures for the- generation of 135,17 122,60 153,37 - 478,53 186,12
load- following electrical energy, millions of rubles/yr _ .
Specific reduced expenditures for the eneranon of 1,984 1,800 2,252 2,620 2,733
oad-following electrical emergy, ko ge h : : -

Remarks.

1.. Specific capital investment in load-—following APS ig taken to be 280 rubes/kW-
Cel.), d.e., disregarding the 1ncrease in investment needed to provide load- following

operation.

bles per ton of nominal fuel for specific investment of 140 rubles/ kW (el.). »
annual rate of consumption of organic fuel is 2,478,840 tons of nominal fuel per

year when the specific consumption is .364 g of nominal fuel per kWh.

Kuznetsk coal is 40 rubles per ton of nominal fuel.
3. AHPPLWA means AHPP + LWA; AHPPpya means AHPP + FWA; AHPPgApPS means AHPP + HAPS;
APS7, means load-following APS; ACPSc means condensation—type compensating APS,

‘2. - For  AHPP + TPS the" capital investment in the TPS amounts to 352.8 million ru-
. The:

The cost of

For a comparison of the technicoeconomic indicators of AHPP + LWA and AHPP + FWA, as
well as for a comparison of these data with the indicators of other alternative load-follow-

For this

we have a condensation-type APS which compensates for the reduction in the basic power of

the AHPP when it operates with accumulators.

Asg alternative load-following energy installations, we considered the following:
AHPP with a VVER-1000+HAPS + compensating condensation-type APS with a yvER-1000;
AHPP with a VVER-1000 + TPS with semipeak K—500-130 units operating’ ‘on Kuznetsk coal;
AHPP with a VVER-1000 + APS with a VVER-1000 operating in a load—following regime.

As the calculation curve, we used the UPS load curve which 1s shown in Fig. 2.

The

technical and economic indicators of the HAPS as part of the complex of APS + HAPS are:
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Powver, MW: - : : .
in turbine operation 1200
in pump operation -1320
Head, m . o ' 100
Useful volume of upper reservoir,
millions of m® 22
Operating time during one day, h:
turbine operation ' 4
pump operation 7
Capital investment: : :
total, millions of rubles 188.4
specific, rubles/kW 157

Since the number of energy-producing units per AHPP is the same for all the variants,
we assume the same amount of heat release. 1In the case of AHPP + LWA, because of the need
to work with the curve of Fig. 2, we have not fully utilized the potential of the power
plants for depth of unloading, and in the case of AHPP + FWA for peak power output. Since
in the variants with accumulator systems part of the basic power of the AHPP is used for
generating electrical energy in the variable part of the load curve, in the technical and
economic calculations we introduce a condensation-type APS which compensates for these
losses. The costs for such APS are referred to the load-following electrical energy out-
put, i.e., the electrical energy used in the variable part of the load curve. The costs
for the equipment of the AHPP itself which are due to the heat release and the basic elec-
trical energy output are the same in all the variants, and they were not considered in the
comparison. The results of the comparative calculations of the technical and economic indi-
cators of the alternative load-following power plants are shown in Table 1. o

Analyzing the results obtained, we can draw the following cenclusions:

1. Even if we disregard the necessary increase in capital expenditures and fuel expend-
itures for an APS in the production of electrical energy in a daily-regulation regime, the
reduced calculated expenditures for the APS exceed the analogous expenditures for a TPS op-
erating on Kuznetsk coal costing 40 rubles per ton of nominal fuel.

2, For the indicated cost of organic fuel, the production of electrical energy to -
cover the variable part of the load curve is economically more efficient in the case of an
APS with accumulating systems (APS + HAPS, AHPP + LWA, AHPP + FWA) than the production of
energy by a TPS. ‘

3. 1If we use LWA and FWA on an AHPP, we obtain a considerable reduction in the cal-
culated expenditures for the production of load-following electrical energy than in the
case of an HAPS, with an investment saving of up to 50 rubles for each kilowatt of load-
following electrical power, and the volume of the accumulators is reduced by a factor of
hundreds.

4. An FWA installation on an AHPP is more efficient than an LWA, chiefly because of
the lower volume of the feed-water accumulator tanks.

Taking into account the proposals made by VNIPIénergoprom [3] for setting up highly
efficient load-following TPS using organic fuel, we carried out at VNIIAKS a comparative
analysis of the production of electrical energy in a load-following regime on such TPS and
on load-following AHPP with FWA. The technical and economic indicators of the AHPP with
FWA in the comparison were taken from Table 1. The saving in calculated expenditures in
the variant with load-following AHPP was between 17 and 70 million rubles/yr (depending
on the regime of operation of the AHPP during the summer), with a saving of up to 50% in
annual expenditures for fuel. The results obtained confirmed once again the expected high
economic efficiency of using accumulating systems on APS, especially AHPP + FWA.
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COMPUTER-ASSISTED RADIATION TOMOGRAPHY OF SPHERICAL FUEL ELEMENTS

E. Yu. Vasil'eva, L. I. Kosarev, : UDC 620.179.15:621.039.546
N. R. Kuzelev, A. N. Maiorov,
and A, 8. Shtan'

In recent years computer-assisted tomography has been used increasingly to investigate
the internal structure of industrial products and, in particular, fuel elements [1-6]. The
extensive capabilities of this method make it possible to obtain both layer images of the
objects under examination and the quantitative characteristics of the volume distribution
of the material.

Tomography is of particular interest for the investigation of the internal structure
of spherical fuel elements since the traditional methods of inspection (x-ray radiography,
fluoroscopy) give an integrated picture of the distribution of fuel microelements in a spher-
ical fuel element, i.e., all the internal structures aresuperimposed upon each other, darken
the image, and make interpretation of the results more complicated, while detection of zones
in which microelements are accumulated above the prescribed limit can prevent them from over-
heating and fracturing locally.

Method of Tomographic Examination. The main principle of computer-assisted tomography
consists in-"the following. If a radiation source and detector, collimated and arranged co-
axially on opposite sides of the object under examination, are moved repeatedly in the plane
of the desired cross section, the detector in this case records radiation that has traveled
along a multitude of directions L(r,¢):

—m B @ pa=re, o), (1)
e '

where Io is the intensity of the radiation in the absence of the object, I(r, ¢ ) is the in-
‘tensity of the radiation that passed through the object, u(x, y) is the linear attenuation
factor of the material of the object, r and ¢ are the parameters of the position of the beam
along a straight line, and P(r, ¢) is the projection of the function., The solution of the
integral equation (1) for u(x, y) is the main task of tomography and the field u(x, y) ob-
tained as a result of the solution is the tomogram.

, A varilety of mathematical methods is used to reconstruct the cross section of the ob-

ject from the results of x-raying it [6, 7] in accordance with Eq. (1). In recent years
filtering out the inverse projections has become the most common method [8, 9], which is
realized by the formula

k(4

~ 1 *
Bz, 9)=3x | P*(r, 9)do,
) o

@

where a(x, y) is the reconstructed value of u(x, y) and r = x cas¢ + y sin ¢. The function
P*(r, ¢ ), corresponding to a particular angle ¢ , represents the filtered-out projection,

which is calculated as the convolution of two functions: the projection P(r, ¢) and the filter
function A(r):

' - Rg e _
Prr @)= | PO @A —ndr, . ™

-~ Ry

-Translated from Atomnaya ﬁnergiya, Vol. 56, No. 6, pp. 400-405, June, 1984. Original
'ar;icle,submitted December 9, 1983. .
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Posmon v (layers
4 and 8)

Position III (layers
3andT)

Fig, 1. Acquisition of information on tomograph: 1)

" turntable; 2) radiation source; 3) fuel element; 4) de-
tectors; R is the turntable radius; d is the diameter
of the fuel element or of the region of examination;
¢ and r are the parameters of the beam position I(W,
r) in the XY coordinate system; j is the rotation angle
of the turntable; anda is the angle of rotation of the .
fuel element about the axis of the holder. w

Fig. 2. General view of tomograph.

where Ro is the radius of the region of reconstruction.

Different filter functions A(r) were described in [9]. The application of different
filters leads to some difference inthe reconstructed image. With some filters a high resolu-
tion can be attained but theaccuracy of reconstruction becomes worse, whereas other filters
have good accuracy but do not ensure resolution of fine structures. Depending on the prob-
lem to be solved, provision must be made for the possible use of different filters or com-
binations of filters. This makes it possible to find the most successful relation between
the reconstruction error and the resolution. Three different filters are used in the tomo-
graph described below. S

The data acquisition procedure illustrated in Fig. 1 was applied to the tomographic
examination of spherical fuel elements. The objects to be examined are arranged in a circle,
at the center of which is a stationary source of radiation. The radiation is recorded with
a set of detectors located behind the control objects, two detectors per position.
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Fig. 3. Block diagram of tomograph: 1) detection block;

2) fuel element; 3) source; 4) automatic discrete scanner;

5) spectrometric channel; 6, 7) automatic control and con-—

troller blocks; 8) computer interface; 9) processor of SM-3

computer; 10) memory; 1ll) alphanumerical printer; 12) dis-

play; 13) input/output unit.
p

Fig. 4. Automatic discrete scanner.

- In the initial position the fuel elements are outside the beams of radiation and the de-
tectors record Io. The process of acquisition of information consists of the following. The
_control objects rotate discretely about the axes of the holders with an angular step Aa. Dur-
-ing the time when these objects stop in the position ai, wj the detectors record the intensity
- I(r, 9 ) of the radiation passing through the object. The objects rotate in steps of Aa until
" they have described an angle of 2w, after which they are moved along the circle through an .

2r sin n—g“’-}d,

where d is the diameter of the region'df examination into which the objedt.uﬁder étudy:iS'; .
inscribed by its dimensions, R is the radius of the circle on -which the objects are located,
and n is the number of displacements of the object within the limits of the control angle.
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Fig. 5. Relative position of collimation systems and
inspected layers: 1) collimator of detection head; 2)
collimator of radiation head; 3) radiation source; &)
fuel element; 5) detector. :

The cycle 1s repeated until the object has been examined, 1.e., until the product of the
number n of displacements of the object along the circle and the arc length RAY becomes équal
to d/2. The total number of measurements for ome layer of the object is ‘

2n P
N = av- |
During the movement of the objects$ about the axes of the .holders the information undergoes
primary processing and is transmitted to a computer. '

Radiation Tomograph for Examination of Spherical Fuel Elements. The computer-assisted
radiation tomograph for the inspection of spherical fuel elements 1s an automatic complex -
of devices for moving fuel elements, measuring radiation passing through them, processing

‘signals obtained from the detectors, and computer-assisted reconstruction and display of

tomograms. »

The tomograph (Fig. 2) consists of four main units: a discrete scanner, electronic re--
cording and automatic control equipment, a processing complex based on an SM-3 computer, and
a software complex. The block diagram of the tomograph is given in Fig. 3. The automatic
discrete scanner (Fig. 4) is designed to fix the spherical fuel elements and scan them with
collimated beams of radiation from *“'Am sources mounted in the radiation head.

The scanner is a turntable with four fuel-element holders on it. The holders are
fitted with clamps which allow fuel elements to be set up and fixed in place. Each fuel
element being examined is set into rotation about the axis of its holder and moves relative
to the radiation sources because of the turntable rotation. The electronic apparatus of the
tomograph consists of eight spectrometric channels and controller and automatic control blocks.
The controller block provides connections between all devices and an exchange of information
between the blocks of the spectrometric channels and the computer. The automatic control
block controls the automatic discrete scanmer and allows the ingpection regime to be selected.
The processing complex consists of an SM~3 computer and a set of programs for inputting and
processing the data and reconstructing and displaying tomograms.

Main Tomograph Parameters. The tomograph for the examination of spherical fuel elements
permits the simultaneous inspection of four objects. Two layers of each object are inspected
in one cycle. The collimation apertures of the radiation head form eight beams of radiation,
two for each imspection position. All the collimation apertures of the radiation head and the
detection blocks are shifted over the height, thus making it possible to examine eight layers
of each object as they are moved through an angle of 2m on the turntable. The relative posi-
tion of the collimation systems and the examined layers of objects in positions I and III (see
Fig. 1) is illustrated in Fig. 5. Altogether four cycles are carried out, as a result of
which information about 32 layers (i.e., eight layers for each object) is recorded on a mag-
netic disk. '

The tomograph provides for three inspection regimes: a "mass" regime with Aa and A9¥ =
6.0°; a "standard" regime with Aa and A9 = 3.0°; and an "exact" regime with Ae and A =1,5°,
Below we give the main tomograph parameters:

405

= Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040006-2



Declassmed and Approved For Release 2013/09/14 . CIA-RDP10- 02196R000300040006 2

49
"mn.mm o5e

IV I TRy 1
n-nmm i1

nmu‘mm i
rantin 4

unhuumhn.
soesvasentingtio

11 |~—wmmu
NN

Hunh
Baiah
1
]
3

1) 13
[
taat

Fig. 6. Tomogram of a layer of a con- Fig. 7. Tomogram of diametral layer
trol specimen with seven inclusions. of a spherical fuel element.
Maximum number of simultaneously inspected objects 4
Maximum number of inspected layers of object , 8
Layer thickness, mm 2, 4, 8
Maximum overall size of object, mm : 70
Recorded counting rate in open beam from . I
- 341am source, counts/sec 2-104
-Step of rotation of control objects in holder :
Aa, deg - o 1.5, 3.0, 6.0
Step of rotation of control objects about . i o
sources A¢, deg . : 1.5, 3.0, 6.0
Time of one count, sec ' 0.1-1, step 0.1 sec

Time of inspection of four objects (two layers
in each) in different inspection regimes, min:

mass regime : 2.5
_standard regime ‘ : . 7
exact regime . : ’ 15
Size of reconstructed tomograms, pixels "From 20 x 20
- to 62 x 62
Tomogram reconstruction time, min:
.at 30 x 30 pixels ' 4
at 62 x 62 pixels 14

Results of Experimental Investigaﬁions. The values ﬁ(x, y) obtained during an experi-.

ment differ from the true values p(x, y) owing to systematic and random components of the
error.

The systematic component of the error arises because of the reconstruction algorithm
and the regime for the inspection of the object. 1In order to estimate it we considered the
results of mathematical simulation carried out on a conventional imitator, representing the
circular cross section of a homogeneous object.  Upon processing the results of the mathe-
matic experiment it was established that the systematic component of the error varies depend-
ing on the regime of inspection, i.e., on the number N of measuring pointg. In this case as
N increases the relative error of reconstruction decreases but the value u(x, y) obtained
does not reach u(x, y), the difference being the value of the error due to the algorithm.

In our apparatus the average attenuation factor is established with a relative error de-
seribed by Su = [(Fu)/1]+100%Z (equal to 1.4% in the mass regime, 1.0% in the standard re-
gime, and 0.6% in the exact regime). The fraction accounted for by the systematic compo-
nent due to the functioning of the algorithm during reconstruction of a homogeneous struc-
ture does not exceed 0.1-0.2%.

The random component of the error is due to both the statistical nature of the radiation
source and the errors in the operation of the apparatus. To estimate the random component ‘
we considered the results of experimental investigations carried out on the tomograph, using
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Fig. 8. Tomograms of six layers (1-6) of spherical fuel
element (layer thickness 8 mm, core diameter 47 mm).

TABLE 1. Mass Distribution of Metal in
Quarters of Fuel Element, g

‘No. of sphexe Metal mass according to results of
~quarter tomography chemistry
1 0,31 0,30
2 0,52 0,52
’ 3 0,68 0,70
: 4 0,52 0,53
'i-.Tota’l 2,03 2,05

imitators. The imitators were.a homogeneous aluminum cylinder of diameter 50 mm and a control

specimen, a cylinder of diameter 60 mm with a core of diameter 35 mm consisting of eight layers
with different inclusions,

On the basis of the results of the experiment we determined the random component of the
error which, according to the homogeneous structures of the imitators, is +0.5%. The effect
of the systematic component on the determination of the average attenuation factor, depending
on the inspection regimes, is also traced in experiments on homogeneous imitators. This ef-
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fect does not exceed the values obtained with mathematical simulation. Analysis of the ex-
periments shows that the mass regime of inspection can be recommended as providing an esti-
mate. When the standard and exact regimes are used the value of the attentuation factor of
the homogeneous material is established with an error of no more than #1.5%, with a confidence
coefficient of 0,95.

One of the principal purposes of the tomograph is to detect zones of accumulation or

" rarefaction of fuel microelements in the core of the fuel elements. The detection of struc~

tures by the tomographic method depends substantially on their size and contrast. Different

inclusions of different size and contrast were thus put into the layers of the control specl-
men. Since for a spherical fuel element accumulation or rarefaction of fuel microelements by
+5% or more occurs inzones noless than0.1 cm in volume, inclusions were put into the control
specimen on the basis of these premises. o

The differences in the attenuation factors of the inclusions in the control specimen
from the attenuation factor of the core material ranged from +5 to :$20% while the differences

in the volume ranged from 0.1 to 0.4 cm®. The prescribed attenuation factor pi of the inclu-

sions was obtained by forming in the region of the inclusion a partial volume

py=In (ﬂ—,"‘) 1 1“ 7 Ha (4)

where p, and p, are the attenuation factors of the core material and the insert and h and H
are the heights of the insert and the inclusion.

Aluminum was used as the material for the imnsert. Two to seven inclusions were formed
in a layer of the control system. The inclusions were deemed to have been detected on the
tomogram if the difference between the value established for the attenuation factor of the in-
clusion and the surrounding material of the imitator was more than three times the rms dev-
iation in the determination of the attenuation factor of the imitator material. For all the
inclusions used this condition was observed in the standard and exact regimes of inspectionm.
In the mass regime individual inclusions are not detected. This once again confirms the
conclusion that the mass regime of inspection can be used only to get an estimate.

Figure 6 shows the tomogram of a layer with seven inclusions formed in accordance with
formula (4%. The reconstructed value of the attenuation factor of the formed inclusions in
the range u: * 20 coincides with that calculated from formula (4). The high reliability
of detection of inclusions and the low error in the determination of the values of the re-
constructed attenuation factors, obtained in experiments with a control specimen, indicate
the legitimacy of using this method and apparatus for the inspection of real fuel elements.
Figure 7 gives a tomogram of a real fuel element, showing that the core is not filled evenly
with fuel microelements. A method of determining the fuel content in given volumes of the
core was developed for a quantitative estimate of such unevenness.

Determination of the Fuel Content in Given Volumes of the Core of a Fuel Element. The
linear attenuation factors obtained as a result of tomographic inspection are a function of
the density of the material and, therefore, of its mass. It seems possible, therefore, to
obtain an estimate of the unevenness of the mass distribution of the material over the cross
section and, as a result of the joint processing of several tomograms, in the entire spher-
ical fuel element, i.e., during tomogram processing the absolute fuel content in the spher-
ical fuel element as a whole or in .any part of it can be calculated. For any part of a layer
identified by K elements of the tomogram, the mass of the fuel will be determined as

K K K
=S Ve < opgr08¥e 5
,2 ”‘*2 wlp > wlo : ©)
i=1 i=1 i=t
where m is the mass of the fuel (metal) [in g], Ve is the volume of the layer element repre-

sented by a pixel of the tomogram, p/p is the mass attenuation factor of the metal, u, 1is
the linear attenuation factor of the layer element, ugy is the linear attenuation factor of
graphite, and 0.8 is the factor indicating the filling of the core matrix with graphite.

_ Passing from an estimate of the fuel over the entire layer and bearing in mind that
 graphite is present in the can and in the core in different weight fractions, we get '
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Vi V —0.2V, : : '
M= PRV~ ug;/(p Q o _ )
where M is the mass of metal in the layer [in g], uk is the average attenuation factor over
the tomogram, Vi is the volume of the layer corresponding to K x K elements of the tomogram,
V 1s the volume of the entire layer under study or part of it, V. is the volume of the entire
core or part of it, and 0.2 1s the porosity coefficient of the core. The result of mathe-
matical simulation showed that, using formula (6), one can determine the metal content in
half cross sections of a sphere to within +0.2%.

In experimental investigation with a homogeneous aluminum imitator we established that
in the determination of the mass of metal in a half-layer the error of the results also de-
pends on the regime of the inspection: it is *1.16% for the nass regime, +0.82% for the
standard regime, and +0.69% for the exact regime.

Experimental inspections of a real fuel element were conducted in the standard regime.
Six layers of the fuel element were examined and the results were processed in accordance
with formula (6). The mass of metal in the sphere was determined as the sum of the masses.
calculated over all the layers or, similarly, for each quarter of the sphere. After the
tomographic inspection the fuel element was cut into four pieces and the metal was isolated v
by chemical means (see Table 1 and Fig. 8).

Conclusions. Computer-assisted tomography can be one of the important tools necessary
in the development of a technology of fuel-element fabrication or for sampling inspection.
This method makes it possible to study the internal structure of a fuel element without
destroying it and also to make a physical weighing of the fuel apd to determine its con-
‘tent in the entire fuel element or parts of it. The metrological processing of the data ob-
‘tained on this tomograph showed a high accuracy and reliability of the results.
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PHYSICOCHEMICAL APPROACH TO THE DESCRIPTION OF THE DISTRIBUTION. OF
MACROQUANTITIES OF Pu(IV) IN EXTRACTION BY TRIBUTYLPHOSPHATE

FROM NITRATE SOLUTIONS IN THE PRESENCE OF COMPLEX FORMERS -
APPLICABLE TO THE REGENERATION OF SPENT NUCLEAR FUEL

FROM FAST REACTORS

A. S. Solovkin and V. N. Rubisov : - ' - UDC 66.061.5

" In the regeneration of spent nuclear fuel from fast reactors, aqueous nitrate solutions
with a metal — Pu(III), Pu(IV), or a mixture of both — content of hot less than 20-30-g/
liter appear in the operation of extractive refining of plutonium. To develop an adequate
model of the state of macroconcentrations of Pu(IV). in aqueous nitrate solutions and the-
distribution of this element in two-phase extraction systems (with the aim of computer
prediction of steady conditions of the extractional technology of regenerating spent nuclear
fuel from fast reactors), it is necessary to have a thermodynamic approach to the interpre-
tation of equilibrium in homogeneous and heterogeneous systems, which takes objective account
of the state. of the multicomponent extractive system.

Current theory is not in a state to predict the thermodynamic properties of the- systemS'
HgO—HNOs—?u(NOS)“, HgO—HNOS—Pu(NOs)“-complex former nor the distribution of Pu(IV) between
aqueous solutions of the given composition and solutions of tributylphosphate (TBP) in or-
ganic solvents [1, 2]. As a result of the inadequacy of the theory of solutions, there has
recently been a trend in the literature away from the development of theoretically well-
founded models (even for the classical pureks process), with the proliferation of purely em-
pirical methods of describing the extractive equilibrium, on the basis of an analysis of
enormous quantities of statistical material [3, 4].

Progress in terms of the quantitative description of extractive equilibrium in two-phase
liquid systems of any complex composition (regardless of the number of components, their
nature, and concentration) may only be attained on the basis of a thermodynamic approach to
the interpretation of equilibrium; as shown in [5], the description must employ the activity
coefficients of the individual ions involved in the reactions of complex formation or the
distribution between two immiscible phases; see also [1l, 2]. Such an approach has already
been realized in the computer prediction of steady conditions of the extractive technology
for regenerating spent nuclear fuel [6], and is extended in the present work to fast-reactor
fuel.

State of Pu(IV) in Aqueous Nitrate Solutions. Thermodynamics.

Complex Formation. Extraction

In its chemical properties, Pu(IV) 1s closest to Zr(IV) [7], and therefore it may be
considered that there is a qualitative analogy between the states of Zr(IV) [8, 9] and Pu(IV)
[10] in aqueous nitrate solutions. It is known that, on account of the high electrostatic '
potential f inaqueous solutions of inorganic acids, the Zr“t ion is easily hydrolyzed accord-
ing to the equation

BY _
 M.110H- Z M(OHY . 1)
Since fPu“t < fzr“*, Put is considerably less hydrolyzed tham the Zr“t ion in aqueous solu-
tions with high (<1 g-ion/liter) values of [H¥]. Nevertheless, when [H'] € 1 g-ion/liter,

the chemistry of aqueous solutions of Pu(IV) is basically the chemistry of its hydrolyzed
forms. The hydrolyzed forms of Zr(IV) and Pu(IV) readily form hydrolytic polymers. However,

Translated from Atomnaya Energiya, Vol. 56, No. 6, pp. 406-411, June, 1984. Original
article submitted June 23, 1983. '
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TABLE 1. Thermodynamic Equilibrium Con-
stante of the Reaction in Eq. (1) at ~25°C

v M(IV)|BQ-10-14 | Bg.40-26 pg.iq-éz B]- 10-5¢ Ll.ter&t?l‘@_

data
Zr 3,8 23,9 52,4 70 [(10]
Pu 0,17 0,60 3,2 3,5 [10, 45)
Np 0,11 0,28 1,0 1,5 | Present
WO
.U 0,06 — —_ - [40]

Note. vyM(oH), =~ 1.0.

TABLE 2. Equilibrium Constants of the Com{
Plex-Forming Reactions of Pu(IV) and Zr(IV)
with Some Inorganic and Organic Ligands at

~25°C
Reaction Constant | Ref, data
Put*-L HSOj = PuSOZt 4 H* 3408 [16]
Pu(OH)3* -+ HSOZ == 5-10% [16]
== Pu(OH)SO} + I+ .
Pu(OH)3* 4- HSO7 == 8- 10 [16]
== Pu(OH),80, - H* .
Pu(OH)3* 4- (CH,COOH), == 93 [15]
== Pu(OH),(CH,C00),-- 2H*
Pu(OH): + HCOOH == 20 [Cale: from the
== Pu(OH),(HCOO)+- H* data of [17]
Pu(OH)3* 4 H,C,0, == 2,4-10° [10]
== Pu(OH)C,0f -+ 2H* ,
Zr(OH)E* + H,C,0, == ] 4108 (10}
== Zr(OH),C,0, + 2H*

. Note. The ratios of activity coefficients
| YPuSO2+/YHSOZ» YPu(OH)SOL/YHSOZs YPu(OH) 250,/
\ YHSO4s YPu(OH)3(CH3C00), I (CH3COOH) 22 YPu (CH) »°
- (HC00) / YHCOOH> YPu(OH)C30,/YH2C20, 80d YZr (OH),"
, ~ C20. /YH:CzOI.' are approximately equal to unity or
a constant. Taking account of the assumptions
l made, the values of K}; are constant (for ionic
: strengths in the range I <5). When I > 5, the
. ions M*t = Pu*t, U*t (and possibly others) are
involved in cascade reactions with NO3 ions,
with the formation of M(NOs)s~ anions [10].

whereas polymers of Zr are observed when [HNOs] % 5 M in the case of macroconcentrations of
metal, the polymerization of Pu(IV) only occurs when [HNOs] £ 0.15-0.2 M. By analogy with
ir, it may be expected that the basic structural unit of Pu(IV) in dilute (% 0.15-0.2 M)
aqueous solutions of HNOs is a tetramer. Since the literature has no quantitative character-
istics of the polymerization of Pu(IV) and Zr(IV) [11, 12], a quantitative estimate of the
state of Pu(IV) in aqueous nitrate solutions at macroconcentrations is made in the present

work for [HNOs] > 0.15-0.2 M, i.e, up to compositions of the aqueous system in which Pu(IV)
exists in monomeric form. :

As already noted, in describing chemical equilibrium, it is necessary to use the activity
coefficients of individual ions (but not the stoichiometric activity coefficients). On the
‘ basis of an analysis of published data on the activity coefficients, the transfer numbers,
the electrical conductivity, and the denmsity of the aqueous solutions of electrolytes, phe-
nomenological equations were proposed in [1, 2], allowing the activity coefficients of indi-
vidual ionsin aqueous solutions of 1,1~, 1,2-, 1,3~, and 1,4-electrolytes and their mixtures
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TABLE 3. Equilibrium Constants of the Re-
action in Eq. (2) at 25°C

ange-of ap-
Elir-‘ﬁ'a2 on o%
: Ke | we'} k2| Ko | D ¢ |BGs
MU G20 | eatt | s | 520 uen aNO., |TEFs
HNO3,
vol.%
‘72c | 06| 14| 5 | — |Kerosene | <g6|<60
Zv | 08| 24 | 7 — [o-Xylol | <6]<60
I'u 190 [41750] 1195 | 9,4 |n-Alkanes| <5 [10—40
tJ 300 22000 — -- |[Kerosene |<<3,520-30
Th 150 — S -— [Kerosene |<<3,5/20--30

to be calculated sufficiently correctly over a broad range of concentration of components of
the salt background. The equations of [l, 2] are based on a qualitatively new approach to
the phenomegon of ionic hydration, developed in [13]. The values of the parameters of ionic
hydration p4 are given in [2]; from th$ experimental data of [4], values pi = 0.047 and 0.039
are obtained for the ions Pu®* and N,Hs, respectively. In using the equations of [1, 2] for
the identification of the processes occurring in aqueous solutions of Pu(IV), and determining
the thermodynamic equilibrium constants of the reactions of hydrolysis and complex formation
and the distribution, the limited number of assumptions given in the notes to Tables 1 and

2 is employed.

On the basis of thermodynamic analysis of the present data, and those in the literature,
on the relations between composition and properties, for the nitrates M = Zr(IV), U(IV),
Np(IV), Pu(IV) it was concluded in [10] that the ions M(OH)i'i'(i = 0-3) do not react with
NO3 lons in the first coordination sphere, and the nonideality of aqueous nitrate solutions
of M(IV) is due to the change in structure and extent of their hydrate shells with change in
composition of the solutions. This conclusion, important for both theory and practice, was
later confirmed in many works [9, 14].

Using the method developed in [1, 2], the thermodynamic constants of hydrolysis of Mot

ions shown in Tables 1 and 2 have been calculated, together with the constants of complex
formation of M(OH)“~1 with certain organic and .inorganic adducts in aqueous nitrate solutionms.
It follows from Tagle 2 that, in complex-forming reactions, the ions which react with the
organic ligands are not Myh but M(OH)?;&, which have a considerably weaker hydrate shell be-
cause of the reduction in charge and increase in radius of the hydrolyzed ions in comparison
with M3 [10, 15]. '

In [16], the thermodynamic characteristics of the system Pu(IV)-HNOs—H.0 were given.
It was established that, with increase in [HNOs] and [Pu(IV)], there is a significant change
in the activity coefficients of the particles I’u(OH)':"_"i (1 = 0-3), HY, NO3 in the system,
the yield and distribution of hydrolyzed forms of Pu(IV), the concentration of Ht ions (es-
pecially when [HNOs] < 1 M), and the degree of dissociation of HNOs; the method of calculat-
ing the degree of dissociation, taking account of the activity coefficients of nondissociated
HNOs molecules, was outlined in detail in [1]. It follows from the data of [16] that the
description of chemical equilibrium with variation in the Pu(IV) concentration in the solu-
tions from 1-2 g/liter (fuel elements of water-cooled-water-moderated reactors) to 20-30 g/
liter and more (fast-reactor fuel elements) both when [HNOs] # const and when [HNOs] = const
is impossible without taking account of the change in the given parameters as a function of -
the state of the solution. It is more significant that the use of the method of [1, 2] al-
lows the chemical reactions occurring in complex multicomponent — and heterogeneous — systems
to be identified. o » .

On the basis of the method of [1, 2], using the results of the present.work and 11tera4_
ture data [7], it may be shown [10, 18] that the extraction of M(IV) by tributylphosphate
 (TBF) solutions occurs according to the equation* .

*Experimental proofs are given in [10].
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 TABLE 4. Comparison of Experimental [20,
21] and Calculated Data on the Extraction
of Pu(IV) at 25°C

" Expt, Calc.
[HNOs} [Pul, .» [Pule, {Pu}o.
M T g/ litdr g/ liter g/ liter
0,52 . 1,41 1,58 1,73
0,53 4,28 4,79 4,79
0,52 13,6 17,1 15,9
0,51 19,6 21,2 24,2
0,54 33,5 37,7 38,7
0,99 0,63 1,72 1,83
0,99 2,27 5,8 9,58
1,00 5,73 14,7 13,3
1,01 8,3 - 19,2 19,24
1,20 13,8 30,0 33,4
3,89 0,014 0,34 0,28
3,98 0,129 2,27 2.6
3,9% 0,145 8.6 8,4
3,93 0,98 16,7 16,8
4,04 1.7 25,0 29,3

TABLE 5. Comparison of the Calculated and

Experimental [19] Values of the Distribution
Coefficients of Pu(IV) in the System HNOs—
Pu{1IV)—HCOOH-H,0~30% TBF Solution

D, D -
[HNOﬂaq' [HCOOH]aqy data Qf °u data ;‘[fGO(iH =
M M 1 tio cale, [19) cale,
0,246 0,49 0,47 | 0,45 0,49 | 0,46
0,246 1,01 0,084 0,088 | 0,37 | 0,37
0,246 2,02 0,043 1 0,042 | 0,27. | 0,27
0,246 3,02 0,024 10,024} 0,23 | 0,22
0,56 2,05 0,47 0,18 0,27 1 0,208
0,56 3,1 0,42 [ 0,105 | 0,22 | 0,24
0,8 1,0 0,74 | 0,8 — |0,
0,8 2,0 0,48 | 0,44 — 0,26
0.8 3.0 0.3 |02 — | 0,24
1,05 0,56 1,7 1,8 0,36 | 0,38
1,05 1,09 1,24 | 1,25 0,30 | 0,32
hi 2
M(OH{"") + (4 — {)NO; +2TeF . 2> (2)

= M(OH),(NOy),_,2 T5F

where 4 = 0-3. The values of K{ for the corresponding reactions (Table 3) are not strictly
thermodynamic, since they are calculated by an empirical method, using the parameter Eg from
Eq. (3) to take account of the nonideality of the organic phase [1, 2, 10, 18]. Nevertheless,
the approach to the interpretation of extractive equilibrium developed in [1, 2, 10, 18] gives
a sufficiently rigorous quantitative description of the distribution of M(IV) (and other
metals) in multicomponent heterogeneous systems, since the empirical Eq. (2), taking account
of nonideality of the organic phase, is obtained on the basis of statistical analysis of num-
erous literature data [17] on the distribution of uranyl nitrate and M(IV) in the systems
HyO—extractive agent—HNOs—salting-out agent—TBF—diluent, taking account (this is most im-
portant) of nonideality of the aqueous phase [1,2]. The validityof Eq. (2) hasbeen proven for -
many examples [2, 6, 10, 15, 18]. : '

The given approach to the interpretation of equilibrium in homogeneous and heterogé'neoué::
systems has been used to develop a mathematical model of the distribution of Pu(IV) and HNO,
in reflux processes of the purification of plutonium in the regeneration of spent fast-reactor
fuel.
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Fig. 1. Diagram of the extractional purification
of plutonium in nominal conditions: a) -spent ex-
traction agent <2.0 mg/liter; b) plutonium extract;
c) the extraction agent, a 30% solution of TBF in
n-paraffins (organic-phase flow rate is 1.3 arb.
units); d) the refined material, <2.0 mg/liter Pu;
e) initial solution, 2.0 M HNOs, 20 g/liter Pu(IV),
Lie = 1.0 (L is the aqueous-phase flow rate, arb.
units); f) washed solution, 1.0 M HNOs, L,s = 0.2;
g) reextract (n50 g/literPu); h) 0.3 M HNOs, 10 M
HCOOH, L, = 0.15; 1) 0.3 M HNOs, L, = 0.25; 1-27)
extractional stages.

Formalization of the Extractional Equilibrium in the System HNO,—?u(IV)—
Complex Former—H,0-TBF Solution ’

According to Eq. (2), the distribution coefficient of Pu(IV) in the extractional system

is

—E Z Ko ’ 5—i,
Dy, 2;. v:Miano, 3)

where the index 1 identifies the ion Pu(ou)?")+ (1 = 0-4); K] are thermodynamic equilibrium
constants of the complex-formation reaction with TBF (Table 3); EY is the active concentration
of the extraction.agent,a factor that takes account of the: nonideglity of the organic phase
{1, 2, 10, 18]; y4 and Mi are the activity coefficients and mole fractions of the correspond-
ing ions in the aqueous phase; aNo; is the activity of NO3 ions in the aqueous phase.

. Formulas for calculating the activity coefficients and M' of Pu(OH)i“':'-)+ in the sys-

en HNO3—Pu(IV)-H20 are given in [16]. For the system HNOs—Pu(IV)—H,O—complex former, the
formation of plutonium compounds with the complex former must be taken into account. There-
fore, in contrast to [16]

—1/{1+v0[2 B (o ) [ ]+ s @

Mi= 1 (o) (f%‘f)i/v dow), 114, *

where idem is the denominator of Eq. (4); ap+ is the activity of the H+ ions; Bi are the
- constants of hydrolysis of Pu(IV) (Table 1); Kaq is the ionic product of water.

In Eqs. (4) and (5), Réq) reflects the formation of a compound of Pu(IV) with the j-th
complex former. According to the data of Table 2 .

Hlsf)-"'.;\’o [IISO,,] E K(S)po( aq )"; .63:-_—0,
. - =0
(E} mcoom (E)po aq \3.
R =gy T Py (S )
R%’-Yﬁﬂﬂﬁgﬁixmm%Kw),

a'ﬁ +

. where the superscripts S, E, ‘and A correspond to u,soh, HCOOH, CHSCOOH.

The concentration of free (not bound with plutonium) complex former is determined from
i the following expression : :
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Fig. 2, Distribution of plutonium over Fig. 3, Distribution of HCOOH over the
the stages of the process: []) organic : stages of the reextraction apparatus:
phase; A) aqueous phase, 0) organic phase; A) aqueous phase.

(11807 = [H,SO0,1., {1 +ﬁ-H—’1—.§ x®pr (722)}

T+
1=}
[HCOO1T] = (HICOOI],, /{1 + [Pu(O11)} 19, K (EVryy.}:
[(CHSCOOH)Z] = [(CIISCOOH):J&N]/ {1
4- [Pu(OH) 2] v, KD /ak.);
[Pu(OH){*~ D+ — [Pul, M1,

where [H,SO“]aq, [HCOOH] aq, [(CHsCOOH)g]aq, [Pulaq are the analytical concentrations of the
complex formers and plutonium in the aqueous phase. It is assumed here that CHsCOOH is
present in aqueous solutions primarily in the dimer form.

To calculate the extractional systems discussed here, quantitative data are necessary
on the extraction of tri-n-butylphosphate by nitric acid and complex former. The extraction
constants of HNOs [1, 2], HCOOH [19], and CHsCOOH [18] appear in the expression for deter-
mining the concentration of free extractive agent

_ Eiw—2[Pu], v
" 4+ Ky [ANO;)+K,B{HNO, + 500 (6)

Here [Pu]o 18 the Pu(IV) concentration in the organic phase; [HNOs] is the concentratio? of
undissociated nitric acid in the aqueous phase} Egn is the initial TBF concentration; SkE) =

KSE)[HCOOH]; SéA) = K;A)[(CHSCOOH),]; KiH, K2H, KgE), K§A) are the equilibrium constants of

the extraction reactions HNOs + TBF == HNO3*TBF, 2HNOs + TBF- > (HNOy) 2*TBF, HCOOH + TBF =
HCOOHTBF, and (CHSCOOH)z + TBF == (CH3COOH),*TBF; for the system TBFn-alkanes, the values of
the constants are 8.1, 0.8, 0.54, and 0.41, respectively.

Comparison of Experimental Data with the Results of Calculatiog

To evaluate the mathematical model of the equilibrium distribution based on the fore-
going data, the experimental values of D [20, 21] obtained in the extraction of Pu(IV) by a
IBF solution (30 vol.%) in n-alkanes from aqueous nitrate media are employed. A comparison
of the experimental and calculated equilibrium concentrations of plutonium in the organic
phase is shown in Table 4. In considering the data of Table 4, it must be remembered that
extraction constants obtained from experimental results with microconcentrations of plutonium
are used to calculate the distribution of microconcentrations of the metal. This is a reli-
able indication of the superiority of the thermodynamic model of extraction.

There are no published data on the extraction of macroquantities of plutonium from ni-
trate aqueous solutions in the presence of complex formers (Hg50,, CHs;COOH, HCOOH) .* As a
result, the possibility of using the mathematical model with macroconcentrations of pluton-
ium for systems with complex formers must be regarded as hypothetical. However, the given
results of modeling the extractional system HNOg—Pu(IV)~H,0-TBF allow an optimistic view to
be taken of this hypothesis. This is confirmed by the data given in the next section on mod-
eling the process of reextraction of macroconcentrations of plutonium by HCOOH solutions from

a TBF solution (30 vol.%) in n-paraffins [22] for the purification of PU in the reprocessing
of fast-reactor fuel elements. '

*Results of modeling these extractional systems with microconcentrations of Pu(IV) are outlined

in [15, 18] and shewn in Table 5. 415
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Calculation of the Reflux Process of the Pu(IV) Distribution

Calculation programs developed for the purposes of design, research, and optimization
of the process must give information on the distribution of components over the extractional
stages of the apparatus. The material-balance equations of the extractional process form a
system as follows

Xig+nYy=Xy+nY,; . )
i=1,2,...,N;

j=1,2,...m

where Xjj, Ygj are equilibrium concentrations of the j~th component at the i-th stage in the
queous s nd organic phases; n4 is the ratio of flow rates of the organic and aqueous phases;
13 and ij are concentrations of the components at the input to the i-th stage; N is the
total number of extractional stages; m is the number of components of the extractional system.

A very effective method of solving Eq. (7) is simple iteration

X = Xij+ni¥is
U Y /Xy

. For extractional processes with a near-unity stage efficiency, the ratio Yjj /Xij deter-
mines the equilibrium-distribution coefficients of the i-th component. The thermodynamic
characteristics given in the preceding sections are used in the calculatiomns.

In conditions of extractive refinement of plutonium, it is expedient to use complex
formers in the operation of reextraction of the metal. Complex formers significantly reduce
the distribution coefficient of Pu(IV). In consequence, even when the reflux process is
being organized with just a few extractional stages, the use of complex formers allows Pu
to be practically completely separated from the phase of the extraction agent. The mathe-
matical modeling of the reextraction process here shows that H,S0,, CHsCOOH, and HCOOH may
be used for the extractional refining of plutonium. The choice of a particular complex
former must be made in relation to the processes of further processing of the reextract of
plutonium and waste solutions. Formic acid is the most suitable for this purpose. Thus,
the introduction of complex formers (for example, HCOOH) in one of the intermediate stages
of the reextraction apparatus reduces the accumulation of plutonium in the apparatus and its
content in the spent extraction agent.

The results of preliminary investigations have been used to choose the structure and
parameters of the conditions of extractional purification of plutonium. The process con-
sists of the following extractional units: extraction of Pu(IV), washing of the plutonium
extract to remove radionuclides of some fission products, reextraction of plutonium.

The initial conditions and constraints in modeling the process on an EC-1055 computer
(calculation time of the cascade 3 min) are taken to be as follows: in the initial aqueous
solution, the Pu and HNOs concentrations are ~20 g/liter and 1.5 M, respectively; in the
spent extraction agent and the refined material, the plutonium content is <2 mg/liter; plu-
tonium accumulation in the organic phase at any stage is <20g/liter (thisrules out the possi-
bility of third-phase formation); the HNO; concentration in the reextracting solution is
>0.2 M, which allows the formation of insoluble hydroxyl complexesof Pu(IV) with disruption -
of the reextraction process to be ruled out. A necessary condition on the topology and con-
ditions of the process is the invariance of the indices of the process under deviations of
the parameters of the operating conditions. The deviations are determined with an error of
+10% for the flow rates and *20% for the reagent concentrations. '

The results of mathematical modeling of the extractional purification of plutonium are
shown in Figs. 1-3. In the range of assumed deflections from the nominal conditions, com-
puter calculations are performed. The levels of the process parameters are determined using
"tables of random numbers. Altogether, 54 different operating conditions of the process are
considered. The quality indices do not pass beyond the specified constraints in any of these
conditions. Only in two cases does the calculated Pu concentration in the spent extraction
agent approach the maximum permissible value. This is basically because of the decrease in
reextraction-agent flow rate (L, = 0.227-0.229), complex~former flow rate (L, = 0.136-0.138),
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ahd’HCOOH concentration (6.5-6.7 M), and increase in extractioﬁ—agent flbw réte (V = 1.398-.

1.422), in comparison with the nominal conditions.

ditions is 0.00017-0.00023. .
To sum up the overall results of mddeling the process, it may be said that the indices

of the process may only pass beyond the specified values (in practical conditions) when sev- .
eral parameters deviate simultaneously from the. nominal conditions by a considerable (and

hence improbable) amount.
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LETTERS TO THE EDITOR

CONTRIBUTION OF NUCLEAR INTERACTIONS TO THE DISTRIBUTION OF ABSORBED
ENERGY IN THIN PLATES BOMBARDED WITH FAST CHARGED PARTICLES

S. G. Andreev, I. M. Dmitrievskii, UDC 539.12.04+539.12.074+539.
and I. K. Khvostunov 143.2:243.51

In practical radiation physics it 1s necessary to take account of fluctuations of the
energy absorbed in the bombardment of rather small volumes of material. A detailed inter- ,
pretation of the experimental distributions of the number of ifonizations produced by ele-
mentary particles in thin-layer proportional detectors [l], the calculation of microdosi-
metric functions and the biological effect of radiation on cells [2], the stability of op-
eration of superconducting elements of accelerator complexes [3], are some of the questions
whose answers require information on the distribution of absorbed energy (AE) in a specified
microvolume. The expected effects in these problems were estimated by using the theory of
fluctuations of ionization energy losses [4-6]. It was shown that the differences between
the parameters of the energy lost [4, 5] and the energy absorbed distributions (moments,
asymptotic behaviors) due to the escape of delta electrons from the volume may reach several
tens and hundreds of per cent [7, 8]. The theories in [5, 8] take account of ionizing col-
lisions of charged particles only. At higher energy nuclear interactions, in spite of the
small cross-section (onucr < Oion)y begin to affect energy release processes. This is clear even
in elastic interactions, which are nuclear reactions of the simplest type. The ratio A of
the average energy lost by a particle per unit path length in nulcear and ionizing collisions
is

A= (dE/dz)nue) o~ Onuc1To/2 oo T} ,
@E/dz)ion " 0yonT In (emax/1)? In (emax/T) 1)

where o4on eanz’g“/Tof, Z is the atomic number of the atoms of the material, ze is the charge
- of the particle, I 1s the average ionization potential of an atom, emax is the maximum energy
transferred to an electron in one collision, and T, is the initial energy of the particle.

For a hydrogen target bombarded with protons with energies of 300 MeV or less, the threshold
of inelastic processes [9], A may be much smaller than or on the order of unity. For Ty =

100 MeV, X = 0.04; for Te¢ = 300 MeV, A = 0.3. The situation is more complicated for the AE,
the actually measurable quantity in fonization detectors, since the average value is nontriv-
ially dependent on the geometry of the volume. In addition, it is known that the number of
secondary particles produced in a single interaction of a high-energy particle with a nucleus
fluctuates [9]. Consequently, in investigating fluctuations of the AE this fact must be taken
into account as an additional mechanism which is not present in ionizing collisions. In the
present article we consider the problem of the distribution of AE, taking account of ioniz-
ing and nuclear interactions in the absorber. '

When a particle of energy To enters a layer of thickness x normal to its surface, we
denote by f(x, A, To, Q0 = 0)* dA the probability that the energy absorbed lies between A
and A + dA. We consider the geometry of the "layer in a vacuum" (Fig. 1). For "thin" layers
[4-6] the average ionization energy losses of a particle are small in comparison with the
inftial energy To, and the mean-square of the angle of multiple scattering is much smaller
than unity. 1In these cases the corresponding equation can be solved for £ion(xs 4, To) [7],
the required function for pure ionizing collisions (opucl = 0). An estimate of the "nuclear”

*From now on everywhere f(x, A, To, R = 0) = £(x, A, To).

Translated from Atomnaya fnergiya, Vol. 56, No. 6, pp. 413-415, June, 1984. Original
article submitted October 14, 1983. :
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Fig. 1. Tp(x, A, To) (k =0, X, 2, 4) calculated
by taking account ¢ ) and not taking account
(———-) of elastic scattering of a bombarding -par-
ticle by a nucleus; — + — ¢ ) analogous distributions
for energy lost in layer (k =0) and moments of energy
loss distribution (k = 1, 2), taking account of inter-
. action with a nucleus. The abscissa A is the energy
absorbed in a layer of hydrogen of thickness x = 0.27
| » g/cn?® when bombarded with protons of initial émergy
| To = 100 MeV; the ordinate Tk = AK(f, =x, A,To)/(A)K"?;
| . To(x, A, To) ~ f(x, A, To) is the required distribu-
tion of absorbed energy calculated with Egqs. (3) and
).

interactions of the bombarding particles. We present it without derivation:? '

“3{;(" Ay Ty) |0 (Gnuet 4 Oron) 12, A, Tg) =—""0;.‘| S Ozx. Ty, &) f X
N Aey To)de-tng ) 3 S § ot (Tor T, 21 Ao Tpy TP (o, 60 T, Q) den) @

a7

\
: effects requires a new equation which takes account of the finite probability of nuclear

n

+ng Z 5 Tt S A*Popyet (T - s T?l’ glv very 0, T) - [ (z, ¢, Tlr Ql)*---*/ (z, &, T'n, Qn),

where no is the number of atoms per cm®, opucl = oin + el 1s the total nuclear interaction
cross section, ojon i1s the total ionization cross section of an atom, ofx (To, €) is the
cross section for the excitation of the k-th state of the atom by a particle of energy To,
d*0gon(To, T, Q) is the cross section for the emission of a delta electron of energy T in
the direction @ during the ionization of the i-th shell of the atom by a particle of energy
To, I1 is the ionization potential of the i-th shell of the atom, fe (x, ¢, T, Q) is the
probability density for a primary electron of initial energy T entering a layer x in the
direction @ to release AE e, d*Topycl (Ti, ««.» Tnr Q150049005 To) isthe cross section for

tThe derivation of the equation is completely analogous to the derivation of the equation
of -ionizing interactious [7, 8], and will be given in a more detailed publication.
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the formation of n particlest with energies Ty and angles of emission 9 (k = 1,...,n) in the
inelastic scattering of a bombarding particle-of energy To by a nucleus. The asterisk de-
notes convolution with respect to. the variable €. For x = 0 the condition f = §(A) must be
satisfied, which indicates zero AE in a layer of thickness x = 0.

Equation (2), which is nonlinear in f, goes over into the equation for the ionization
function fion [7] 1if we assume opycl = 0. Equation (2) can be solved by perturbation theory,
using y = onucl/cion << 1 as a small parameter [9]. Substituting the required function in
the form fi5, + yf' into Eq. (2) leads to an inhomogeneous linear integrodifferential equa-
tion foz the function f', which we solve by taking the Laplace transform with respect to the
energy A:

1@ By To)=(—2n0uuci) fion (= A, Tg) + 10 S &z’ j defion (£+2y A—t, To) X (3
X 2 S' : .S d*™¢ycifion (%', &, Ty Q)+ - -*fion (', & Tn, Q).
n . .

The first term in Eq. (3) is the product of the probabilities that a primary particle
traverses a layer x without interacting with a nucleus and releases an energy A in ionizing
collisions in the layer. The second term describes the contribution of a primary particle
to the distribution of AE in a layer x — x' and secondary particles formed at a depth x — x'
in the layer x'. The application of (3) is restricted by the inequality XnoOpyc] << 1
(single nuclear interaction approximation). In this case XnoO4ion >> 1, i.e. the bombarding
particle may experience multiple ionizing collisions. These conditions are satisfied in most
practically important cases. ) :

In performing specific calculations with Eq. (3) it is convenient to investigate the
simplest reaction in which two particles of the same kind are created (Fig. 1). This is
validE for example, for elastic nuclear scattering of a proton by hydrogen [9], which is
one of the basic components of soft biological tissue. Then d?Popycl = (d20e1/dTdR)S
8 (cos6—/T/To), and the second term in Eq. (3) takes the form hade

s C  doe; —
S dz S de 3 d,l,;"j S (cos 0— V' T/T,) sin 0d0 X

X fion (@ —2", A—g, T) flon (*'/sin 0, e, Tl)"'br) X (4)
X f1on (z'/c08 O, e, T)_-

For protons of energy To = 100 MeV and x = 0.27 g/cm®, fion in the first term of Eq. (3)
is well approximated by the Vavilov energy loss distribution function ( » = 1) [5], since
for »> 1 the differences in the energy loss distribution and the AE in fjon are small (the
situation is different for »« 1 [7, 8]). The integrals for fion in Eq. (4) were obtained in
analytical form by using the simple continuous slowing-down approximation {6]. The contri-
bution of nuclear interactions, taking account of the second term in Eq. (3), for energies
well above the average (A >> A~ Ajon) is comtrolling (Fig. 1). Appreciable fluctuations of
the AE (A >> A) appear in the moments of the distribution. The first two moments calculated
by taking account and not taking account of nuclear interactions differ appreciably in spite
of the small value of y = 10~ [9]: (& = Aion)/Aion = 0.01; (A*-Bi,n) /K;on = 0.55, where

KE==S AwdA,Eym;{{UMﬁomA,k = 1, 2. Figure 1 also shows that the distribution of AE differs'
y _

greatly from the distribution of the energy lost by a fast particle in the layer, taking
account of elastic nuclear scattering. This is a result of the high probability of the escape
of scattered protons from the layer. The difference between the AE and the energy loss dis-
tributions, which results from the escape of secondary particles from the volume of material,
indicates a substantial correlation of energy release processes in adjacent layers of the ma-
terial. This fact probably must be taken into account in processing measurements in multi-
layer ionization detectors. It is natural to expect that analogous effects should occur

also for inelastic nuclear reactions of high-energy particles, and also for more complicated
bombarding geometry, for example a '"layer in matter" [8]. S

TFor simplicity we assume they are all of the same kind as the primary particle. The gener-—
alization for particles of different kinds leads to a more cumbersome notation for the: last

term in Eq. (2).
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STABILITY OF SCINTILLATION DETECTORS VIS-A-VIS RADIATION

V. V. Pomerantsev, 1. B. Gagauz, ! UuDc 539.1.074.3
Yu. A. Tsirliq, and 0. V., Levchina '

Scintillation detectors which are used to monitor background radiation or radiation
in geological prospecting or other research work are in a continuous flux of y-radiation.
We consider in the present work the influence of '*’Cs y-radiation (Ey = 0.662 MeV) of
various flux densities (10%, 10°, and 107 quanta‘cm™ >°‘sec™') upon the spectrometric char-
acteristics of detectors of the most frequently employed type (diameter 40 x 40 mm) with
various activator concentrations. The absorbed dose was constant and amounted to ~0.l1 Mrad
(1 rad = 0.0L Gy). The detectors were supplemented by *“'Am « sources (Eq = 5.486 MeV) with
a flux of 400 particles-sec™! to study the a/y ratiowhich inthe crystaldevelops from the
light yield of the a line on the energy scale of the y radiation (subsequently termed "y
equivalent").

We irradiated in our experiments 37 detectors in lots of 5-10 detectors; the detectors
had the standard activator concentration of 10”2 mass %. The influence of the radiation was
assessed from the relative changes of the light yield om the **7Cs y line (6Cy) and the y
equivalent,(GCa/A) and on the basis of the changes in the intrinsic « and y line broadening
of the detectors (AR, and ARy). The average changes and the greatest changes in the param-
eters at the probability level P = 0.95 are listed in Table 1.

Since the experiment lasted for a long time (3000 h at a flux density of 10® quanta-
cm~2+sec™?), changes in the characteristics of three detectors which had not been irradiated
were monitored. All detector characteristics remained comstant within the error limits of
the measurements; more specifically, the variation in light yield did not exceed *1.5%7. Fig-
ure 1 illustrates the changes in the light yield obtained via the y line in three lots of de-
tectors. It follows from Fig. 1 and Table 1 that the detector light yield decreased (by
about 40%) in all y radiation fluxes considered; the average change of the resolution of the
v line was significant when the flux density of the irradiation was 10° and 107 quanta-cm™*-
sec—' and statistically probable at a flux of 10° quanta-cm *-sec—*.

This means that y radiation produces in the crystal volume damage which may change the
spectrometric characteristics of the detectors on the y line. The statistical evaluation
of the data concerning the change of the y equivalent in individual sets of detectors shows
" that changes of the y equivalent are either probable or statistically significant. But only

Translated from Atomnaya Knergiya, Vol, 56, No, 6, pp. 415-416, June, 1984, Original
article submitted October 24, 1983,
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TABLE 1. Influence (%) of Y Radiation
Upon the Detector Parameters
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Fig. 1. Dependence of the detector light yield of the *27Cs y line upon
the time of irradiation at identical irradiation doses and flux densities
-of a) 10°, b) 10°, and ¢) 10’ quanta-cm 2-sec”*. In this figure and in

- Fig. 2, the numbers at the curves denote the detector numbers in each lot.

Fig. 2. Dependence of the Y equivalent of the detectors upon the time of »
irradiation for a particular absorbed dose and flux densities of a) 10s
b) 106, and c) 107 quanta-cm 2~sec .

'‘at a flux density of 107 quanta-cm a-sec“ is the measurement error exceeded by the greatest °
possible change of the y equivalent at the probability P = 0.95 (see Table 1 and Fig. 2).

Thus, the aiy ratio of the crystals is practically not affected by gamma radiation with

a flux density below 10° quanta-cm™2-sec ~'. Accordingly, when detectors are operated in con-

tinuous y-radiation fluxes with a density not exceeding the above-indicated value, the y lines
" under inspection must be identified with the aid of the vy equivalent.
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A change in the resolution is at the a line statistically insignificant for all y ra-
diation fluxes employed. The greatest possible change at the probability P = 0.95 does not
exceed the measurement error (:0.5%), i.e., this parameter is also stable. Accordingly, _

- the o linecan beused tostabilize the measuring channel of a scintillation y spectrometer op-
} ~ erated in a Y-radiation field. ‘

The light yield of the detectors is restored after Y irradiation in individual form and ,
takes place in more than 1 month but, in the majority of cases, takes one year and more, i.e.,
the restoring processes can compete with aging [A. A. Burshtein et al., Metrolegiya, No. 2,
- 59 (1981)].

Similar results concerning the influence of weak y radiation upon detector characteristics
" were obtained with activator concentrations of as high as 3:107 mass % in a single crystal
" (18 samples). A further increase in concentration results in coloring of the crystals and a
substantial change of all detector characteristics by radiation. A decrease of the concentra-
tion to 5-107° mass % increases the stability of the detectors. :

The authors thank E. A. Bugai, E. L. Vinograd, L. S. Zubenko, V. F, Lyubinskii, and A.
P. Meshman for their collaboration and help in the present work.

RADIATION STABILITY OF SCINTILLATING POLYSTYRENE

I. B. Gagauz, A. P. Meshman, . UDC 539.1.074.3
V. F. Pererva, V. V. Pomerantsev,
and V. M. Solomonov

Scintillating polystyrene is widely employed in B radiometry. In some applicationms,
for example in monitoring the contamination level of various objects, the behavior of the
detectors must be checked while the dose absorbed during the detector operation increases
cumulatively. :

} We consider in the present work industrial polystyrene samples of standard composition

| (2% PT and 0.1% POPOP) exposed to the radiation_of a B particle source consisting of °°Sr +

| '°¥ with an average energy Egr = 0.196 MeV and Ey = 0.936 MeV [1] and the activity A= 9,25
107 Bq.

The rate of the absorbed dose is

‘M=NE[Vp, : (1)

where N denotes the flux of B particles with the energy E, which are absorbed in the scin-
tillator; V denotes the volume of the irradiated scintillator mass; and p denotes the density
of the scintillator material (p = 1.06 gecm™?).

The irradiated volume was given by the sum of the volumes of 1) a cylinder of diameter
d = 3 cm (equal to the diameter of the active spot of the source) and a height equal to the
range . of B particles of average energy E, and 2) the body formed by rotation of a curve
around the cylinder axis:

i ‘ ;x=%ukhana+lama;y=lmn%

where h denotes the distance between the source and the sample (h = 0.02 cm); and « denotes
the angle under which a B particle from the edge of the source is incident on the sample.

The curve connects the ends of the trajectories of B particles which leave from the edge
- of the source surface under an angle a (amin < & <7/2), where apin ~ arctan (2h/(dequiv —
d — 21)) denotes the angle under which the edge of a sample of diameter deqiv = 1.95 cm is
seen from the edge of the source. The volume of the irradiated mass is (when terms of an
order greater than the zeroth order in apmin are disregarded):

Translated from Atomnaya Energiya, Vol. 56, No. 6, pp. 416~417, June, 1984. Original
article submitted October 24, 1983.
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Fig. 1. Relative light yield of samples of
-scintillating polystyrene after aging during
the experiments (curve 1); the light yield in
dependence upon the absorbed p-radiation dose
(curve 2); and the relative light yield at the-
maximum change (0.99 probability level) due -
to absorption of the corresponding B-radiation
dose (curve 3): o denotes experimental points,
e) calculated results.

Fig. 2. Approximation of the exponential de-
pendence of the relative light yield upon the
absorbed dose for the initial irradiation per-
iod at D < 6 Mrad (---); at a further interac-
tion of B radiation at D > 10 Mrad (—).

| 2nlh2 . : a'min. ’ (2)

— 2 O
PET— 2ni2k In sin %nin ndlh Intg 5
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The range of average-energy B particles fpom ?°Sr 18 lgy =~ 0.042 cm in polystyrene and
that from *°Y is ly ~'0 390 cm {1]; the volumes irradiated by the B particles are, accord-
ingly, Ygr = 0.02 cm® and Yy = 0.58 cm®.

At these dimensions of the source and the target scintillator, we determined in accord--
ance with [2] the solid angle in which the B particles are incident on the detector and the
corresponding flux values: Ngr = 4.7:10° and Ny = 2.8-107 particles/sec. The dose rate
was 1.3 rad/sec (1 rad = 0.0l Gy).. :

The stability of the material was assessed from the change of the light yield of the
samples as the basic scintillation parameter of the detectors. The dependence of the light
yield upon the irradiation dose is shown in Fig. 1 (curve 2). Each point is the result of
averaging the data from two sets of samples (4 and 20 samples). Curve 1 of Fig. 1 illus-
trates the light-yield variation which resulted from the aging during the time of testing
and which was determined from a control-sample set (6 samples) which had not been irradiated.
The average change of the light yield due to aging during the time of the experiment (~15,000
h) amounts to 3.9%; the changes resulting from the $ radiation with a dose of 70 Mrad
_amount to 22.6%.

The Student criterion was used to estimate the greatest possible changes in the light
yield at the 0.99 probability level for all absorbed doses with and without taking into
account aging. The changes in the light yield due to aging do not exceed 7.4% with the ,
above probability. Figure 1 (curve 3) depicts the smallest possible light-yield values at
the 0.99 probability level and at various absorbed B-radiation doses.

One usually assumes that detectors can be successfully used when their light-yield var-
iations do not exceed 15 or 20%. The detectors can be operated with'0.99 probability after
a dose of 18 or 24 Mrad, respectively. The dependence of the light yield upon the absorbed -
dose is satisfactorily approximated by two exponential functions with exponents of the
‘change of the relative light yield per unit of acting dose amounting to ® = 0.0l and O. 002
Mrad—' (Fig. 2); the intersection of the straight lines on the corresponding scale is ob-
served at a dose of A7.5 Mrad. : : .

» The fact that out results differ from the results of [3] is obviously associated with
the low absorbed doses considered by the authors. The change in the rate of the decreasing
light yield obviously has to dowith competingprocesses of molecular destructionand molecular -
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' recovery (taking place at different rates [3]) and gradual attainment of stationaty detector
operation in B irradiationm. :

The authors thank Yu. A. Tsirlin for his attention to, and help in the present work.
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" YIELD OF ELECTRON BREMSSTRAHLUNG FROM THICK TARGETS

V. I. Isaev and V. P. Kovalev o _ , UDC 539.163:539.124

In {1], a method of calculating the total yield of electron bremsstrahlung from thick
targets without taking account of the electron transmission coefficient was considered. In
the present work, this method is used to obtain a simple analytical expression for the brem-
sstrahlung yield, taking account of the transmission coefficient.

Suppose that at a target depth t there are n(Eq, E, t) electrons of energy E, where E,
is the initial energy of the electrons. The state of the electrons at depth t will be char-
acterized by some mean energy E(t). For a high energy, its value will be given by the ex-
pression {2] ,

E(t) = Eqexp ( —Et),

where £ 1s the ratio of the total electronm energy loss to its initial energy.

- When the electrons pass through a layer dt,-they lose some part of their energy in the
form of bremsstrahlung radiation, the numerical value of which is

ay = o

-—2 \ (o, E, )o(E, Z, k) kdkdt, (1)

QMHI

wﬁere Z is the atomic number of the target; A is the mass number of the target; o(ﬁ, Z, k)
is the cross section of bremsstrahlung formation with the energy k.

Suppose that the bremsstrahlung formed in layer dt is directed forwards, and attenuates
exponentially in the subsequent part of the target; then

Ny

oL’ﬂmy

n(Ey, E, t)o(E, 2, kykdk oxp[—p (k) (T —1)) dt. , : (2)

Then, summing over the whole thickness of the target, the energy of the bremsstrahlung
leaving the target is obtained

N

A

T :
Y (t)y=—" S n (E,, E', t)O'(-E', Z, k)kdk exp [—p (B) (T —t]dt. - 3)
0 ,

In calculations of the protection, it is approximately assumed that the attenuation of
the dose rate of "shower" y quanta occurs with near-minimal absorption coefficient in the
chosen material; therefore, it is assumed that p(k) = upin, which is denoted henceforward
by u. . :

Translated from Atomnaya Energiya, Vol, 56, No. 6, pp. 417-418, June, 1984. Original
article submitted October 17, 1983. :
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Fig. 1. Dependence of the electron-brem-
sstrahlung yield on the thickness T of a

~ tungsten target (p = 0.04 cm®-g~') at an
energy of 15 (1), 30 (2), and 60 MeV (3):
the continuous curve corresponds to calcu-
lation by Eq. (7) and the dashed curve to
calculation by the Monte Carlo method [4];
the thickness 1s expressed in fractions
of the mean electron path.

TABLE 1. Values of Yrad(Eo)'inthgctions
€ of the Initial Electron Energy

Eo. MeV
Element
30 © 680
Tungsten 0,576 0,735
' 0,53 0,67
_ Lead - . 0,6 . 0,75
0,55 ‘ 0,682

Note, The first value for each element is
calculated from Eq. (10) and the second is
~ the result of calculations in [5]; the dis-

crepancy is no more than 10%.

~ The integral with respect to k is the mean radiational 1oss, and for high-energy electrons
may be written in the form .

(dE/dz),q cE.

Thus, determining the energy of the bremsstrahlung leaving the target reduces to calcu-
lating the single integral

Sn(t)cE(t)exp[—p(T—t)] dt. . R R
0

y(=2e
The following expression was obtained for n(t) in [3]

n(t) = exp [-—a(t/RE) , v _(5) " .

’ 'where b = [387 Eg/Z(l + 7,5 10’s ZE’)° B.a=(1 —-1/b)“b, RE 18 the extrapolated path...__"'

Substitution of n(t) and E(t) into Eq. (4) gives

426’_.
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Y (T)=cE,exp(—pT) S exp[—a(¢/Rp)°—(E—p) 2] dt. (6)
_ 0 _

To calculate the integral in its final form, the integrand is replaced by an éxpression
representing it with an error of 10% in the thickness range 0—Rg

exp [—a (t/R)P— (8 —p) t] = 1/(1 -+ &3),

where q=é{2eq>ugé—p)%]—-iyg;% is the thickness at which the transmission coefficient n(t)
is equal to a half: - :

ty=Rg (In 2/a)",

Calculation of Eq. (6) then gives

Y (T) =cE,exp (— pT) arctan(e,T)/c, (MeV), ('7)
where T isithe target thickness.

The results of calculating the bremsstrahlung energy are shown in Fig, 1. Good agree-
ment of the results of the calculation is seen, both in terms of absolute values and in

terms of the form of the curves. The greatest discrepancy (7%) 1s observed for curve 2 at
the maximum. '

Taking u = 0 in Eq. (7), the electron energy converted to bremsstrahlung energy on

deceleration in a target of thickness T is obtained.

'¥ad - (T)=cEg arctan (c;T)/cs, (8)

where c2 = [2exp(Eto) — 1]/td. .
The difference between Eqs (8) and (7) is the energy of the bremsstrahlung absorbed in
the target

Yabs = cE, {arctan(c,T)/c, — exp (— pT) arctan (c,T)/e,}. )

Taking T = = in Eq. (8), the maximum possible electron energy converted into bremsstrah- -
lung energy is obtained:

Yo (Eo) = cEqgn/(2c,). | (10)

Table 1 gives values of Yyad(Eo).

Note, in conclusion, that taking account of the electron transmission shifts the maximum
of the distribution curve toward smaller thickness and reduces the bremsstrahlung yield.
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COMBUSTION, EXPLOSION, AND SHOCK WAVES
Fizika Goreniya i Vzryva
Vol. 20, 1984 (6 issues)

COSMIC RESEARCH
Kosmicheskie Issledovaniya
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ITS APPLICATIONS

Funktsional 'nyi Analiz i Ego Prilozheniya
f Vol. 18, 1984 (4 issues)

..........................

GLASS AND CERAMICS
Steklo i Keramika
Vol. 41, 1984 (6 issues)

..........................

HIGH TEMPERATURE"
Teplofizika Vysokikh Temperatur
Vol. 22, 1984 (6 issues)

..........................

HYDROTECHNICAL CONSTRUCTION
Gidrotekhnicheskoe Stroitel’stvo
Vol. 18, 1984 (12 issues)

INDUSTRIAL LABORATORY
Zavodskaya Laboratoriya
Vol. 50, 1984 (12 issues)

.........................

INSTRUMENTS AND
EXPERIMENTAL TECHNIQUES
Pribory i Tekhnika fksperimenta

Vol. 27, 1984 (12 issues)

.........................

JOURNAL OF APPLIED MECHANICS
AND TECHNICAL PHYSICS

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki
Vol. 25, 1984 (61SSU€S) ... ..vvvvnviiiienrrnnenns
JOURNAL OF APPLIED SPECTROSCOPY
Zhurnal Prikladnoi Spektroskopii

Vols. 40-41, 1984 (12issues) . ........covvvnerennn..

JOURNAL OF ENGINEERING PHYSICS
Inzhenerno-fizicheskii Zhurnal

Vols. 46-47, 1984 (12155U€S) .. ... ..cvvvuvvrenvnens

JOURNAL OF SOVIET LASER RESEARCH
A translation of articles based on the best Soviet research in the
field of lasers

Vol. 5,1984 (6issues) ........covvveivinnvevnnnn,
JOURNAL OF SOVIET MATHEMATICS

A translation of Itogi Nauki i Tekhniki and Zapiski
Nauchnykh Seminarov Leningradskogo Otdeleniya
Matematicheskogo Instituta im. V. A. Steklova AN SSSR
Vols. 24-27, 1984 (24 1issues). .................. .. $1035

LITHOLOGY AND MINERAL RESOURCES
Litologiya i Poleznye Iskopaemye
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