Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3
ISSN 0038-531X

#

Russian Original Vol. 48, No.“ 1, January, 1,.980
’ ~July, 1980

4

SATEAZ 48(1) 1-70 (1980)

SOVIET
"ATOMIC
ENERGY

ATOMHAA 3HEPTUA
(ATOMNAYA ENERGIYA)

TRANSLATED FROM RUSSIAN

CONSULTANTS BUREAU, NEW YORK

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3



-

Declassified and Approved Fo!r Release 2013/02/01 : CIA-RDP10-02196R000800030001-3

SOVIET
ATOMIC
- ENERGY

v

Soviet Atomic Energy is abstracted or in-_

dexed in Chemical Abstracts, Chemical
Titles, Pollution Abstracts, . Science Re-
‘search Abstracts, Parts A and B, Safety
Science Abstracts Journal, Current Con-
tents, Energy Research Abstracts

Engfneenng Index.
\

and

-~

Soviet Atomic Energy is a translatlon of Atomnaya Energ/ya a
publication of the Academy of Sciences of the USSR.

An agreement with the Copyright Agency of the USSR (VAAP)
makes available both advance copies of the Russian journal and
original glossy photographs and artwork. This serves to decrease
“the necessary time lag between publication of the original and
publication of the translation and helps to improve the quality
of the latter. The translation began with the first i issue of the
Russian joumal : ’ 4

, Editorial Board of Atomnaya Energiya:

1

Editor: O. D. Kazachkovskii,‘

A

Associate Editors: N. A. Vlasov and N. N. Ponomarev-Stepnoi

, .
- * . - 4

Secretary: A. |. Artemov : _ v
2 I: N. Golovin V. V. Matveev .
V.l lVichev. . |. D. Morokhov
- V. E. Ivanov. A. A. Naumov
¢ " V.F. Kalinin A. S. Nikiforov '~
‘ P. L. Kirillov A. S. Shtan’
Yu. I. Koryakin B. A. Sidorenko
< A. K. Krasin M. F. Troyanov
- E. V. Kulov E. I. Vorob'ev
N B. N. Laskorin

Copyright © 1980, Plenum Publishing Corporation. Soviet Atomic Energy partici-
pates-in the program of Copynght Clearance Center,
code line at the bottom of the first Page of an article in this journal mduntes the
copynght owner’s consent that copies of the article may be made for personal or
internal use. However, this consent is given on the condition that the copier pay the

" stated per-copy fee through the Copyrignt Clearance Center, Inc. for all copying not
explicitly permitted by Sections 107 or 108 of the U.S. Copyright Law. It does not

. extend to other kinds of copying, such as copying for general distribution, for
advertising or promotional purposes, for creating new collective works, or for resale
nor to the reprinting of figures, tables, and text excerpts.

. "y

Consultants Bureau journals appear about six months after the publication of the
original Russian issue. For bibliographic accuracy, the English issue published by

C e Consultants Bureau carries the same number and date as the original Russian from
whuch it was translated. For- example a Russian issue published in December will

appear in a Consultants Bureau English translation about the following June, but the -

translation issue will carry the December date. When ordering any volume or particu-
lar issue of a Consultants Bureau journal, please. specify the date and, where appli-

- cable, the volume and issue numbers of the original ‘Russian. The material you will
receive will be a translation of that Russian volume or issue. '

Subscription (2 volumes per year)

Vois. 46 & 47: $147.50 per volume (6 Issues)
Vols. 48 & 49: $167.50 per volume (6 Issues)

Prices hat high tside the United States

Y - .

Single Issue: $50
Single Article: $7.50

CONSULTANTS BUREAU, NEW YORK AND LONDON

‘Published monthly. Second-class postage paid at Jamai}u, New York 114;'31.

227 West 17th Street '
‘New York, New York 10011 .o ,

' T

. Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3

Inc. The appearance of a .



DecIaSS|f|ed and Approved For Release 2013/02/01 CIA-RDP10-02196R000800030001-3

SOVIET ATOMIC ENERGY

, E A translatlon of Atomnaya Energlya
' B ' ‘7 July, 1980

Volume 48, Number 1 ' ‘ ' V Jahuary,‘ 1980

L ' | CONTENTS

Engl./Russ.

ARTICLES
Chemical Systems for Obtaining Tritium in Thermonuclear Power Generation

— V. G. Vasil'ev. . . . . . . . e e . e e e e e 1 3
Direct-Flow Scheme of Reactor w1th Smooth Tubular Fuel Elements

for Maneuverable Atomic Power Plant — V. N. Smolin, V. I. Esikov,

Yu. I. Mityaev, and S. A. Vasil'ev. . . . . e e e e e e e 8 9
Regulating Reaction Neutron Field Using Inverse Models -I Ya. Emel'yanov,

E. V. Filipchuk, P. T. Potapenko, and V. G. Dunaev. . . . . . . . . . . 12 12
Statistical Estimation of Fast-Reactor Fuel-Element Lifetime

— A. A. Proshkin, Yu. I. Likhachev, A. N. Tuzov, and L. M. Zabud'ko . . 17 16
Effect of Cold Working on the Radiation Swelling of Metals — N. A. Demin

and Yu. V. Konobeev . . . . . . . . . e e e e e e e s . 22 20
Determination of the Adiabatic Compre831b111ty, Isentropy Index, and Other

Properties of Two-Phase Media — V. S. Aleshin . . . . e s e s s e e s 28 24
Neutron Resonances of Osmium Isotopes in the 1-550 eV Range

-~ T. S. Belanova, S. 1. Babich, A. G. Kolesov, and V. A. Poruchikov . . 33 28

LETTERS TO THE EDITOR
Coice of Some Characteristics of Fast Breeder Reactor at Various Stages

of Nuclear Power Development — M. F. Troyanov, V. G. Ilyonin, _ :

V. M. Murogov, V. Ya. Rudneva, and A. N. Shmelev. . . . . . e e e e 39 33
Calculation of Reactor Water Flow Rate for Purification of Coolant

in Boiling-Water Single-Loop Atomic Power Plants — V. V. Gerasimov,

0. I. Martynova, 0. T. Konovalova, and T. I. Kosheleva. . . . . . . . . 41 34
Reactivity Coefficients of Materials in Fertile Media with K, &1
— V. A. Dulin, Yu. A. Kazanskii, and V. F. Mamontov . . e e e 43 35

Comparison of Cross Sections for the Production of ***Cd and l“°Ba

in the Photofission of *3°y, *2°y, 237Np, and 2°°pPu — P. P. Ganich,

V. I. Lomonosov, and D. I. Sikora . . . . 45 36
Behavior of Boiling Reactor during Wlthdrawal of Shlm Rods —-R E Fedyakln

and E. V. Kozin . . . . . . . . . e . e . e e 48 38
Gamma Dose Buildup Factors in Air —-I N Butueva and I N Troflmov .« e e . 49 39
Precision Method of Measuring Heat Release in Critical Assemblies

— A. T. Bakov, V. A. Volkov, and R. A. Musaev . . . . . . . . . e 50 39
Effect of Hydrogen on the Error in Measuring the Content of FlSSlonable

Nuclides by Neutron Methods — V. I. Bulanenko and V. V. Charychanskii . 53 41

Dependence of the Intensity of X-Ray Radiation Excited by Protons (Ions)
on the Ion Energy and the Target Thickenss — V. F. Volkov,

A. N. Eritenko, and Yu. A. Malykhin . . . . . e . e e e e e e e e 55 43
Experimental Determlnatlon of Tritium Conversion Ratlos —-D I. Efgrafova,
Z. V. Ershova, V. K. Kapyshev, and V. I. Sakharov . . . . . . . . . . . 59 4

Possible Use of 1ASSm Source for Isotope-Excited X-Ray Fluorescence

Assaying of Tin Ores — V. V. Smirnov, A. P. Ochkur, N. G. Bolotova,
A. D. Gedeonov, E. P. Leman, V. N. Mitov, and B. N. Shuvalov. ... . . . 62 46

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3



Gamma Rays and Neutrons. from 2*°Pu Fluorides — V. V. Ovechkin. :
Effect of Additive Simulating Fission Products on the Elasticity Character-
: 1st1cs of UC — S. A. Balankin, V. S. Belevantsev, A. S. Bubnov,

V. A, Zelyanln R. B. Kotel' nikov, and D. M. Skorov .

LRI

S

Declassmed and Approved For Release 2013/02/01 CIA- RDP10 02196R000800030001 3

? .

€ et

-

CONTENTS
(continued)
Engl./Russ.

65 48

68 49

'i‘he Ru'ssia'n presé‘dete (podpi's:no'k-pechati) of-th'is issiie' was 12/25/1975

Publication therefore did not occur prior to this date, but must be assumed

- to have taken place reasonably soon thereafter. _

* e
i R ETrEY f
PR A R R ST :
5!
El - v
I * oy g
B ¢ -1 P P ety
: s ¥
T et ; p
i .
oy
i i R VOSoL .ot
[ iy r
S . . R
R . .
3 { . i L
. S
Pl ! V- I &
i ¢ . 4 B ot
1 ) L i i
? f 4l ’
R FE
L
W +
g ‘.
\ iy
) s
w . ;
T i t
Oy
L¥) hi
L
T . !
: ARIeY H b n
Je ! N
] H oty 1 B
) .
. T, 4
g
3! .. i
¢ Tt “f. ot N
e FAS T ¥ RS *

" Decléssi‘fied and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3




Declassified and Approved For Release 2013/02/01 CIA-RDP10- 02196R000800030001 -3
ARTICLES

CHEMICAL SYSTEMS FOR OBTAINING TRITIUM
IN THERMONUCLEAR POWER GENERATION

V. G. Vasil'ev - ' } UDC 539.17:541.121.124
In order to obtain tritium — the main component of the deuterium—tritium fuel in a
thermonuclear reactor (TNR) — 1lithium material can be used by two methods, the optimization

of which is the subject of considerable study nowadays [1-3]. In the first method the TNR
serves as the source of neutrons which are used for the reproduction of tritium, and in the
lithium zone -of the blanket (the shield of the reactor the conditions necessary for the pro-
duction and separation of tritium are created. 1In the second method the TNR is used for
obtaining energy and nuclear fuel in a hybrid variant; this method uses tritium produced in
fission reactors. This production can be carried out by the use of a symbiotic system [3]
using molten salts, or by irradiating solid lithium materials [4-6]. :

There are two variants of the utilization of lithium materials: prolonged radiation
for the accumulation of tritium, and short-term radiation for the production of tritium in
the reactor itself [7]. Consequently, in order to obtain tritium from lithium materials, two
chemical systems can be considered — a closed system and an open system.

In the closed system there is no mass exchange with other systems, but the system
receives and gives off energy. The lithium material is situated in a hermetically sealed
vessel and receives energy which is removed by heat transfer. The thermodynamic potential
tends .to a minimum value, and AG is negative. '

In the open system there is both matter and energy exchange with other systems, i.e.,
both the mass and the energy can change. The system does not reach equilibrium; the process
continues until the system changes its mass or energy (or both). In the open system, pro-
ducts of the muclear reaction and radiolysis are taken out of the system.

We consider the connection between the amount of tritium accumulated in 1 cm® of lithium
material and the irradiation time for the neutron flux density of 10'3 neutrons/cm®-sec and
an effectiveness coefficient of 0.1 (Table 1). The first days of operation of a thermonu-
clear reactor are characterized by a tritium concentration of 1072-107* mg/cm® in the lithium
materials. The optimum amount of tritium in lithium materials irradiated in fission reactors
can be accumulated in a few months [3]. '

When the tritium content of the llthlum materlal is V10 2<107' mg/cm®, for the closed
system we can speak of the existance of an independent lithium tritide phase (when metallic
lithium or its alloys with other metals are irradiated) or solutions of tritium water in the
original oxygen compounds of lithium. Consequently, the closed system must be analyzed from

TABLE 1. Lithium Irradiation Time for
Obtaining the Necessary Concentration of

Tritium
Amount of ritium |Amount of lithium
in1cm’ burned up fora |- Irradiation
denstty of 0.
mg atom ty of 0.5 g/ | time, days
cm”, mass o,
10-3 | 2.10t¢ 4.10- 0,23 i
10-3 2:10v7 4-10-¢ 2,3 :
10-2 2-1018 4.10-3 . 23
101 2.101® 4-10-2 230
1 2-10% - 4107 2300
10 2.10% 4 —
H *y

+

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 3-8, January, 1980. Original
article submitted December 25, 1978.

0038-531X/80/4801-0001$07.50 © 1980 Plenum Publishing Corporation 1
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TABLE 2. Products of Thermal Dissociation and Radiochemical Processes in thhlum

Compounds
Chemical Thermat dissociation Radiolysis products Source
compound - b
Lill LiH — Li-} 0,5 14, 500°C - |Qolloidal lithium, hydrogen | (9—111%, 112,131
LiAlH, L.Alu,,-» LiAlH, 11, 180-210°C |
© | LiAlHg— Lil--Al--0.5 11, 230--280 -G |Colloidal lithfum, hydrogen | 114—17)%, (18] T
Lill— Li-} 0.5 11, 370-480°C | ] :
LiNO, | LNOy - LiNO, -0l 5 0, Oxide of Lig, LINOg, N3, O | [19—21] *, [22—24|1
LiNO, LiNUy— 0,5 IA.,O 10,5 NO- 4 0.5 NO, L ) _
Li,C, LigCy — 2Li~-2C . , 600°C  [Lithium, graphite [25] *
Lil’ LikF Vaponzatlon i 800G iColloidal lithium, fluorine [26,27]*, (28, 29]T
: LiF — Li-++0,5F, 1300 ©C o S
Li,0 o Li0 Vaponzatlon 1000 °C Li, 0, % [30—33} *
Li,0 — LiO, Li, ) 1400 °C )
LiAlO, LiAlQ, — LiL0, SAI S0, 10,25 0, 1400 °C Li, 0,% |34—36] *
LipS0, Lig80, — Vaporization 600 - ¢ 80, S0, O, 137—39]#, 140—43]T
Lig804 -+ Li,0--80y-i- 0,5 Oy
Li,8i0y Li,SiU, — Vaporization :
Li,SiO, Li,8i0, — Li,04-8i0, {1, si, 0,%

*By thermal dissociation.
By radiolysis.
I Hypothesis.

the viewpoint of the equilibrium state with respect to phases containing lithium in one or
another chemical form.

For an equilibrium chemical system we use the well-known phase rule C=K — &+n (C is
the number -of thermodynamic degrees of freedom of the system, which defines the largest num~
ber of factors that can vary independently of one another, i.é., the number of independent
parameters which completely define the state of the system in equ111br1um K is the number
of independent components of the system that take part in the formation of the chemical com-
pound; ¢ is the number of phases; n is the number of external factors affecting the state of
equilibrium in the given system. The component parts of the system are determined by K,
which can be taken equal to the number of chemical elements making up the compound plus the
tritium formed in the- system. The number of phases can be predicted if we determine the
value of n. The systems under consideration are acted upon by pressure, temperature; and
radiation (y radiation, neutrons, and "hot'" particles- — helium and tritium).

v _ The temperature regime of the irradiation of lithium materials, taking account of the
constructlon of the ampule, the distribution of neutrons through the material as a function
of the °Li concentration in it, and the thermophysical properties and composition of the
gaseous phase, is the subject of an independent investigation. If we compare thé results
of the action of various types of radiation and high temperatures on the chemical compounds
of lithium, we note that the products formed are identical (Table 2). The mechanism of
formation of the products of dissociation of chemical compounds under heating and under the
influence of hot particles is probably the same, since a high temperature is observed in the
tracks of heavy particles of helium and tritium [8]. For metallic systems the action of
radiation does not lead to the formation of chemical products of radiolysis except for the
products of the nuclear reaction of helium and tritium. Consequently, the number n can be
taken equal to 2, and for closed systems with lithium materials acted upon by neutron irradi-
ation, the phase rule is written in the form C.=K — ¢+2. The equilibrium in the system
is affected by only two external factors — temperature and pressure.

The results of calculations of the number of phases and the composition of lithium
systems for two-component, three-component, and multicomponent systems for different values
of C are shown in Table 3. Metallic lithium and systems based on it are characterized by the
formation of lithium tritide, which is considered in a lithium—lithium-tritide system in
[44-46]; for lithium alloys w1th ‘alumirnum the formatlon of a three-phase system is most
probable [47]. C

In three-component systems formed upon the irradiation of L1F Li,0, and Li,C., the
formation of systems with three or four phases is probable. For LiF the most probably result
is the formation of a system with colloidal lithium; thus, the compound LiF- -HF dissociates
at a temperature of ~200°C [48].

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3
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TABLE 3. Number and Composition of Phases for Closed Systems with L1th1um and
Lithium Compounds

% Q L] : - - L= :
] : C ition of ph E B : C iti f
System |5, B 5 g 3 g)r, omptzsamon :d )P ases System s, ,g g g 5 § ompo(s; ion od phases
1B (0| o5 um 3E8u|s 58| o3 sumed)
ZoaulZo bl A6 _ Z08, &8l &6
0 4 | Gaseous phase 0 5 |Gaseous phase
Solid phase;lithium, . Solid phase: Li,O, LiOT,
lithium tritide LiO
Liquid phase S | - |Liquid phase
o 1 3 |Gaseous phase Li;0—T 31 4 |Gaseous phase
Li—T 2 Solid phase; lithium, o Li-Al(alloy with 3,
lithium : lithiurmn by mass)-T
9 o | Gaseous phase 2 3 |Gaseous phase
Solid phase: solid solution - Solid phase: Li,O, LiOT,
of lithium uitide in
lithium ' : , 0 | 6 |Gaseous phase :
] - Solid phase: Li;SO, solid
| solution of T,0 inLi,SO,
¢ 5 g:lsledo;;apsrftAl inalpha -1 solid solution of SO; in
SAY g - Li,SO,
phase, LiAl in beta phase] : 2
lithium tritide Liquid phase
‘ 1 iquid ’ :
Li-A1l (alloy ’ ‘ Liqu Phasg 1 5 |[Gaseous phase i
1, ' 1 4 |lo iSolid phase; Solid solution
with 37 I B P :ffdﬁlfsﬁsfm-m alpha | Lis0,—T | 4 of T,0 in Li,S0; solid
-lithium by A1 1 solution of SOy in Li,SOy
phase, LiAl in beta phase " 5
mass)=T lithium tritide : Li,SO,, solid solution of
TZO and 803 in LizSO4
2 3 | Gaseous phase
Solid phase:LiAl in alpha : 2 | 4 |Gaseous phase
phase, lithium writide Solid phase: Li,SO, solid
I solution of T,0inLi,SO4
solid solution of SO4 in
Li,S0,-

)

For systems with more than three components (irradiation of Li,SO,, LiAlO., etc.) the
most probable number of degrees of freedom is.two, since here it is possible that solid
solutions of water with the original substance will be formed. For Li,SO. the number of
phases is equal to four, which is’confirmed by the results of 1nvest1gat10ns of the systems
leSOu — SO3 and leSOz. —_ 20 —_ SOa [49 51]

Increa51ng the number of components in the system is reflected in the redistribution
of tritium among the phases formed, whose number also increases. For hydrogen compounds
of lithium containing Li.0, Al,0s, SiO, and other oxides, tritium oxide will be distributed
among these components.

The above reasoning gives us some idea of the formation of new phases and of the chemi-
cal state of tritium in closed systems acted upon by radiation. The quantitative relations
can be found by means of thermodynamics, taking account of specific systems and the condi-
tions of their irradiation, which vary with time.

The displacement of equilibrium (the removal of some of the products of the system) is
carried out by vacuuming, using a carrier gas, and as a result of chemical reactions with
the walls of the ampule or various types of absorbers. Under these conditions the system
is regarded as open. We can regard as open systems the lithium materials irradiated during '
the first hours and days of operation of “a thermonuclear reactor and a fission reactor.
Published experimental data [52] oh the properties of irradiated inorganic compounds of
lithium (the kinetics of the generation of tritium and helitm, the chemical forms of tri-
tium in irradiated lithium compounds, radiolysis products) relate to the initial stages of
irradiation. These data, in combination with data on the thermal properties of compounds,
are necessary for a description of open systems.

The chemical forms of tritium formed in the lithium material as a result of the nuclear
reaction can be predicted on the basis of the nuclear chemistry of hot particles. The slow-
ing-down of hot atoms in the energy region in which they do not react is subject to laws

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3
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TABLE 4. Variation of log Pgatr = f(T) and Average Values of Heat of Vaporization

v ¢ {eat of vaporization, kcal/mole
Compourl-d and oTempgrature, Method o It Pgt =/ (D, Hg published
composition, mole |°K ingasurement - | expt. data

: . - A0 . ) .
LiF 8331133 |Langmuir tg P — BT g 54,3+4,0 | 58,2726)
. - Knudsen lg 1 U—é;i -0, or' 61,0+4,0 67,6 [26]
. — :
BeF, 833—1033 |Langmuir ° Ig P — _'"6;’ L aiA3.0 | 47-55{64—65]
- T .
Knudsen gp . — L*iT-lO_ 847 a0,5+3,0
o : ! ! : ) B et .. .
LiF—NaK-—~KF_ |. 833—1133 |Langmuir. g r —2A® 6 42,44,0
46,5—14,5—42 | . - ) - {Knudsen Igp-. — 1—0—61,9— 449,25 . | 48,6+4,0-
i . : 7
LiF—Bel, "° " .| 833--1033 - |Knudsen g - — 3% RE R
50—50 v |Langmuir gp- »-;—8-73—“)— —{—b 40. . 40+4,0
LiF—BeF, © 8331033 . |Knudsen _ 1g.p,_;__9_"3%1_"3_ 48,37 | 44,0430
66,7-33,3. . | . Langmuir lgP=— ﬂ#“—+5,14‘ 37,5+2,0

1

which follow from the assumptions on the collision of elastic particles. In this case, the
slowing-down spectrum is calculated on the basis of equations which describe the process of
thermallzatlon of the neutrons [53]. The reactions of tritium recoil atoms take place
through the direct single-stage interaction of the recoil atom with individual atoms, or
more precisely, with chemical bonds. To calculate the yield of an individual tagged com-
pound from a two-component system, the following expression has been proposed [54, 55]:

Ryy=(f/E) I — (fZ/EZ) K,

. where f is the geometrlc probability’ of COlllSlon, £ 1s the average logarlthmlc decrement
of energy. The results of calculations performed for lithium halides, using experlmental
data on the tritium yield R from these compounds [18], are shown in Fig. 1. It can be seen

R (/1) .
241

2,0

1,6

Fig. 1. Variation'of R as a
function of f£/& for various
compounds: ---) Li,BeF,; o)
experiment. '

t 1,2

0,8

o4
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TABLE 5. Phase Composition after Vaporization of Flubride Systems in a Vacuum

System and composition . Specimen Vaporiza- * |Loss of ' .
mole % P " [tiontemp,°C|mass, %’  Composition, mass,%
Li Be
LiF — BekF, Original comnposition - 9.6 12,32
50 50 Solid residue - . D60, 572, | 110 12,4
Lil — BeF Original composition X 14,15 9,09
66,6 33,4 Solid residue . 1 60 6,35 14,64 9,15
Same - 660 © 7,28 15,94 9,09
» » ’ 760 20,2 12,2 7,54
» o 760 27,9 18,82 6,67
LiF —Nal'—KF . ' .. Li Na K
46,5 11,5 42 Original composition l 7,91 6,41 39,7
: Solid residue 660 11,3 8,4 7,5 40,7
Same G60 25,0 9,3 8,1 33,6
‘| Condensate 660 3,16 1,6 53,5

that we do not have a rigorous linear dependence of R(£/f) on f/¢. However, for LiBeF,
we can determine R by calculating f and §. Calculations show that 70-80% of the tritium
will be produced in the form of T., and the rest in the form of TF.

The thermal stability of lithium materials can be considered by using the example of
nitric acid, sulfuric acid, and fluorine compounds, some-of ‘which form the basis of melts
proposed for use in reactors. Here we should emphasize the connection between thermal and
radiochemical stability. At a certain temperature, the rate.of thermal dissociation will
be greater than the rate of radiolysis, since the .recombination processes for radiolysis
products play an important role in the result of the annealing of defects. The rate of
generation of dissociation products by the thermal method will be greater than the rate of
their radiation generation, i.e., GoI < (N/M) Ko exp (—E/RT). Using the example of LiNO;, we
can show that for E=15.8 kcal/mole, Ko =1.25.10"", Go =5.5 ion/100 eV, and power I=10"°
eV/(g-sec) at which the material is not heated above (100°C, T <E/(2.3R log KoN/MIGo,). At
A500°C, the chemical effect of the radiation in the decomposition of LiNOs; is much less than
the thermal effect. ’ ‘ :

For sulfate systems with lithium which contain BeSO., analogous laws should be noted.
In the system Li,SO, — BeSO. there is a eutectic 38 mol.% BeSO,) with a melting point of
480 + 5°C [56, 57]. Investigations of the equilibrium pressure of gaseous products of dis-
sociation, the kinetics of thermal dissociation, eutectics, and BeSO. [58-60] have shown
that a melt of a eutectic is thermally stable in a vacuum up to 600°C. The annealing of the
products of y radiolysis in these compounds takes place up to 500°C [43].

Melts of eutectic compositioms in the systems LiK/SO., LiNa/SO., and LiNaK/SO, have a
high thermal stability, since the salts in these systems are thermally stable up to 1000°C
[39]. Analysis of the sublimates and the residue.of a melt after vaporization of 7 and 207
by mass of the eutectic LiNaK/SO. (900°C) showed that the ratio of the alkali metals does
not change and that there is no sulfate-ion depletion of the melt. The results obtained
indicate that in these systems it is possible to have a transfer of mass of a substance
through vaporization, and the action of radiation under the conditions of an open system
leads to dissociation and removal of the gaseous products (0., SO,, SO5) [42, 43].

Mass transfer in the fluoride systems LiNaK/F, LiBe/F becomes significant, since they
have highly volatile components [61-65].

For fluoride systems, there have been investigations of the rate of vaporization from
an open surface (a platinum crucible) and from a diffusion chamber (nickel, copper; Clausing
coefficient 0.8). The results of the calculations of the saturated vapor pressure are
shown in Table 4. Beryllium fluoride was obtained by the thermal decomposition of ammonium
fluoroberyllate in a vacuum [62, 63]. There was a change in the composition of the melt,
which is illustrated by the data of Table 5. The tabulated properties of fluoride systems
may complicate the production of tritium from them, since it may happen that the rate of
vaporization of the material is close to the rate of extraction of the tritium.

Most of the inorganic thermally stable compounds of lithium do not have the drawbacks
described above and are preferable for use in open systems, because of such properties as
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TABLE 6. Chemical Systems in the Process ,
of Irradiation

Charactetistios of | O °f Pumedq Amount of tritium formed
up atoms of — .
system ; FLiinlcm? mg/em® | cifem®
Open system* 2.0 10-5 10~
pen 21018 10-4 10-3
2.4007 10-3% 10-2
Transition nqﬁonT 24018 ] f0-2 101
AR 101 ] 1
Closed system? 2-1020 t 10
2.402 10 100

*Far from the equilibrium state.

tFormation of phases, change of structure,
influence of helium on the mechanical pro-
perties of the material, fracture of the
material. ’

tTransition to the equilibrium state, for-
mation of gaseous and solid phases contaln—
ing .tritium,

low vapor pressures, radiation stability, and safe operation in a reactor [66]. However,
there are some experimental data [67] which indicate that lithium oxide is volatlle at tem-
peratures above 1000°C, especially in the presence of water.

The proposed classification of chemical systems enables us to find the connection
between them when they are considered in the process of irradiation over the entire range
of available concentrations of tritium in lithium materials. Table 6 shows the connection.
between the systems and the conditions of their existence. For tritium concentration of
less than 10-' Ci/cm® in the material, the system may be regarded as an open system far.
from the equilibrium state, whereas for a tritium concentration of more than 1 C1/cm it
may- be considered. a closed system approaching equilibrium.- The boundaries of the transition
region are indicated provisionally, since the transition of the system from open to closed
depends ‘on the properties of the llthlum materlal the irradiation conditions, and the free
volume. : ‘ :

Open nonequilibrium systems can be used in the tritium reproduction zone of the blanket
of a TNR when arrangements are made for the continuous method of tritium production, whose
advantages for TNR are described in [7]. The description of open systems requires a study
of the chemistry of tritium at low concentrations (107'-10"2 Ci/g) in lithium materials,
the behavior of helium, and the radiolysis products and their properties.
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DIRECT-FLOW SCHEME OF REACTOR WITH )
SMOOTH TUBULAR FUEL ELEMENTS FOR . . ' : T
MANEUVERABLE ATOMIC POWER PLANT

V. N. Smolin, V. I. Esikov, S _ . UDC 621.039.577
Yu. I. Mityaev, and S. A. Vasil'ev '

At the present time plans for the European part of the Soviet Union call for the pre-
ferential growth of power plant capacity through the construction of atomic power plants,
When atomic power plants account for 25-30% of the generating capacity of the energy systems
it becomes necessary for the plants to operate with regulated load conditions. Hence there
is the problem of constructing such special-purpose atomié'ppwer plants.

In creating a reliable and commercially viable atomic power plant to operate peak-load
and semi-peak-load modes it is necessary to solve a number of complex engineering problems.
The many aspects of this problem and possible ways of solving it were considered by N. A,
Dollezhal' in [1] where, in particular, he showed that one of the main goals 1s to design’
a fuel element capable of withstanding repeated cyclical variations in the stresses as the
result of variation of the thermal conditions under which it works. A possible variant of
the solution to the problem ’'is that of using tubular fuel elements of the dispersion type
with a high thermal conductivity of the fuel composition, ensuring reliable thermal contact
with the fuel cans. In such fuel elements, when the power changes by 17 the change in the
temperature gradient in the cross section is 0.5-1,0°C whereas in the most common rod-type
fuel elements of sintered uranium dioxide this change may reach 15-20°C [1]. With a fre-
quently or rapidly varying load, such large temperature variations in rod-type fuel elements
will lead to a considerable change in the stressed state of the structure and to its prema-
ture failure. co ’ :

At the present time tubular fuel elements are made with steel cans, which worsens the
neutron-physical characteristics of the reactor and increases the fuel component in the elec-
tricity costs. For a maneuverable power plant unit this disadvantage is felt less than for

TABLE 1. Experimental Data for Onset of Heat-Transfer Crisis

P,
Mass velocity — Ptess““:'M 2 -
PW, kg/m’- il P8 - '
sec tin' °C Ncr. kW xout tin. °C th’ kw Xout tin. °C Ncr. kw | Xout
106 231,3. 1,00 107 2927 1,04 103 - 208,4 0,95
152 214.5 1,14 155 204.5 1,06 134 194.1 0,91
250 195 196,9 1,09 197 186.9 1,05 180 180.5 0.98
. 238 | 177.3 1,08 254 160,4 1,04 268 140.3 0,96
280 156.7 1,07 299 137.8 1,02 309 123.9 0,99
183 328,0 0.81 143 - 328,2 0,68 131 314,0 | 0,59
199 316.0 0.82 175 308,0 0.74 175 283.0 0,60
500 241 308.,0 0,83 229 . 263.0 0,72 229 237.5 0.61
245 279.5 0.84 265 ©233.0 0,73 283 190,0 0,63
283 242.3 0,84 299 200,0 0,75 314 157,5 0,62
278 330,0 0,53 255 | 33,0 | 0,42 248 | 3320 0,36
_ 289 309.5 0,53 269 311.5 0,43 256 316,0 0.37
1000 " 283 292.0 0,44 270 296.,0 0,38
301 264,5 0.46 283 . 273,5 |. 0.39
: 313 217.5 0,40

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 9-12, January, 1980. Original
article submitted March 25, 1979, : ‘

8 : 0038-531X/80/4801-0008%07.50 © 1980 Plenum Publishing Corporation
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Fig. 1. Example of determination of largest value 'of mass
- velocity (pw). at which the critical steam content is equal
to unity (P=7.0 MP, d =10.0 mm, L =4960 mm [5]).

Fig. 2. Mass velocity (pw),; vs pressure: O0) data of [5]
(d=10.0 mm, L=4960 mm); V, ) data of present paper (d=
18 and 22 mm, respectively, L=6000 mm); @) data of [4]
(d=24.7 nm, L=7100 mm).

atomic power plants operating under basic load conditions. However, the I. V. Kurchatov
Beloyarsk Atomic Power Plant has achieved a substantial uranium burn-up (up to 30 kg/ton),

-which is high favorable for the economics of such atomic power plants. Moreover, tubular

fuel elements with internal cooling have one more advantage over the rod type: preservation
of the radiation cleanliness of the machine room should a fuel element break. This makes
it possible to reduce the capital expenditures for the organization of radiation protection.

Since in the case of a maneuverable atomic power plant it is particularly important to
ensure minimum unit capital expenditures, it is necessary in particular to employ the sim-
plest flowsheet for the power unit. Furthermore, simplification of the flowsheet and elimin-
ation of some equipment increase the operating reliability of the atomic power plant. From
this point of view, it is desirable to use a direct-flow arrangement with delivery of steam
from the reactor directly to a turbine [2], thus making it possible to eliminate circulation

pumps, steam separators, and the attendant fittings and piping, and thus significantly reduce
the capital expenditures.

The principal obstacle to the construction of direct-flow reactors is the heat-transfer
crisis during boiling, which is accompanied by a marked increase in the temperature of the
fuel elements. This effect is initiated in some section of the fuel element when the coolant
flow reaches a certain state. Thus, e.g., with present parameters for coolant in RBMK boil-~
ing reactors and the reactors of the Beloyarsk Atomic Power Plant (BAES) the heat-transfer
crisis arises at a mass steam content Xpoyy 0.3-0.4. It is possible to use various types
of heat-exchange intensifiers in order to extend the range of crisis-free operation with
respect to the outgoing steam content. However, this entails complication of the fuel ele-
ments and the introduction of additional structural materials into the reactor core. More-
over, the efficiency of the intensifiers depends on a change in the rate of coolant flow,
which hinders the use of intensifiers with a variable load on the power plant.

There is another possibility of constructing a direct-flow system of coolant circulation
with smooth tubular fuel elements with subcritical parameters. It is known that at a pres-
sure below 10-12 MPa, asthe mass velocity of the coolant decreases the heat-transfer crisis
shifts to the region of higher values of steam content. As shown below by the results of
experimental studies on the limiting power N., of imitators of tubular fuel elements, con-
ducted in the Scientific Research and Design Institute of Power Engineering, for some ranges
of operating parameters of coolant the heat-transfer crisis does not occur right up to total
evaporation of the liquid in the channel. These results may serve as a real basis for the
construction of a direct-flow reactor.
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Fig. 3. Coolant flow rates corresponding to values of (pw)l vs' fuel-
element diameter.

Fig. 4. Block diagram:of atomic power plant with direct-flow reactor:
1) water—graphite reactor; 2) evaporator ‘channels; 3) steam drier
analogous to the centrifugal separator of once-through steam generators;
4) turbogenerator; 5) deaerator; 6) feed pump; 7) check valve.

The 1nvest1gat10ns were performed on a closed c1rcu1at10n fac1llty For the fuel-ele-
ment imitators we used electr1cally~heated tubes of corr051on—re31stant steel with a variable
wall thickness over their length (this gave the necessary profile of heat liberation over
the length of the tube, close to a cosinusoidal profile with the coefficient qmax/qmin=4) -
The coolant motion was from the bottom to the top.

The heat-transfer crisis was recorded by‘thermocouples arranged,over the length of the
fuel-element imitator at intervals of 100 mm. This made it possible to monitor the section
in which the heat-transfer crisis was initiated. With small mass velocities of the coolant
the crisis always arose in the inlet section of-the imitator so that the critical value of
the steam content practically coincided with the outgoing steam content. Jumps in the tem-
perature during the heat-transfer crisis did not .exceed 100 C. The experlmental set-up-was
described in detail in [3].

The experiments were conducted on imitators with an internal diameter of 14.6, 18, and
22 mm and a length of 6000 mm at a pressure P ranging from 7.85 to 15.7 MPa; massvelocity
'pw ranging from 250 to 2000 kg/m®-sec, and an incoming coolant temperature tin of 80°C up
to a temperature which is 10-15°C below the saturation temperature at the given pressure.

As shown by the experiments, at 7. 85 9.8 MPa and coolant mass velocities of 250-350 kg/
m*-sec worsened heat-transfer conditions arise only when the balance mass steam content
slightly exceeds unity. This is explained by the nonequilibrium steam and water flow when,
with a balance steam content of unity is reached, in fact wet steam is flowing and the mois-
ture contained in the flow 1s sufficient to wet the heat-liberating surface at moderate
thermal fluxes (q <1:10° W/m?).

Table 1 gives the experimental data characterizing the onset of worsened heat-transfer
conditions for an imitator with an internal diameter of 22 mm. As seen from Table 1, at a
pressure of 7.85 and 9.8 MPa anda mass velocity of 250 kg/m?-sec the heat-transfer crisis
does not occur over the entire range of steam contents right up to unity. With the growth
of the pressure and the mass velocity, the critical value of the steam content decreases.
Similar results were also obtained in [4, S] in experiments w1th uniform heat liberation
over the length. :

Analyzing the results we obtained, we can determine a region of operating and geometri-
cal parameters at which the limiting power is maximum for the case when the critical steam
content is close to unity. Presenting the experimental data in the form of the plot of the
critical steam content against the mass velocity (Fig. 1), we. can find the largest value of
mass veloc1ty (pw), at which the critical steam content is unity.
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The maximum values of the mass velocity (pw), fourd in this way for imitators of dif-
ferent diameters are given in Fig. 2. It is easily seen that in the pressure range 6-8 MPa
the value of (pw), is maximum. In the pressure range 3-12 MPa thevalue of (pw). decreases

as the imitator diameter is enlarged.

The values of the coolant flow rate corresponding to the maximum values of (pw). for
various imitator diameters are plotted in Fig. 3. It is seen from Fig. 3 that with an in-
crease in the imitator diameter the coolant flow rate corresponding to the maximum value of
the critical steam content increases, but does so nonlinearly, and its increase ceases as
the imitator diameter approaches 22 mm. Since the limiting power of the fuel element is
proportional to the coolant flow rate, it can be said that it reaches its greatest value at
a fuel-element diameter ~25 mm. ' ' :

Analysis of the experimental data implies that the following coolant parameters are
optimal (from the point of view of maximum power under crisis-free conditions for the fuel
element): pressure 6-9 MPa, andmass velocity 250-300 kg/m -sec. with -an internal fuel-ele-
ment diameter of 25-20 mm, respectively.

On the basis of the results it is appropriate to consider in greater detail.the possi-
bility of constructing a nuclear power plant of the direct-flow type with subcritical cool-
ant parameters and 'smooth tubular fuel elements and to make an approximate assessment of its:
capabilities. The tentative design characteristics of the reactor are given below:

Thermal power of reactor, MW....os:veeeiooanocasescnnsasonnnass 1500
Electrical power of reactor, MW...icieaerinrnrsscenenccnenoansn 500
Steam pressure at core outlet, MPa....... e cesssesasassessst e 7-8
Moisture content of steam at core outlet.......... ceetearetraes 0.15-
Steam capacity (in terms of saturated steam), tons/h.,.......... 3000
Feedwater flow rate, tons/h...iveeeeiceeneseossanscasceansacans 3500
Feedwater temperature, °C.......e.ceiveeesivesssnsvaasesvansssas 160
. Maximum power of fuel channel, KW....ceevesessecneoncssnasessns 1800°
No. Of fuel ChamnelS....veeeseeseesosonnsosnacnaooossocsnassssas 1180
No. of fuel elements in channel...... . cieiiernnnnenensnncences 7
Internal diameter of fuel element, MM......ceveeemeevasonaasnas  22-25
"Height Of COT@, Muivuieruienianesoeenesanassnoasonssoesaasnsasnne’ 6
Diameter Of COT@, Muuevrvssorecnacososssocssasossnssnsncsssnses - 89
Uranium charge in core, tons............‘..........;........... 70-80
Specific power of uranium, MW/ton....... Ceeeeneveerseenaaaaeaas 21.5-19
Uranium enrichment, Z....c.iiieimereneeeenreesonsoscossanansans 2.0
Mean burn-up of unloaded uranium, MW:day/kg............. ceeeane 20

The block diagram of the proposed atomic power plant is given in Flg 4. Water from a
deaerator is sent by a feed pump into parallel connected evaporator channels in which it is
evaporated to a mass steam content of 0.85, which ensures the necessary reserve with respect
to the heat-transfer crisis. From the channels the wet steam enters the steam drier where
the liquid phase is separated from the steam. Then the steam is directed to the turbine and
the liquid phase goes to the deaerator.

The pressure at the outlet from the evaporator channels can be recommended withing the
limits 7-8 MPa andthe internal diameter of the tubular fuel elements of the evaporator chan-
nels, 22-25 mm.

The proposed flowsheet does not rule out the possibility of nuclear superheating of the

‘steam. The increase of somewhat more than 7-8 MPa thatis necessary in pressure at the outlet

of the evaporator channels does not lead to any appreciable reduction of the maximum power
with the fuel-element diameter adopted (see Fig. 2).

Reliable cooling of the fuel elements in the evaporator channels is ensured by the fol-
lowing provisions. The coolant flow rate is assumed to be such that the critical steam con-
tent would be close to unity. The choice of a value of 0.85 for the operating mass steam
content ensures a crisis-free operating conditions for the evaporator channels. The use
of a feed pump for forced circulation makes it possible to get the necessary degree of ori-
ficing of the evaporator channels and their fuel elements in order to ensure the thermal-
hydraulic stability of the flow rates in them. With the reactor at low power (at the level
of the residual heat liberation) the fuel elements may cool down because of natural circula-
tion through the line with the check valve.
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Thus, the advantages of the proposed direct-flow reactor with subcritical parameters
(reduction of capital costs, reduction of electricity consumption for internal needs, in-
crease in reliability by elimination of pieces of equipment) hold out good promise for the

- construction of a maneuverable atomic power plant.
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REGULATING REACTOR NEUTRON FIELD
USING INVERSE MODELS

I. Ya. Emel yanov, E. V. Filipchuk, UDC 621.039.562
P. T. Potapenko, and.V..G. Dunaev ‘ S 2

+ .

A method of regulating the reactor neutron field by means of an reciprocal {(inverse)
model was proposed in [1]. ,The algorithm of [2] is a generalization of this method for an
arbitrary distribution of sensors and.control rods with a restriction on the control-rod dis-
placements. .In [3], a method.of modal regulation developed for the stabilization of the
reactor energy distribution at the Gently 1 atomic-power station was described. Essentially,
this algorithm too may be related to the algorithms with an inverse.model. The aim of the
present work is to extend the inverse-model method to the regulation of avlarge channel
reactor for which neutron-field stabilization is a .most urgent ,problem. --

Harmonic—Regulation Algorithm ,j._ . . . | - : '

The neutron -field dynamics of- the given reactor may be: descrlbed w1th sufflcient accur-
acy by a quarter adiabatic model [4}- ' -

@ (1) = (AW, (p) + A4, W, () + 4,3 K (1), -

where @ (p) is the deviation vector of the neutron field from the steady profile; k(p) is the
perturbation or control vector. : .

In accordance with Eq. (1), the change in the neutron field due to perturbation of the
reactivity may be described by the superposition of three independent motions:

1) the fundamental motion, with the transfer function of the fundamental harmonic Wo(p)
and the statistical transfer matrix Ao

@ (1) = AW, (p) k (p); (2)

2) azimuthal motion, with the transfer function of the first azimuthal harmonic W, (p)
and the statistical transfer matrix A,

@ (p) =AW, (p) k(p); S (3)

3) nonlnertial redistribution over the high harmonics, associated with the matrlx of
stable form Ax

o= Akp). | ' (4)

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 12-16, January, 1980. Original
article submitted July 17, 1978; revision submitted January 9, 1979.
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It must be particularly emphasized that the dynamic characteristics of these motions
are significantly different. ‘The statistical matrices Ao, A,, and Ax may be calculated by
a semiempirical method [4].

The idea of an inverse model will now be used to construct an algorithm for the regula-
tion of the neutron-field harmonics using a controlling computer, Note that, in the ter-
minology adopted in {5], the realization of this algorithm corresponds to the lowest level
of the hierarchy — direct control of the reactor using specialized autonomous mini- and
microcomputers.

It is assumed that r fuel-element rods (up to tens) from the total number m of rods,
and n neutron-flux detectors inside and outside the reactor are chosen for the stabilization
of the fundamental and first azimuthal harmonics. According to the algorithm proposed, the
controlling action compensating for the deviation of the neutron field from the base distri-
bution consists of the sum of three components, which are realized by the regulation loops
of the fundamental deviation harmonic, the azimuthal harmonic, and the higher harmonics

ko—"; AG‘PW&
kl =
== A"(p

Here At, AT, and AI are the pseudoinverse matrices of the matrices Ao, A:, and Ax, respec-
tively. The regulator transfer functions WeP and W,P of the first two loops are chosen
from the optimal-correction conditions for the functlons of the fundamental and first azi-
muthal harmonics.

As a result of the large difference in the characteristic time constants of the
unstable harmonics being regulated, the periodicity in the calculation of the controlling-
action components also differs. For example, in the regulation loop for the fundamental
harmonic or integral power, the action ko is calculated with a period of 0.1-0.5 sec, where-
as in the azimuthal-harmonic loop the period may reach several seconds. For the stable-
higher-harmonic regulation loop, the calculation of the controlling action may have an even
larger period. This separation allows the accuracy and reliability of regulation to be
increased and — a very important feature — allows the requirement on the computational
power of the controlling computer to be reduced. As a result of the instrumental separation
of the harmoriic-stabilization subsystems (using a microcomputer), the reliability and flexi-
bility of the control system as a whole may be increased.

Consider how compensation of the deviation from the neutron-field base profile occurs
in accordance with the given algorithm. The synchronous (unidirectional) r-rod displacement
compensating an increment in the total power is achieved in accordance with an error signal,
equal to the weighted sum of the deviations from the steady detector-signal level

Tl

€0= i'_l zCP,, . (5)

where the weighting factors ai°, elements of the pseudoinverse matrix Aot, are identical for
all the r rods when they lie in the equalized region, and are determined from the reading of
each detector with respect to the base distribution. Calibration of the total reactor power
from the signals of all n detectors inside and outside the reactor allows it to be maintained
at a given level with high accuracy.

As follows from the mathematical model in Eq. (1), the deviation of the neutron field
from the base distribution after compensation of the fundamental harmonic is mainly deter-
mined by the first azimuthal harmonic. The independent displacement of the j-th rod for its
liquidation is determined by the error signal

1 \‘1
ei= 2, a;Q;
1= o % (6)
Here the weighting factors ajj, the elements of the h-th row of the inverse-coupling matrix
A1, are determined from the values of the first azimuthal harmonic at the detector sites.
Because . all the n detectors are involved in calculating the amplitude of the azimuthal har-
monic, the stabilization accuracy is increased.

In compensating the other increment due to superposition of the higher harmonics of
the deviation from the base distribution, it is expedient to use all m control rods (of the
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order of 100 in RBMK-type reactors), performing local regulation. Since the matrix A} is
sharply attenuated (it lacks any elements of long-range coupling ‘due to the fundamental l

~and first azimuthal harmonics), the rod displacement is calculated practically from the
signals of the nearest detectors only.

Compensation of the higher harmonics is basically a higher-level :problem in the hier-
archy of neutron-field regulation systems: or even a problem of energy-distribution optimiza-
tion, i.e., obtaining:the base distribution [6]. Therefore, in the light of these considera- |
tlon it is assumed that the problem of compensating the hlgher harmonics is solved by an - !

"operator adv1ser program [5, 6]. :

Oveérall, the increase in harmonic-stabilization accuracy and reliability as a result of
the maximal- (1n comparison with zonal regulation) use of reactor information may be regarded 1
as an advantage of the given algorithm. It must be emphasized -that this algorithm allows J
erroneous. information to bé easily discarded,. since the calculation of the harmonic ampli-.
tudes proceeds with excess information. : ; ‘

As an illustration of the algorithm and the structure of the regulatlon system, consi-
der this striking example. Suppose that four rods are positioned symmetrically with respect
to the quadrants at the maximum in the radial function of the first radial—azimuthal har-
monic. All the detectors and rods are positioned in the equalized region, with a neutron
field of relative magnitude 1; the detector readings in each quadrant are added and aver-
aged ("zonal" detector). For the matrix of the fundamental harmomic (power) Ao, all the
terms of which are 1, the pseudoinverse matrix has identical elements, equal to 1/16. Thus,
in the 1ntegral—power stabilization loop, the error signal for each rod is equal to the
sum of the detector signals with a welghting of 1/4, i.e., each rod must compensate a quar-
ter of the ex1st1ng reactivity discrepancy. ' : 3

In the stablllzatlon loop of the flrst azimuthal harmonlc, the approprlate form of the
1nverse—coup11ng matrix is. ) ) . .
T 0 —14 o0 5 '
o0 w0 —wa|
— A4 0 1/4 0
0 —1/4.0 1/4 [

Each detector is taken into dccount with a weighting of 1/4' the signals of detectors in
different halves of the reactor take different signs with respect to each rod. Thus, each
opposite pair of rods is moved in opposite directions, and compensates half of the available
reactivity dlscrepancy a53001ated with the sine and cosine compcnents of the first azimuthal
harmonic.

An important practlcaly difference between the present algorithm and the algorithm of
zonal -or local regulation is that algorithms based on the inverse model use the amplitudes
of the perturbed harmonics directly as error signals, rather than the value of the neutron
field at the monitoring points, as in algorithms based on the local-regulation principle.
However, combined systems are also possible.

Use of Local Regulators

Assume that on the basis of a few inertialess detectors a local-regulation algorithm
is realized; analog realization is also possible. On a computer with a period considerably
exceedlng the time constant of B~emission detectors (a few minutes), the controlling action
for the integral-power loop

ko, = Afg

has been calculated by the given scheme, together with that for the azimuthal-harmonic
stabilization loop

kl ——qu),

where:¢ is the vector of the field deviation from the base distribution, taklng into account
the work of local regulators.

Using obvious relations, the expected change in field distribution at the detector sites
is found in accordance with the controlling actions obtained ) o
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8@, == AGAGp;

6(1)1 = A AI(P . - (7)

The results obtained are now used to correct or calibrate the local-regulator settings.
At each of the r local regulators, a vector component 8%, is added to the corresponding set-
ting, and to the setting of the integral-power regulator a vector component 8%,. If the
loops are combined (system without special power regulator) and the correction—calculation
periods are the same for both loops, the i-th setting is calibrated by means of the value
(Ado +80,)4.

It is important to note that the scheme with correction of the settings is particularly
effective for the case when the matrix of the form Ax relating the rod displacements to the
signals of the corresponding detectors is not degenerate, which is certainly the case with
local regulation. Then, specifying the optimal local-detector reading as the setting guaran-
tees the optimal rod position. In particular, for a system of local regulation, the matrix
Ax may be taken to be diagonal,

In constructing a regulation system with detectors of different dynamic characteristics,
an idea outlined in the review [7] may be used. The controlling-action calculation scheme
corresponding to thls may be elucidated for the example of the azimuthal-harmonic stabiliza-~
tion loop. The error signal for the rod displacement is formed of three components: the
inertialess component

where I is the number of inertialess detectors; the weighted sum of the inertial component
with the B-emission-detector function wg(p)

gy = aig;.

i I‘ﬁ =

i

where n is the number of "slow" detectors of the inertial component; and the inertial com—
ponent » '

. 3
ef = _k‘ hW (p),

=1

which compensates the first component in statics.

Thus, the dynamic behavior is mainly determined by the noncalibrated component e: and
the static by the calibrated component €y, In comparison with the setting-calibration
scheme, this scheme places a larger burden on the controlling computer, since the calcula-
tion of all the error-signal components must be carried out in the rhythm of change of the
inertial-detector signal, and therefore analog realization of the filters W, is more con-
venient. The structure based on local regulators is more effective for the stage of experi-

mental verification and the initial period of introduction of the harmonic-stabilization
system.

Regulation of High Harmonics

In regulating the radial energy distribution, considerable perturbation of the axial
distribution is introduced. One of the methods of neutralizing the effect introduced by
the regulation system for the radial energy distribution on the first (the most significant
azimuthal subharmonic) high harmonic is to use a pair of upper and lower rods which are
displaced in opposite directions, positioned in two nearby channels, as the regulating organ
in each loop. This organ has an effect on the multiplication factor which is symmetric
over the height, and as a result the first high harmonic is practically not excited.

A further development of the idea of independent harmonic regulatlon for the stabiliza-
tion of the first high harmonic is an autonomous system which does not affect the integral
power nor the azimuthal—radial distribution. On the basis of the inverse-model method,
the difference in signals of the upper and lower detectors may be taken as the error signal
of this system, while the regulating organ may be taken in the form of an abbreviated rod
in the central part of the active region or a pair of upper and lower rods moving in the
same direction, which may also be combined into a single rod divided by a nonabsorbing
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S€ctivu loy. 1O1S regulating organ exerts the same controlling influence in the upper and
lower halves of the active region.

Regulation of Higher Harmonics

Now consider the compensation loop for deviations from the steady distribution associa-
ted with higher harmonics. On the basis of the attenuation properties of the matrix Ax, tak-
ing into account the control constraints, a simplified algorithm may be proposed for the cal-
culation-of the rod position,‘realized in the "operator adviser" mode.’ ‘

Solving the system of linearized neutron-field equations [1], and neglecting small
terms associated with lagging neutrons and feedback, an algorithm for the construction of
an inverse 'model may be obtained, in the following form )

N .
ks (p) *(f—,j 2 b L9 (D) — @i (D)), (8)
where v is the number of differences between the signals of the'j—th detector and the adja-
cent. (1) detectors to be summed; byj are the weighting factors of the differences, depending
on the type of approximation adopted for the Laplace operator, and the number and respective
positions of the detectors participating in the approximation. This algorithm is valid for
reactors with both positive and negative reactivity power factors; regulation of the’lower
harmonics associated with the terms of the initial equation ignored in the algorithm of Eq.
(8) is then taken care of by the regulation loops for azimuthal and fundamental harmonics.

i—1

Thus, in accordance with Eq. (8), the necessary rod displacements are calculated from
the relative curvature of. the neutron-field deviation curve close to the corresponding rod.

The constraints on controlling actions may be taken into account, by analogy with the
algorithm proposed in [2], using a simple logical procedure: the rods emerging at the end
controls are fixed in this position, and the steady positions of the other rods are refined
after several interations by pseudorotation of -the matrix A%, truncated as a result of
elim;nating the rods emerging at the ends.

In accordance with the concept of independent regulation of the neutron-field harmonics,
it is necessary to add to the optimization-problem constraints at the higher hierarchy level,
by analogy and in conjunction with the constraints that the total power be constant and
that reactivity balance be observed, a constraint taking account of the azimuthal reactivity
balance, i.e., the condition that the azimuthal harmonic be’ unexcitéd. Mathematically, this
may be-expressed as the condition that, to a given accuracy {with respect to the reactivity),
the controlling actions must be equal for two pairs of overlapping reactor positions or,
equivalently, over the active-region quadrant. '

Conclusions

Further development of the existing concept of automatic regulation for RBMK-type reac-
tors involves the isolation and stabilization of the unstable first azimuthal harmonic of
the neutron-field. The given regulation algorithm, based on the inverse model, assumed
independent (autonomous) regulation of N unstable harmonics in the general case. This
allows the requirement that calculations on energy-distribution optimization be operational
to be considerably reduced, and permits equipment subsystem separation, which increases the
reliability of the system as a whole.

The essence of the algorithm is that what is regulated is not the neutron-field devia-
tion from a steady profile at the control points but the amplitude of the corresponding
harmonic calculated using the inverse model. The controlling action for each rod is cal-
culated from the signals from all the detectors, which also increases the reliability and
accuracy of regulation. : ' '

The characteristic features of several practical structures of -direct-regulation sys-—
tems for the first neutron-field harmonics have been considered. Numerous computapion'ex-
periments on models have shown that the proposed algorithms are effective. The present
method is one of. the possible means of neutron-field stabilization.
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STATISTICAL ESTIMATION OF
FAST-REACTOR FUEL-ELEMENT LIFETIME

A. A. Proshkin, Yu. I. Likhachev, ' ' - UDC 621.039.54
A. N. Tuzov, and L. M. Zabud'ko

The accuracy of predicting fuel-element lifetimes in designing fast reactors is deter-
mined by several factors — the correctness of the model describing the stress—strain state,
the applicability of the chosen fuel-element lifetime criteria, and the knowledge of the
physicomechanical characteristics and behavior of the materials under conditions of irradia-
tion.

On the basis of the available Soviet {1-3] and non-Soviet [4-6] experience in develop-
ing mathematical models for determining the fuel-element lifetime from an analysis of numer-
ous experimental data, it may be con¢luded that the indeterminacy of the calculations associa-
ted with the models themselves (because of incompleteness in taking account of the factors
that affect the fuel-element lifetime) is not the principal contribution to the indetermin-
acy of the calculation. The main contribution is evidently the inadequate knowledge of the
‘physicochemical properties and behavior of the materials under conditions of irradiationm.

At present, knowledge of material properties is limited, especially for neutron fluxes
of more than 10%® neutron/cm? and E>0.1 MeV, while the fuel elements of the projected reac-
tors must operate at a neutron flux of (2-3) -10%® neutron/cm? and E<0.1 MeV in conditions
of high neutron-flux intensity and a high-energy spectrum. Therefore, the choice of fuel-
element structure and permissible burnup depth is made, as a rule, on the basis of the most
"pessimistic" estimates, i.e., for an unfavorable combination of parameters from the view-
point of reliability of fuel-element operation. This approach is justified in the first
stages of fast-reactor development because there is no experience of fuel-element operation
in the conditions of a large fast reactor, and. several properties of the materials have been
little studied.

By performing a statistical analysis, it is possible to reflect more completely the
general picture of the state of fuel-element operation, and to understand which characteris-
tics or properties of the material introduce the most indeterminacy in the calculation of
fuel-element lifetime and require urgent study. This analysis is also necessary for the
statistical interpretation of experimental and theoretical data on fuel-element lifetime.

The use of statistical methods also offers new approaches for the estimation of fuel-element
lifetime.  For example, whereas previously the limiting fuel burnup after which unsealing

of the fuel elements could be expected was determined in the calculations, now the basic
characteristic is the number of unsealed fuel elements at a given moment of reactor operation
not exceeding the permitted value.

_ Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 16-19, January, 1980. Original
article submitted May 15, 1978.
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Fig. 1. 'Probability—density distribution of célculated and breakdown strain values
in the given cross section of the fuel-element shell. ’ ' ’ ’

Fig. 2. Distribution of total (---) and mechanical ( ) étrain over the height of

the fuel element up to the end of reactor use.

Determining the Mathematical Expectations and

Dispersions of Fuel-Element Lifetime Parameters

"In calculating fuel-element lifetime from a particular model [1-3], the first step is
to determine the kinetics of the fuel-element stress—strain state in the course of its
operation in the reactor, and then the lifetime is estimated according to the chosen criter-
ion. The calculation of the fuel-element stress—strain state depends on many parameters
which are random quantities. Therefore, the state of the fuel-element determined is a func-
tion of random quantities. The problem is to find the numerical characteristics of this

function (the mathematical .expectation and dispersion) from the numerical characteristics

of the arguments. The mathematical apparatus of probability theory allows the numerical
characteristics of a function of random quantities to be found from the numerical charac-
teristics of the arguments without taking their distribution laws into account. Such
methods of directly determining the numerical characteristics are mainly .applicable to

linear functions. If the numerical characteristics of the arguments — . the mathematical .

expectations(mxl,n&z,...,an) and dispersion (Dy,, Dx,,...Dxp) — are given, the function

y= (X1, X2,...,%Xn) of the random quantities may be written in the form {7]
my:j(m_\.l, Mygy oo M), - (1)

n . N

=S (B Y2 oN (900 ,
Dy =gi= 3 (7)o 2 2 (5% ) {5) rwions (2)
- oy . i A

where o is the mean square deviation; rij is the correlation coefficient of xj and Xj.-

When x,, X2,...,Xp are not correlated,.rij =0 for 1 #j, and in this case
n ) ’
99

02 = (———) ol

! E o] | | (3)
In some cases, there may be doubts as to the applicability of the linearization method;
then the results must be improved by methods which retain in the expansion of the function
not only linear terms but also those of higher order [7]. : '

The criterion by which fuel-element lifetime in fast reactors is usually estimated
is ‘the degree of damage of the material w or the intensity of inelastic mechanical strain
ei [1]; hence, it is necessary to find the mathematical expectation and dispersion of these
quantities at the given moment of time for the given fuel—element cross section. ’ ’

In determining the dispersion of w and €j in the framework of existing calculational
programs [1], variation of the following parameters is performed: the yield point and
creep rate of the fuel and shell materials (0ghs Eshs Ef, Ef); the swelling of the steel and
the fuel (Sgt, Zf); the contact conductivity of the fuel—shell gap (ag); the shell thick-
ness and temperature (§, Tgh); the pressure of the gaseous fission products (pg); the fuel-—
shell gap (8;): the initial density of the fuel material (y¢); the- volume heat 1liberation
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Fig. 3. Change in total number of un-
sealed fuel elements with increasing
fuel burnup for an event reliability
probability of 95%.

(qy); the corrosion rate of the shell material at the heat-carrier side (f£Nz) and the fuel
side (&C.f); the elastic modulus; linear- -expansion coefficient and thermal conductivity of
the shell and fuel materials (E, a, A, E, a, A). Correlational relations between the para-
meters are taken into account on the basis of the analytical dependences used in the cal-
culational model. '

In the present work, the mathematical expectations and dispersions of the parameters
are calculated on the basis of Soviet and non-Soviet experimental data. For a sufficient
number of experimental points (no less than 10) characterizing a given parameter, the mathe-
matical expectation and dispersion are found from the well-known formulas of mathematical
statistics. 1In the case of insufficient points, the dispersion is calculated assuming a
normal distribution law of this parameter for given limiting values of its possible scatter.

Determining the Probability of Fuel-Element Unsealing

For a theoretical determination of the probability of fuel-element unsealing, it is
necessary to know the distribution laws for e¢j and the breakdown values e¢ip.* At present,
the distribution laws of these parameters are unknown, and therefore it may only be assumed
~ that they are distributed according to some particular law. Since the values of €f cannot
be negative, the choice adopted for this parameter was a normal logarithmic law [8], asym-
metric to the right, which to a large degree reflecis the physical aspects of the problem,
A normal distribution law was chosen for the breakdown values €jp.

For any distribution 1aws of €i and eib, the probablllty of fuel- element unsealing is
written in the form
b b _
Py=| (e dey { pledds,
a .. ®p
where p(ei) and p(eip) are the probability densities of the calculated and breakdown strains;
a and b are the limits of integration, depending on the form of the distributions p(ej) and
p(eib).

(4)

For englneerlng applications, with the given choice of distribution laws, the proba—

bility of fuel-element unsealing may be determined according to [9] (Fig. 1)
. _ Pr="Pe; > e ) P (ep<eg)=S8,8,,
where S, and S, are the shaded areas in Fig. 1.

(5)

Using the well-known dependence of [7, 8] for the normal logarithmic law and the nor-
mal distribution law of random quantities, Eq. (5) may be written in the following form

y—m 11 1 Eg~— Mg,
p__I'____.(]( n)”_}_;,_q)(“_ﬂ)]'
Ty S AL 2 Oesp (6)
where Mgy, Mejps Teqs and Og,, are the mathematical expectation and mean square deviation

of the calculated mechanical strain and the breakdown strain for the fuel-element shell
material; y=1n €., while :

*When the criterion w is used, the apprecach is similar.
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U= In g b (§) = —l; f exp (——-;— E'—') dg -

is a Laplace function. Here
, E=(z—m)lo;, z=¢ep, y; i=&;, ep.
The value €cr may be found from the relation '
“1821-— hlecr-}jl—.__-dln2 sd—}— cilnegp, )
where ’ R o

1= 20,410 2 dm?
= f:_.(ll‘ n—E;-—i-a.lmem-—— mei.

ay =05 by = 2aym, ;. cl = 2d (ay—m.); d= 0%,
After finding e.,. from the solution of Eq. (7); the ppobabi1ity of fuel-element break-
down in the given cross section is determined from Eq. (6). '

The conditions of fuel-element operation may differ significantly over the height -(the
level of radiational damage, shell temperature, etc.), which leads to ‘the appearance of
different physicomeéchanical properties of the shell material. 1In this case the probability
of fuel-element unsealing may -be determined, assuming that the conditions of operation in
the individual sections are independent, from the relation SR

Bo=t=lld=bp. ®
where pip is the probability of fuel-element unsealing in the i-th zone.

- After determining Py, the lifetime of the fuel-element structure may be éharacterized
by the reliability coefficient [8] ' - T

H=1g(/Py).

- Knowing' the probability of unsealing of a single fuel element, and the number of fuel
elements in the reactor active zone, the number of unsealed fuel elements at a definite
moment of reactor operation may be found for a given reliable event probability 7].* Note
that the probability of fuel-element unsealing Py is an arbitrary quantity, and must be -
compared with the threshold of significance established on the basis of experience of fuel-
element use." - C T S - .

At present, the permitted number of unsealed fast-reactor fuel elements is taken within
the limits of 0.1-1% of the number of fuel elements in the active zone. This'choice is
determined by the conditions of overload and radiational shutdown of the reactor, the form
of breakdown and the behavior of the defective fuel elements and their effect on the condi-
tions of operation of the heat-liberating pile as a whole, the dismountability of the equip-
ment, the conditions of fuel regeneration, etc. As experience of fast-reactor operation
accumulates, this value will be further refined.

Results of the Calculations

According to the method outlined, a statistical analysis of the lifetime of fuel ele-
ments with oxide fuel (U, Pu)0O. was conducted, for a steady power level of the fast reactor.
In determining the fuel-element stress—strain state, the effect of irradiation on the phy-
sicomechanical properties and behavior of the shell and fuel material was taken into account.

Calculation of the total and mechanical strain over the height of the fuel element up
to the end of reactor use for operation at constant power (fuel burnup B =10% of heavy atoms)
leads to Fig. 2. The probability of fuel-element unsealing up to the end of reactor use,
as shown by calculations, is P=0.001 (reliability coefficient H=3). “According to the
calculation, fuel-element unsealing may occur predominantly in the region in the middle of
the active region, while fuel-element unsealing in the upper cross sections is less probable.

*The calculations are made under the assumption that unsealed fuel elements have no effect
on the lifétime of other fuel element.
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Calculation of the relative contribution (%) of different factors to the total disper-
sion of the shell strain intensity for the calculational cross sections I—1 and II*JI
(Fig. 2) leads to the following results :

I—I H—=1I

Best - v - - - - 26 27

Sf - e 30 24

LE. ... .. .16 11

St . 15 3

& e e e e e 1 13 _
- 7 S 9 11 . :
dsh. . . ... .. 0 7 : S
g .. ... .. 0,6 1,5 .

PE - - o e 0,4 2

Y . 2 - 3,5

%Taking account of shell-
material corrosion.

The contribution of the other parameters is found to be practically negligible for
the given conditions of reactor operation. As is evident, the greatest indeterminacy is
introduced by parameters such as the steel creep rate (up to 30%); the swelling of the
steel (up to 20%); the fuel creep rate (up to 30%); the swelling of the fuel (up to 20%);
the shell-material corrosion (up to 15%); and the contact conductivity of the fuel—shell
gap (up to 10%). The contribution of these parameters differs in each specific case depend-
ing on structure, operating conditions, and considered cross section of the fuel element.
The contribution of the indeterminacy in. the shell temperature to the total dispersion does
not exceed a few percent. This is because, in steady conditions of reactor operation, the
dispersion of the other parameters — primarily the physicomechanical properties of the
materials — is large in comparison with the dispersion of the shell temperature or,.in
other words, the temperature conditions of fuel-element operation are known more accurately
than certain properties of the materials. :

With increased accuracy in the physicomechanical properties of the fuel-element mate-
rials, the role of the other parameters becomes larger. As calculations show, decrease in-
mean-square deviation of the physicomechanical properties of the materials by a half leads
to an increase of almost an order of magnitude in the contribution of the temperature to
the total dispersion €. Note also that the indeterminacy associated with the breakdown
values of prolonged plasticity, the damage coefficient of the material, and their disper-
sions introduces an error in determining the probability of fuel-element unsealing.

The change in the number of unsealed fuel elements as a function of fuel burnup for
40,000 fuel elements in the active zone of the reactor is shown in Fig. 3. As is evident
from Fig. 3, the number of unsealed fuel elements begins to rise sharply after fuel burnup
B > 7% of the heavy atoms.

Conclusions

On the basis of a statistical analysis, the main parameters having a significant in-

fluence on the theoretical determination of fuel-element lifetimes in the operation of

power fast reactors in steady power conditions may be isolated. These include the creep and
swelling of the fuel and shell materials, prolonged-plasticity lag, shell-material corrosion,
gap contact conductivity, and the strain diagrams of the shell and fuel materials obtained
for irradiated materials at the corresponding strain rates. By means of deeper investiga-
tion of these properties of the materials, it is possiblé to increase significantly the reli-
“ability of fuel-element lifetime predictions in de31gn1ng fast reactors and to optimize the
structure of fuel elements more correctly.

Another important result of the statistlcal analysis is information regardlng the in-
crease in the number of unsealed fuel elements with fuel burnup. It is shown that for the
given conditions of reactor operation the number of unsealed fuel elements rises almost
exponentially, beginning with a burnup 8 > 7% of heavy atoms. The results of such calcula-
“tions must obviously be taken into account in the cost—benefit analysis of prOJected new
reactors and in choosing the optimal fuel burnup.
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EFFECT OF COLD WORKING ON THE RADIATION
SWELLING OF METALS

N. A. Demin and Yu. V. Konobeev _ : ‘ | ~ UDC 6207192.50

Cold working by 15-20% is now widely used for reducing the radiation swelling of aus-
tenitic stainless steels, which are now used as the chief construction material for parts
of fast reactor cores and will probably be used for future first- -generation thermonuclear
reactors [1, 2]. Therefore, determination of the physical mechanisms through which the dis-
locations produced by cold worklng affect, the swelling of the material is of practlcal and
scientific interest. The assumptions [3- 5] that the density of previously produced disloca-
tions remains constant during irradiation are not supported by experimental data: The den-
sity of dislocations in a cold-worked material first decreases following exposure to a rela-
tively small fluence and then reaches the value characteristic for the material irradiated
in the annealed state as a result of the generation and growth of loops of interstitial
atoms [6].. Simulation- experiments have shown that the positive effect of cold working
diminishes with an increase in.the ion fluence [7]. According to reactor test data [8], cold
worklng of austenitic stainless steel 304 shifts the swelling vs temperature -curve toward
higher temperatures and toward larger values of maximum swelling. . Thus, the effect of cold
working appears to be more complex than could be expected on the. ba31s of simple considera-
tions. :

In connection with this, we analyzed the kinetics of metal swelling under irradiation
with an allowance for radiation-stimulated annealing of the initial disclocations. The
analysis is based on the assumption that the density of dislocations produced by cold work-
ing decreases at the start of irradiation due to the presence of fairly intensive sinks which
do not have the capacity for preferred capture of any particular point defect (the so-called

"neutral sinks"). Such sinks are considered toc be screw dislocations, which are created dur-
ing cold working in approximately the same numbers as edge dislocations. The analysis
results indicate that such represeritation offers a better opportunity of explaining the
observed trends in the swelling of metals irradiated in the cold-worked state.

Theoretical analysis of the metal swelling kinetics is performed on the basis of the
function f(X, t) of vacancy pore distribution with respect to the number X of vacancies con-
tained in them at the. instant of time t. For the case where pores absorb and vaporize indivi-
dual point defects, this equation assumes the following form: :

- : i, H=J(X—1, )=/ (X, 1), \ o W
- where J(X, t) is the pore flux along the. axis of X values. R o -

For solv1ng Eq. (1), we use an- approach similar to that described [9], Wthh is based
on subdividing the axis of pore diameters d into groups. The number of pores Ni corresponding

Translated from Atomnaya Energiya, Vol. 48; No. 1, pp. 20—24, January, 1980. Original
article submitted July 24, 1978; revision submitted April 23, 1979.
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Fig. 1. Sy=2m(dy)Ny as a function of L, which is the total
length of loops and dislocations in fast-neutron irradiated an-.
- nealed austenitic stainless steels 316 (@) and 304 (O); ---) SV=L.

Fig. 2. Temperature dependence of the swelllng of" austenltlc
stainless steel, irradiated in the annealed ( ) and cold—worked
{---) states. @) Annealed stainless steel, dose of 72 d1sp1ace— .
ments/atom; Q) cold-worked (20%) steel, dose of 81 displacements/
atom; A) electron microscope data for cold-worked Steel 316, dose
"of 81 displacements/atom.

to the i-th group is described by an equation which is readily derived from Eq. (1) by
integrating it with respect to all values of X in the given group. :

From among the groups, we choose. the group whose number is i=j, which includes the
critical pore diameter. .

sy DvCv—DiCi ' o

| dc—4YQ/AT1 VCVo , ) (2)
where Dy and Dj are the diffusion coefficients for vacancies and interstitial atoms, respec-
tively, Cy and Ci are their concentrations established in the metal under irradiation, vy is

the surface energy, CV, =exp(—Eyf/KT) 1is the equilibrium concentration of vacancies, and
EVf is the energy of vacancy formation. ' '

For growing pores with the dlamet:er d; >d¢, in order to descrlbe the transition from
the i-th group to the (i+1)-th group, we assume that the flux J(X, t) is characterized by

J(Xy, )=V {t) Ny, (3)

where Vi (t) is determined by the expression for the rate of change of the pore diameter (see
Eq. (9)). - :

For dissolving pores (di <dc), in describing the transition of pores from the i-th

group, located to the left of the j-th group on the diameter axis, to the (i — 1)-th group,
it is assumed that where

J(Xi-lv t)=Wi—1 (t) N,-,‘ o , (4)
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(5)

A bivacancy is comsidered to be the smallest-diameter pore. Therefore, the left-hand
boundary of the diameter axis corresponds to the dimension do, determined from 2=1d3/69,

where Q is the atomic volume.

During the growth of sinks in the’ 1rradlated metal, the critical pore dimension can
belong to different groups at different times.

behavior of pores in the "critical group" j,. the total number of pores N(j) in this group

is subdivided into two parts:

With the above approx1mat10ns, the system of equatlons for Nl used here has. ‘the follow-

ing form:

24

In order to describe more accurately the

81, pertaining to pores with the diameter dj-,=d=dg, whose
size diminishes, and §., which characterizes pores with the dimensions dg <d=dj, which
pass to the neighborlng group on the right (§,+36: =l)

M= MW'WMH

N 1= Wj-zNI— - Wf-lal

for 1<i<j—2;

’N] = W,..'l_Gl'N-,—VJSZNj;
Ny =V 8N V3N s+ v (85
Ni.=Vi-1Ni-1—ViNi» i=j+2,
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where Jy(t) is the pore generation rate.

The concentrations of vacancies and interstitial atoms are determined with respect to
the well-known system of stationary balance equations:

K —ppD,CiCy—DyCy (D+Dy+L) 4 DvCro (D4 Dy + L)) = 0;
K — g DC:Cv — DiC; (D + Dy + L) =0,

where K is the rate of volume generation of point defects by bombarding particles, and UR
is the coefficient of recombination of vacancies with interstitial atoms. The values of D
and L characterize the intensities of pores and dislocations as point defect sinks, while
D, and L; characterize their intensities as thermal vacancy sources. The parameter n re-
flects the enhanced ability of edge dislocations to absorb interstitial atoms, whlle Do
accounts for the intensity of neutral sinks that are different from pores.

)

The rate of variation of the pore diameter d is determined under the assumption that
the growth kinetics is surface-controlled, i.e.,

;g._. 2 [DVCV—DC —DyCyy" exp (d,‘f;)]

| (8)
where by is an adjusting parameter, which is independent of the temperature. Some of the
calculations were performed for the diffusion-controlled growth of pores - (see below). 1In

this case, as is known, the 4/d factor figures 1nstead of 2/bo in the rlght—hand side of
expression (8).

The choice of the expressionjfor d determines the specific equations for D, D;, and Vi.
In particular, in using expression (8), the rate is :

6d3 DyCv-—DiCi—DyCv, exp (’IYQ/Ksz) :
Vi(t)— "—di !. . _ ‘ (9)

The pore generatlon rate Jv(t) is assumed to be

Jo (8 = AK/d}, (10)

- where the constant A is the adjusting parameter. Although expression (10) does not have a
theoretical basis, it provides a fairly good quantitative description of the pore concentra-
. tion in stainless steel 316 after irradiation in a. fast reactor in the temperature range 350-
700°C. The expressions for Jy(t) used in {3, 4, 9] do not have advantages over Eq. (10),
since they contain a number of parameters that cannot be readily substantiated.

' The value of L in Eqs. (7) is assumed to be equal to the total length of edge disloca-

tions and loops per unit volume, while L, =L. Since a quantitative theory of the generation
of dislocations under irradiation is presently lacking, the increase in L in the irradiated
metal resulting from the generation and growth of loops is taken into account empirically,
i.e., it is assumed that the total length L at any instant of time is directly proportional
to the total pore diameter:

where <dy> and Ny are the mean dlameter and the concentration of pores, respectively, pg€ is
the density of edge dislocations produced in the material during cold-working before irradia-
tion (pqe varies in time as a result of the climb and annihilation of edge dislocations), and
and B is the constant for the metal in question. Figure 1 indicates that the reactor test
data for annealed stainless steel 316 support the existence of such a relationship [10, 11].
According to these data, B=5.5%2.0 in the temperature range 370-700°C for an irradiation
dose of up to 20-30 displacements/atom. The results given below were obtained for g=5.5.

It is also evident from Fig. 1 that, for a high fluence and a low temperature, this rela-
tionship also holds for reactor-irradiated stainless steel 304 [12] if we assume that -the
initial dislocation density is equal to pg =10'° cm™? and B~ 0.24. The assumption concer-
ning the existence of a linear relationship between L and 2n<dy>Ny must be introduced in
order’ to explain the linear dependence of swelling on the dose, which is often observed in
simulation experiments involving fast-particle irradiation of metals in accelerators.

" The drop in the density of dislocations in the strained metal under anneaiing and
irradiation conditions is caused by the climb and annihilation of screw and edge-dislocations.
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According to the latest concepts, edge dislocations in an irradiated metal climb due to the
absorption of an excess flux of interstitial atoms. The uncompensated vacancy flux must run
off to neutral sinks.  In a cold-worked metal, the generation of pores at the initial stage
of irradiation is suppressed. Therefore, edge dislocations will climb and be annihilated if
screw dislocations, which, according to the isotropic elasticity theory do not interact at
large distances with point defects (dilathtion centers), play the role of intensive neutral
sinks. It is known that a linear screw dislocation is unstable with regard to climb during
the absorption of point defects and that it assumes. the shape of a helicoid. The unwinding
of the helicoids leads to the movement of screw dlslocatlons, thelir mutual drawing together,
and the subsequent annihilation if they are of opposite signs.

Assuming that the annihilation of cllmblng edge and screw dislocations that have been
produced in the material by cold working occurs independently of the evolution of disloca-
tion loops growing under irradiation, we can use the following equations.to describe the var-~
iation in time of the densities of edge and screw dlslocat1ons pd® and pgs:

o€ = — ae(p PMDF DC-+DCM

P8 = — 0t (092 (DvCy — D,Ci— DyCoy), (12)

where ae and ag are constants, equal to the ratio of the fourfold annihilation radius to

the Burgers vector. According to a rough estimate, ae =100 if the maximum possible disloca-
tion density in stainless steel amounts to n10'? e¢m™? and the corresponding mean distance
between dislocations, ~160 A, coincides with the strong attraction radius, at which dlsloca—
tions of opposite sign start to slide toward each other to be annihilated.

We used the following parameters in calculations: Evf=1.6 ev; Dv 0.6 exp ( 1.3
eV/kT) cm®/sec; pg=8-10'° em™*; y=107 erg; 2=1.17-10"%° cn® [K=10"° displacements/(atom-
sec)]. By solving SImultaneously Egqs. (6)-(8) and (12), we calculated <dy>, Ny, the total
dislocation density, and the swelling S = (AV/V)/(1 — AV/V), where AV/V is the volume per-
centage occupied by pores. Numerous calculations were performed for the following initial
states of the material and irradiation conditions-

A. Annealed stainless steel with an initial dislocation density of 10° ecm~2?. The
temperature range was 300-650°C. The radiation dose reached 72 dlsplacements/atom (it was’
considered that the effect of a neutron fluence of 1022 neutrons/cm® at E >O 1 MeV corres-
ponded to a dose of 5.8 dlsplacements/atom) ' ' ;

B. Cold-worked material with an initial dislocation den31ty of 3-10'" cm™2, irradiaf

ted under the same conditions as material A.

' Calculation Results and Discussion. The calculations of the pore characteristics for
material A were performed in order to check the soundness of the model used and the chosen
parameters. It is evident from Fig. 2 that the experimentally determined temperature depen-
dence of swelling of stainless steel 316, irradiated in the annealed state 72 displacements/
atom in an EBR-II reactor [13, 14], can be reproduced satisfactorily if the coefficient A
in expression (10) is equal to 8-10~%, while b, = 2000 A (Eq. (8)) and n=1.033. Attempts
at describing the experimental data in the case of diffusion-controlled growth of pores
were unsuccessful . Therefore, the calculations for annealed and cold-worked materials were
performed under the assumption of the surface-controlled kinetics of pore growth.

As was to be expected the observed drop in dislocation density in the cold-worked
material after irradiation to 10 displacements/atom and the temperature dependence of swell-
ing cannot be explalned by assuming, as before, that the density of the dislocations pro-
duced remains constant during irradiation (pdo'-3 10" cm~?; pg$=0). Calculations show
that. this conclusion also holds in the case where the. intensity of screw dislocations as
neutral sinks remains at a moderate’ (pds'-101° cm™?) and constant level, whlle the density
of edge dlslocatlons varies under . 1rrad1at1on in accordance with Eq. (12).  The observed
behav1or of the dlslocatlon density can be described if the values .of pg€ and pdS are ini-
tially .equal and then vary according to Egs. (12). 1In Flg 2, the dashed curve illustrates
the temperature dependence of swelllng for material B, calculated for a dose of 81 displace-
ments/atom and g =ag =100. It is evident that cold working shifts the temperature curve
by approx1mately 15°C toward higher temperatures and toward:higher values of maximum swel-
ling. This phenomenon becomes more pronounced as ae and ag increase. .The predicted behavior
of swelling is in qualitative agreement with reactor test.data for,stainless:steel>304 in.
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the cold-worked state [8] and for stainless steel 316 [13]. Calculations show that the
temperature behavior as well as the maximum value of swelling can be varied considerably
by changing the ratio of the densities of edge and screw dislocations in the 1n1t1al micro-
structure of the metal.

The calculated relationship for the swelling of annealed and cold-worked materials in
the dose range 0-50 displacements/atom is close to a power relationship, i.e., S~ (Kt)R,
where na 1.4 at 400°C, after which it increases, reaching 3.6 and "5 at 650°C for annealed
and cold-worked materials, respectively. Calculations show that cold-working leads to an
increase in the "incubation period" of swelling: In the 0.17% swelling range, the "incuba-
tion" doses at 600°C amount to 8 and 20 displacements/atom for materials A and B, respec-
tively. The steeper rise in the swelling of the cold-worked material indicates that the
beneficial effect of cold working diminishes as the radiation dose increases.

Figure 3 shows the theoretical dependences (for ae =ag=100) of the concentration and
the mean diameter -of pores on the irradiation temperature as well as the electron-microscope
data [14] for stainless Steel 316, irradiated in the annealed and cold-worked (20%) states
in an EBR-II reactor to neutron fluence values of 1.25-10% and 1.4:10%° neutrons/cm® (E>
0.1 MeV), respectively. It is evident from Fig. 3 that, apart from the range of low tem-
peratures, agreement with experimental data is fairly satisfactory for annealed stainless
steel. For cold-worked stainless stell, such agréement is observed only in the 500-600°C
range. At 650°C, with a dose of 72 dlsplacements/atom, the calculated pore concentrations
and mean diameter were larger in the .case of material B (Ny=4.2- -10** em™3; <dy>=5450 A),
rather than in the case of material A (Ny=3.4- 10 cm—?, <dV>-—4320 A) Analysis shows
that this increase is connected with the stimulating effect of moderate values of the edge
dislocation density on the rate of pore generation at the start of irradiation. However,
the measured Ny values exceed considerably those found by calculation for the cold-worked
material. Moreover, the observed pore concentrations in cold-worked stainless steel 316
proved to be higher than in annealed steel. The abnormally small mean diameter of pores in
cold-worked stainless steel 316, irradiated at 650°C with a dose of 81 displacements/atom,
apparently indicates that evolving helium affects the generation and growth of pores at
high temperature, which has not been taken into account in the model discussed here.
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DETERMINATION OF THE ADIABATIC
COMPRESSTBILITY, ISENTROPY INDEX, AND
OTHER PROPERTIES OF TWO-PHASE MEDIA

V. S. Aleshin: S : ’ - ~ UDC 621.1.013

Investigation of the properties of two-phase media, and in particular steam—water mix-
tures, preésents specific difficulties which are caused by the complexity of producing these
mixtures with a sufficiently uniform finely dispersed structure over a wide range of varia-
tion in them of the relative mass content of the steam. In addition actual processes with
two-phase media are usually nonequilibrium to a greater or lesser extent. The flow structure
also differs significantly for different flow modes of two-phase media. Therefore in study-
ing them it is advisable in the interests of obtaining these or the other dependences to
dwell first on a4 discussion of some idealized two-phase medium and then to .evaluate the
degree of approximation of different actual processes to these condltlons.

We will assume that the two- -phase medium has a suff1c1ently finely dispersed structure,
is uniform, and is in an equilibrium state (the pressure, temperature, and chemical poten-
tials of the phases are equal to each other). The state of this medium is uniquely deter-
mined by two independent parameters — the pressure (or saturation temperature at a given
pressure) and the mass content of steam in the mixture. We will discuss the possibilities
of determining certain properties for a two-phase medium as x varies from zero to unlty.

The speed of sound* ap is, according to Laplace s equatlon, equal to

A:-l (ap/(?v)q ) (1)
where (ap/av)m is a quantity wh1ch is the 1nverse of the adlabatlc compressiblllty and Vi
is the spec1flc volume of the mixture, which is determined by the expression

'vm=v”x+v' (1 —2). (2)
One can writeiﬁith Eq. (2) taken into account . -
(wldp) ™= (av”/(?p) z+ (' 18p), (1—2) +((?x/6p) (v —v) C (3)
for the adiabatic compress1b111ty of a two-phase medium. '

It has been shown in a number of papers [1, 2, and others] that the propagation of
small disturbances (sound vibrations) in two-phase media is not accompanied by any kind of
appreciable heat exchange between the liquid and vapor phases in the zone of rarefaction
and compression of a sound wave. Thus assuming X = const, we have

(6v/r3p)m—-(6v”/r7p)sx+(ﬁv 18p). (1—x) | ‘ W

It follows from Eq. (4) that the adiabatic compres51b111ty of a two- phase medium in
the case under discussion varies, similarly to the specific volume, according to a linear
law from (3v'/3p)g at x=0 to 3v"/op at x=1.

For steam—water media the.determination of the adiabatic compressibility, and conse-
quently the speed of sound, causes no-difficulties, since there are tables of thermodynamic
derivatives for water and water vapor’ [3] in which are given the values of the adiabatic com-
pressibility (dv"/dp)g and (av'/ap)S for the upper (x=1) and lower (x=0) boundary curves.
The calculation of (av/ap)m is difficult for other two-phase media; therefore an’ approx1mate
dependence is proposed below which is convenient for calculation.- :

The isentropy index ky jg defined by the well-known expression:

*The dependence of the speed of sound on frequency is not taken into account.

Translated from Atomnaya énergiya, Vol. 48, No. 1, pp. 24-28, January, 1980. Original
article submitted January 15, 1979.

28 0038-531X/80/4801-0028$07.50 © 1980 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3
%Y 2 . . : .

0 .
g | E [3_3,,,'
Lol 2 1€
8| & 5| 8
> 3 . o X
EiE 085004 =% stozs ‘s
sle 1B ] %o
60 10 06 {400y 8 § 410201 A’TJQE
. ' ey N e
- E Jr4nv e
40} 043004 4 k] 4 {2 &
st 1 2 2t g0 1 <
] Y — fzqwo - F | 1,2
_ {apfan) Km | et ,
ol ol = 40 Jigpd - N T T R S T A T S,
0 gz g+ g6 98 x i S "6 1 8§ P,MPa
| Fig. 1 = ~ . Fig. 2

Fig. 1. Dependences of B, ‘(SV/Bp)g‘, (3p/3v)T, am, km, and gy on the mass concentra-
tion of steam % in the mixture. = : :

Fig. 2. Dependence of gms X and: (3v/3p) T on the pressure p: in the exit cross sec-
tion: ) (3v/3p)F calculated from Eq. (16); ---) (3v/3p)Y calculated from Eq. (4).

km=—vp@pla), ®

as the ratio of the element of work expended in changing the kinetic energy of an element
of the medium to the work of expanding this element. Eq. (5) is valid for gases, liquids,
and two-phase media. - :

Substituting the values vp énd (3v/3p)® from Eqs. (2) and (4) into Eq. (5), we obtain .

N _ v (—1) . - ) :
M T Y00 ap)s =+ (00 1ap)s (T— 2N - ST - (6)

For a séturated vapor (with x =1) . _
' _(@v"18p), = — (WK p), Ty
and for water (with x=0) _ :

(av"/0p). = — (@'/K’p)- (8)

Therefore after substitutioh of Eqs. (7) and (8) into Eq. (6) with account taken of the
fact that the mass vapor content x in the mixture is related to its volume content B by the

dependence
1 \ v 1! :
p=[{F-1)++1] (9
we finally obtain ’ ‘ )
171 1 /M %yt ' -
bm=g | w+ (5—1)] (10
; .
The values of k" and k' are given in [3] for steam—water media. As the calculations
show, one can neglect the term 1/k' (1/8 — 1) (i.e., the liquid in the mixture is incom-

pressible) as x varies from 1 to 0.01, and then we obtain with a sufficient degree of accu-
racy a simple expression for kp: ‘

Fin= 1B, | (11)
In the case of a variation of the preséure for a steam—water mixture from 0.1 to 10
MPa the calculation based on the approximate Eq. (11) gives a maximum error "4%Z at x=0.01
in comparison with the calculation based on Eq. {10), which decreases to zero at x=1. Cal-
culations of ky from Eq. (11) were compared with calculations according to the procedure

outlined in [4] with p> =2 MPa and a variation of x from 1 to 0.1. The discrepancy did not
exceed 2.4% (at x=0.1). . , }

Similarly, we determine the speed of sound:
29
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- Fig. 3. Dependence of the ‘speed of .sound in the critical cross section on'B .-
with (1) -p=5.5 and (2) p=1.43 MPa: A — flow velocity calculated from the
mass flow rate of the mixture; O — speed of sound calculated from p, and x--
in the exit cross section. ) ,

Fig. 4. Variation of P2, MPa, wm, m/sec x, (3v/3p)D, 10'° m®/kg-Pa, Atgh,
°C, gm, kg/cm?®-sec, and km. as a function of the ratio 7/d (O — experimental
points). o o : ' '

=) Gl (70 ay

Neglecting the term 1/k' (1/8 = 1) in Eq. (12), we obtain an approximate dependence for
the speed of sound which is similar to the one given in [5]:

(13)

.am=

After substitution of Eqs. (7) and (8) into Eq. (4) we obtain for the adiabatic compres-—
sibility

pym_ v vU—n
(ap ‘ Kp kpo - (14)

and the approximate dependence has the form

(& =-G=)  am

The accuracy of the calculation based on Egqs. (13) and (15) in comparlson with Egs.
(12) and (14) is the same as for ky according to Eq. (11).

The calculated dependences of the variation of the specific volume vy, the volume
content B of steam in the mixture, (avlap)s, (3p/9v)®, am, and ky on the mass content of
steam in a steam—water mixture at p=3 MPa.are given in Fig. 1.

The variation of the speed of sound is determlned by the nature of the variation of
(3p/3v)§ and vp. Since (3p/3v)¥ remains practically constant and close to (3p/dv'')s upon
a decrease of x from 1 to 0.3, the variation of ap is determined by the decrease of the
specific volume of the mixture. Upon a further decrease of x from 0.3 to. O the variation
of am depends mainly on (8p/3v)%. A similar calculation of the speed of ‘sound at p=0.1
MPa shows that the minimum value is ap = 24 m/sec at x-—O 001
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The limiting values of the specific mass flow rate of thé mixture in the case of
critical flow.conditions, when the flow speed in the exit cross section is equal to the
local speed of sound, are also given in Fig. 1, but p=3 MPa and is constant for all values
of x from 1 to 0. Thus one can determine the characteristics listed ‘above for two-phase
steam—water media from the derived dependences for any specified parameters (p and x),
and it is possible to find kp, (3v/3p)§, and Ay for any two-phase media from the approx1—
mate Eqs. (11), (13), and (15). '

In real processes a two-phase medium in the exit cross section of a sufficiently long
cylindrical channel (I/d >6-8) corresponds most completely under critical flow conditions to
the idealized conditions under discussion. ' Thus according to the experimental data -[6 and
others] in the case of the outflow of saturated water through cylindrical channels with
sharp entrance edges phase transformations are completed, the state of the flow is close to
the equilibrium state, and the flow structure is finely dispersed and sufficiently uniform.
The velocities of the liquid and vapor phases in the critical cross section are equal to
each other, and the flow veloc1ty is equal to the local speed of sound.

Assumlng that the process is isentropic, one can determine (avlap) the flow velocity
Wy, and the isentropy index ky for the exit critical cross section from experlmental data of
the mass flow rates of the mixture gy and the pressure p, and p: and the temperature t, and
t, in the entrance and exit cross sections, respectively, and one can compare the results
obtained with calculations based on the dependences given above. :

For the determination .of the adiabatic compre351b111ty from the mass flow rate measured
in experiments we use the relatlon

| (@ulapm=—(lgh). (16)
which can be obtained from Eq. (1) with account taken of the fact that the flow veloc1ty in
the critical cross section is equal to the local speed of sound:

‘Vm =ap= gm”m o . ' “(17)
We w111 determine the specific volume from Eq. (2) and the mass steam content from the
expression
S1—5% . . : ,

XT=G—"%" » : . <

8§55, ‘ ‘ -(18)

where S,;' is the isentropy of the liquid at the entrance to the outflow channel and S,' and
S." are the entropy of the liquid and the saturated vapor at the exit cross section.

The value of (dv/ap)m calculated from the known flow rate of the mixture,_i e., from
Eq. (16), and calculated from Eq. (4) in the case -of the outflow of saturated water (Atgat=
0°C) through a cylindrical channel (Z/d=18.4) and variation of the initial pressure from
2.45 to 14.7 MPa are given in Fig. 2, and the flow rate of the mixture and the mass steam
content are also shown. Similar calculations were performed for the same pressure range
in the case of underheating of the water to saturation temperature by Atsat =10, 20, and
50°C. 1In all cases the discrepancy in the values of (3v/dop)¥ does not exceed “15-177%.

The flow velocities calculated from the mass flow rates for some experimental points
are given in Fig. 3, along with the local speeds of sound for these same points obtained
by calculation from the adiabatic compressibility with p. and x in the exit cross section.
The discrepancy does not exceed 10-12%. A similar error is obtained in connection with
the determination of the isentropy index.

The completely satisfactory agreement of the values (3v/3p)Q, apm, and ky calculated
from the experimental data and the computational -dependences confirms that in the first
place one can neglect phase transitions in connection with the propagation of small distur-
bances in two-phase media and assume Eq. (4) to be valid; secondly, the adiabatic velocity
defined by Eqs. (12) or (13) is realized in the critical cross section; thirdly, one can
use the derived dependences with an accuracy ‘sufficient for practical purposes in solving
different engineering problems, including for calculations of the flow rates of the mixture
in the flows of the reactor loops of an atomic electric power plant with a VVR reactor.

The derived Eqs. (ll), (13), and (15) can-also be applied to the calculatlon of two-
phase two-component mixtures. The effect of nitrogen dissolved in the coolant on the
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properties under discussion was estimated. Thus at a pressure of 14. 7 MPa in the first
loop, t=300°C, and a nitrogen content of ~3000 nml/kg in the loop, the adiabatic compres-
sibility increases by 30%, and the speed of sound and the isenttopy index decrease by
~20%, which cannot be neglected in a discussion of the hydrodynamics and heat exchange in
the active zone of a nuclear reactor.

We note that the discrepancies obtalned (up to 15- 20/) are evidently the result of
errors in the measurements (especially the pressure) at the exit edge and also evidently
of some 1ncompleteness of phase transitlons and nonunlformlty in the flow structure

Upon outflow through short channels (1/d < 4-6) phase transitions do not have t1me to
be completed, the -liquid is in a superheated state, and the flow is significantly nonequili-
brium. .It is of interest to consider the variation of x, (9v/9p)g, and other characteris-
tics of the flow in the exit cross section as a function of .the ratlo l1/d. The experimental
determination of these quantities is very complicated, but they can.be calculated from the’
measured mass flow rates gp, the pressure p: and temperature t: in the entrance cross sec-—
tion, and the pressure p, in the.exit cross section. :

We find (3v/3p)% from Eq. .(16). One should emphasize .that the value of (ov/3p)¥ is
found with the actual nonequilibrium nature of the process (incompleteness of steam forma-
tion, superheating of the liquid and so .on) taken into account. '

We ‘then find (3v'/dp)g and (av"/ap)s from the ‘tables of [3]. accordlng to the value of
P2, and we calculate the mass steam content x from Eq. (4). Then we find v" and v' from
‘the value of po and calculate vy. We determine the value of v proceeding from the assump-
tion that the steam temperature is equal to the" saturation temperature at the pressure P2,
and we find v; with the superheating Atgh of the liquid taken into account (by means of a
number of approximations). We determine the flow velocity from Eq. (1), the superheating
temperature from Eq. (18), the isentropy index kp from Eq.: (5), and the wvolume steam content
from Eq. (9). . : : R

. The dependence of a number of quantities on the ratio 1/d at a pressure p, =9.8 MPa
and’ Atgat =0°C 1s shown in Fig. 4. The parameters in question have a similar nature for
other values of p, at the entrance to the outflow channel.: o LT e

° i

It follows from consideration of the results obtained that in the case of outflow
through short channels of a metastable vapor—liquid flow .the main characteristics are deter—
mined, just as in the case of outflow through long channels, by the pressure p; in the exit
cross. section, the mass vapor content x, and the specific volume of the mixture vp calcula-
ted with the actual superheat1ng of the llqu1d towards the ex1t cross sectlon taken 1nto v
account.

In conclusion we note that’ the pressure p. and xm in the ex1t ctoss. sectlon will also
unlquely determine (3v/9p)®, ap, and km in this cross section in the case of critical flow
conditions through channels of great’ length when it is 1mposs1b1e to neglect hydraullc
drag in the channel and the process is not isotropic.’ ’

Moreover; if any two—phase flow in the out- flow channel. is, or ohe can assume it to
be, sufficiently uniform and finely dispersed, then one can determine the isentropy index
from the known p and x for any arbitrary cross section taken, and this predetermlnes the pos-
sibility -of the calculation of the- pressure and temperature varlatlon along the channel
length for the adlabatic flow of two- phase media. :
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NEUTRON RESONANCES OF OSMIUM ISOTOPES
IN THE 1-550 eV RANGE

T. S. Belanova, S. I. Babich, _ UDC 621.039.556
A. G. Kolesov, and V. A. Poruchikov

The investigation of the neutron resonances of osmium isotopes is of obvious interest
for obtaining values of the force functions (So) and the radiative widths (FY) of neutron
resonances in the region of nuclei having masses of 186-192, which is the transition region
from deformed nuclei to spherical ones, and such an investigation is also of interest for
the study of nonstatic effects both in the alternation of the neutron levels of even iso-
topes and in the energy dependence of the reduced neutron width of the levels [1].

One should note that neutron resonance parameters of osmium isotopes have been studied
little mainly due to the absence of single-isotope samples of optimal sizes. As a rule,
multiple-isotope osmium samples distinguished by high enrichment of individual isotopes
have been investigated (Table 1). However, identification of levels and obtaining resonance
parameters from the transmission of such samples is a very laborious process which does not
give reliable results in many cases. First the transmission of a sample made out of a natu-
ral mixture of osmium isotopes was measured with a selector at Argonne; resonance parameters
have been calculated up to an energy of 29 eV only for '®°0s [2]. Using samples enriched
in individual osmium isotopes, the selector group of the institute of Nuclear Research of
the Academy of Sciences of the Ukrainian SSR [3, 4] has obtained more extensive data below
an energy of 500 eV on the resonance parameters of six osmium isotopes. Appreciable infor-
mation on the position of the levels of the odd isotopes '®7> '®%°0s has been obtained in
connection with the determination of the spins of neutron resonances [5-9]. Earlier we
published preliminary data on the p051t10n of the levels and their distribution among the
six osmium isotopes [10].

The investigations have been conducted using the mechanical selector of an SM-2 reactor
[11]. The transmissions of six osmium samples enriched with the isotopes '®°7*°°2'®20g were
measured in the 1-550 eV range of neutron energies. The best resolution of the spectrometer
on a time-of-flight baseline of 91.7 m was 70 nsec/m. The samples were prepared from metal
powder and had the shape of a rectangular parallele piped (see Table 1). The amount of 18%0s
in all the samples did not exceed 0.05%. The statistical accuracy of the measurements was
0.5-1.5%, and background amounted to from 0.7 to 3% of the effect being studied.

In contrast to [10], the present measurements were made under more refined experimental
conditions (the thickness of the investigated samples is increased by a factor of 2-3.5, the
background conditions of the spectrometer are improved, the statistical accuracy of the mea-
surements is increased, a more refined program for calculation of the resonance parameters
with a BESM-6 computer is utilized, and so on), which increased the accuracy of identifica-
tion of the levels of osmium isotopes and alsc permitted calculating the values of the reso-
nance parameters. It should be noted that a portion of the levels of osmium isotopes were

TABLE 1. _
3 g Isotope compound in sample ‘
g ° 1860 1%70sg 18808 1820s 1900s 1920sg
E‘ E“ ’ o l10-¢
10-4 %Y |10 % 10-¢ 9% }10-2 % l10-4 A {10~ %
3 |3 & | aomsh ~oms/b atoms/b atomsb | | atoms/b atomsb |
1 (1695 31,7 42,1 7,21 9,6 13,3 17,9 6,83 | 9,2 7,75 |.10,5 7,8 10,7
2 [132,5 0,51 0,8 11,4 | 18,4 2.4 142,2| 18,8 |25,3 4,83 | 7,8 3,56 | 5,8
3 ]451 0,83 0,5 | 0,82 "0,5> 130,8 80,1 16,7 10,3 9,5 5,9 4,3% |-2,7
4 [39,5| <0,08 |<i0,05 0,490 | 0,4 r3.52 | 2,9 9,3 |79,8] 16,7 [13,9 3,56 -| 3,0
5 |879 <014 [<0,05] <014 ['<0,05 2.4 0,91 10,7 4,0 2401 89,9 13,7 5,2
6 {800 < 0,14 [« 0,05 2044 ['20.05 0,74 | 0,3 1,63 | 0,6 6,2 2,31 259 96,8

Translated ffom Atomnaya fnergiya, Vol. 48, No. 1, pp. 28-32, January, 1980. Original
article submitted November 20, 1978.
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Fig. 1. Transmission of osmium sample ‘at (a) 8-16, (b) 16-46, and (c) 46-90 eV:
®) experiment; ) theoretical calculatlon by the shape method.

'

not correctly identifled in [10j The results of the present measurements have permltted
redistributing these levels among the 1sotopes of osmium.

The transmission of one of the osmium samples (No. 1) in the 8-90 eV range of neutron
energies is shown in Fig. 1 as an example. The parameters of the neutron resonances (posi-
tion of the levels Eo,, values of the neutron 2gTp and total T widths) were calculated by
the area and ‘shape method from the single-level Breit—Wigner formula. The cross section
of potential scattering of the ‘neutrons ogc was simultaneously calculated for each isotope.
The parameters obtained are given in Tables 2-4; they were used for calculation of. the theo-
retical transmission curve (solid curve in Fig. 1). The resonance parameters from the publi-
cations [2-4] are given for comparison in these tables.

187 189

0dd isotopes of osmium. The parameters of the neutron resonances of Os and Os
are calculated up to an-energy of 72 eV from. the transmission of samples 2 and 4 (see Table
1). It is evident that sample 2, the main one used for investigation of the isotope '®70s,
has weak enrichment ('®70s-18.1%) and a small amount of material (132 mg). This fact com-
plicated the identification of levels and caused an increase in the error of the determina-—
tion of the neutron resonance parameters. For example, it is necessary for calculation of
the parameters of the '®70s level with energy 28.43 eV to take correct account of the
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TABLE 2. Parameters ot Neutron Resonances

) Of 187_05
2¢Ty, meV | r,meV . .
f}'v this v , this - Fp, eV * .
Me papet (3,41 |oaper |54
9.5 11,7540,02 | 2,71+0,18 | 86+3| 9146 | 99,4+0,7
12.73111,240.1 13,630,241 [105%3|114£10[115,8%1,1
20,241,97%0,03 | 2,670,2 | 84+7(143%40| - 165+2
26.3410,5020.05 9W0EH — | 172%2
28.43| 0,5+0,2 — | 176x2
39.46| 2.541,0 — | 214%3
40.45(16,8%1,0 2844 2464
43,33[15,3%2,0 —Z 279%4
47.6521,81.5 | 22,742,1
49,54} 3,5+1,0\ |
50,15 65%1 } 57.3x19.8
o] 9%t
63,5 | 3645 79,6
5.5 | 1,5+0,8
71,5 | 1,9%0,5

*Only levels obtained above 71.5eV as a result of there~
identification of the data of [10] .

+Level is omitted.
‘-Doublct.

contribution of an '®°0s resonance with energy 28.46-eV to the transmission of the sample.

A similar situation was encountered for the '°®70s levels with energy 39.46, 43.33, 49.54,
50.15, 63.5, 65.5, and 71.5 eV. It did not prove possible to obtain from the transmission
of sample 2 the parameters of the 49.54 and 50.15 eV levels of '°70s due to the large con-
tribution to the transmission of the '°°0s levels with energy 50.28 and 51.21 eV. The para-
meters of these levels are obtained from the transmission of sample 1. The values of T are
determined only for the first four relatively isolated levels of '870s. The average value
found for. the radiative.width (TY = 88 meV) was adopted in the calculation of the parameters

TABLE 3. Parameters of Neutron Resonances of

1890s
2¢T,, MeV T, MeV
Ky, Eq, eV*
vev this paper (3, 4 (21 this paper (3, 4] (2] e
6,75 2,83+0,05 3,02+0,10 3,214+1,04 084-2 9645 84-+3 97,4+0,7
9,02 8,430,2 8,4+0,6 10,4150 96 108+3 97+3 110+10 163-+2
10,35 3,35+0,05 3,8430,31 4, 170.4 99+3 98+2 102410 183+2
13,95 0,020+0,001 T = = - 202+3
18,82 . 4,97%0,10 5,49+0,43 10,42+1,74 100+14 105+ 30 . 2244 ,
21,95 7,6%0.5 8, 46+1 4 8,63+1,41 11247 - - . 29445
22,96 0,21%0,05 — + 97+20 —
27,56 4,240,1 5,25+1,05 7,11+0,75 106+8 -
28,46 9,5+0,5 20,17+5,31 14,9+1,06 103+7 150420
30,45 0,747+0,02 1,05%0,11 — 123110 .
39,04 4,1+0,8 2,91+0,50 T - . o
41,66 0,79+0,03 0,64+0,52 t $9+20 :
43,24 2,23-+0,07 1,58+0,33 — 1046+14
50,28 19,6+-1,0 31,8%2,8 —
51,21 1,3+0,2 t T
54,76 19,2+1,0 28,0+4,4 T
60,5 13,710,8 6,8341,09
63,7 11,54+1,0 .
65.0 3%6 80t
65,7 6+3 t -
71,9 3,2+40,3 T
75,0 = -
76,1 i
77,6 T A
78,9 T
87,4

*0nly levels obtained above 90 eV as aresult of the reidentification of the data
of [10]. ‘

tLevel is omitted.

$Doublet.
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TABLE 4. Parameters of Neufron Resonances of Eveﬁ fsotopes of Osmium

T, MeV © T, MeV o T,. MeV I, MeV
Fo, €V - Ep, eV
0 this paper 13, 4]  ghis paper| (3, 4] o€ this paper (3, 41 thispaper (3, 41 - 4
186()g ) 190,5
22,38 10,04+0,5 |11,35+1,42 | 82+6 | 1314-10 251 ) ‘ *
44,61 67,54+2,5 | 8(,9+6,7 | 178+15.| 252450 314 )
66,04 20,5+2,0 84+30 ' 384 -
89,3 ] 473
137 523 '
273 . . 180Q0g
337 : * : 91,3+0,5 . 24,7
18805 : 145+1 90
38,67 32,7+1,5 | 42,843,7 | 138-+5 | 153+20 22642 tox
46,921 0,08%0,01 * ©341%3 ‘ *
78.3 320+40 460+40 528+5 ' *
149" * ) 192()g
20,4540,10  10,0284-0,001]0,008+0,002
1271 ~ 1 4,48%0,45
5055 ¥

*Level is omitted.

tPossibly a level of '®“0

S.
of the remaining '°’0s resonances. The '®70s levels discovered as a result of reidentifica-
tion of the data of [10] are found above 72 eV in Table 2. The analogous levels of *®°0s
above 90 eV are given in Table 3.

The effect of thé strong '®°0s levels with energy 22.38 and 66.04 eV and the '®%0s level
with energy 38.67 eV on the transmission of sample 4 worsened the accuracy Jf the determina-
tion of the parameters of the '°°0s resonances with:energy 21.95, 22.96, 39.04, 65.0, and
65 7 eV. The ‘values of T found for the 11 levels of ®°0s permitted determining thé value

=101 MeV, which was then used in calculating the remaining levels. The values of E,
obtalned for the '®70s and *®°0s resonance are in good agreement with the values published
in [8, 9]; however, there are discrepancies with the data of [10]. 1In particular, the
existence of levels with energy 18.2, 21.0, and 69.1 eV is not confirmed for *®70s. The
first two levels are as31gned to '®°0s, and the position of the third one is refined to
71.5 eV.

In comparison with our results seven resonances each are omitted in [3 4] for '®70s
up to 72 eV and for '®°0s up to 90 eV (they are also observed in [8, 9]). Doublets at 50.0
eV for '®70s and 64.2 eV for ‘®°0s are not resolved (a possible cause of the overestimation
of 2gT'n for most of the '®°0s levels in [2-4] are in agreement with our data within the
limits of the indicated errors. A systematic overestimation of 2glp by 20-40% is observed
for '°70s. The deviations noted are caused most Iikely by the contribution, which is diffi-
cult to take into account, to the transmission of the sample of the resonances of other
osmium isotopes whose energies are close to the energy of the levels under investigation.

Even TIsotopes of Osmium. The parameters of the neutron resonances of 196»288:190s51924,
are obtained from the transmission of samples 1, 3, 5, and 6 (see Table 4).. Seven levels
have been discovered for '®°0Os up to an energy of 350 eV; the resonance parameters are cal-
culated for the first three levels. It was assumed in the calculation of T'p of the 66.04 eV
level that I'y=90 eV. A resonance with energy 337 eV has not been observed ,earlier. The

TABLE 5. Characteristics of Osmium Isotopes

This paper . : Data of [4, 12]
Isotope -

o, /b ry,vMeV D,. eV So-104 % b ‘1‘y, mEV D,eV . So- 104
1860 21+5 - 9047 22+4 2,2+1,6 1845 1454-45 2246 5 6L
18705 | - 8+4 | 88+5 4,4+0,4 | 2,3340,9 7,546 110+-30 8+1,6 2,04;3_;3;,
1880s 9+2 100+10 38+6 3,742,4 | 6,541 110420 4710 | 5,043
18903 . 1142 101+3 3,4+0,2 | 1,78+0,58 14+10 1004-20 3,8+0,7. | 2 Of’ ’0
1800s 2142 — — — 18+2 — - 92+14 =
1920g 28+2 — - — 17+1 - 140+35 O,Gig:g
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existence of levels with energy 19.45, 24.71, 25.31, 99.1, 163, and 202 eV [10] is not con-
firmed. The present measurements have shown that the levels 19.45, 25.31 (after refinement
of the energy), and 99.1 eV should be assigned to '°’0s, and the 162 and 202 eV levels
should be assigned to '®°0s. The 24.71 eV resonance was not uniquely identified (it is
possibly a level of '®*0s). a

Ten resonances were found for '®%0s, five of which (46.9, 149, 251, 473, and 523 eV)
are obtained for the first time. The parameters are calculated for the first three levels.
It was assumed in the calculation-of Tp of the 46.92 and 78.3 eV levels that Iy =100 meV.
The 46.92 eV resonance has not. been uniquely identified; possibly it belongs to **“0Os. The
existence of the 25.7, 33.45, 57.3, 165, 176, and 279 eV levels [10] has not been confirmed.
As analysis of the transmissions has shown, one should attribute the 25.7, 165, 176, and
279 eV levels to '%70s and the 57.3 eV level to '®°0s after refinement of its energy. Hav-
. ing a sample approximately ten times thicker, we did not confirm the rather strong resonance

of '®%0s with energy 44.3 eV [3, 4], although levels with a smaller neutron width were
recorded for '®%0s. Evidently this sample alsd proved to be too. th1n for detect1on of the
18%0s levels with energy 149, 251, and 523 ev [3, 4].

The position of the resonances has been determined for 190Os and '°20s, and their
identification has been accomplished. . A comparison of the results of previous [10] and
the present measurements has shown that the 28.40 eV level of *°°0Os should, just as the
115.8 eV level of. '°?0s, be attributed to '®70s, and the resonances of '®?0s with energy
23.03, 43.9, and 95.7 eV should be attributed to *®%0s. ‘After refinement of the energy
the 36.17 eV level:of '°?0s was assigned to '°®0s (also see [3, 4]).

The values of Tp and T for the levels of *®°:*®%0s have been overestimated by 20-30%
and three resonances of '°°0Os have been omitted in [3, 4] in comparison with the results of
this paper. The existence of the 165 eV level of 19°Os and the 241 eV level of '°20s has
not been confirmed; most probably’ these are resonances of *°70s, and also the '°°0s level
with energy 11.14 eV has not been conflrmed, although the amount of this isotope in our
sample is approximately seven times greater. A certain portion of the" resonances of osmium
isotopes in these papers requires reidentification.

The discrepancies noted with the data of (3, 4] are evidently produced by the following
causes. The amount of '®°7'9°'?20g in the samples of the indicated papers is approximately
2.4, 1.2, 9.5, 3, 7.2, and 1.8 times lower, respectively. With practically an identical
energy resolution of both spectrometers, the spectrometer of the present paper (a high-trans-
mission selector with a reactor having a high neutron flux) has a lower background — effect
ratio. Without getting into the details, we note that the resonance parameters in the
present paper have been calculated on a BESM-6 computer using a more refined program. One
‘can state that a higher measurement accuracy is characteristic of the data obtained.

The average characteristics of the osmium isotopes are given in Table 5. The values
of the average distance between levels D for '®7:'%°0s are calculated up to an energy of

72 eV, and So was determined from the slope of the straight line from the plot of the depen-
dence of the sum of the reduced neutron widths (Z2gl3) on the neutron energy. The energy
range above V200 eV was not considered to be sufficiently resolved; this situation did not
permit calculating D for '°°0s. For comparison the analogous data from [4, 12], in which
the values of D for odd osmium isotopes are calculated up to an energy of 64 eV, are given
in Table 5. It follows from a comparison of our data with the analogous data of [12] (see
Table 5) that within the limits of the indicated experimental errors the values of fY agree
with each cother.

The overestimation of D of '®70s in [12] is explained by the omission of five levels

up to an energy of 64 ev. Taking the contribution of these levels into account gives D=
4.5 eV. Taking account of the two '°%0s levels omitted up to an energy of 64 eV would
permit obtaining a more accurate value D=3.5 eV. One should say the same about D for
'®%0s. With dccount taken of the omitted level up to an energy of 187 eV D=37 eV would
be obtained. The values of D for **°>'°20s in [12] do not appear to be reliable. The
value of D for '°°0s is calculated in the 0-165 eV energy range from four resonances, of
which the existence of the first one (11.14 eV) is doubtful, and the last one (165 eV)
belongs to '°70s. A similar situation exists for *®?0s.

The overestimation of So of '®°*'®®0s by [12] is caused by an overestimation of the

values of I'yn for the greater part of the levels of these isotopes. The agreement of So
37
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for **70s in splte of the dlscrepancy of 2gl'n and D is accidental and ev1dent1y caused by

an identical degree of overestimation of 2gTH and D, which determine the value of So.

- : +2,2 .
The values PY==92:t10 meV and So =(2.0-—0.2)-10'“ obtained in [2] for fa9OS are in _
agreement with the data of Table 5; the observed overestimation of ﬁé=4.5 eV is caused by 3
the omission of four resonances in the 0-61 eV energy range.

The results of future measurements of the transmission of practically single- isotope :
samples of optimal thickness with high energy resolution can introduce clarlty into the dls—
cussion of the questions' touched on.
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LETTERS TO THE EDITOR : : , = :

CHOICE OF SOME'CHARACTERISTICS OF FAST:
" BREEDER REACTOR AT VARIOUS STAGES OF
NUCLEAR POWER DEVELOPMENT

M._F. Troyanov, V. G. Iiyunin, ' . ' ' ﬂ-.':d o . unc 621.039.5h
V. M. Murogov, V. Ya. Rudneva, ' : ; o
and A. N. Shmelev

The study of various models of nuclear power (NP) in the development stage includes a
search for reactor parameters which would satisfy the optimality criteria for NP, A question
arises in this case: how distinguishable will ‘the optimal parameters of reactors be, depend-
ing on the various stages in the development of the system, i.e., in fact, on the ratio of
the number of fast. breeder reactors and thermal reactors in the NP system7 '

In the first stage of NP development the fast reactots are still few in number breeder
reactors operate on plutonium obtained in thermal reactors, ‘and up to a certain time the
internal production of plutonium does not-have any serious effect on the system. This is the
stage of mastering breeder reactors and béginning to 1ntroduce them into the nuclear power
industry. The most important thing here is to ensure reliable and safe operatlon of fast
reactors, to create a base for further development of breeders, and also to prepare condi—
tions for the 1mprovement of the latter

With further development the fractlon of breeder reactors w111 grow and when it becomes
equal to the fraction of thermal reactors the specific charge of plutonium in the reactors

and the rate of accumulation of excess plutonium in them w111 be extremely important for the
system. S : :

The uranium deficit with a further development of NP may result in breeder reactors
producing fuel.for thermal reactors as well, although one cannot rule out supplemental
supplies of nuclear fuel to the system as the result of production ‘of fuel, e.g., in hybrid

thermonuclear reactors. 4

If, :in a nuclear power system comprlsing thermal reactors as well as breeders ensuring
the .development of NP because of the build-up of excess nuclear fuel, dynamic equilibrium
is established with the ratio between fast and thermal reactors, Nf/Nt, then the development

rate w and the doubling time T§P of such a system.can be found by using the expressions
from [l] ' : : ;

Np__ In2 _ (Nf/Nt)é'f‘i"gt _

) t= ) n (Nf/Nt)rf—-qt ! 1)
where rf and gf are the spec1fic excess conversion ratio and charging of the breeder reactor
(i.e., per unit power) and q¢ and g are the specific rates of fuel make-up and charging of
the thermal reactor.

Solving the relation for Nf/Ny, we get an expression which allows us to calculate the
necessary ratio of breeders and thermal reactors as a functlon of the given rate of develop-
ment of: the system of reactors and theilr parameters'

Nf _ grtose . : .
Ay rg—wgg . . (2)

‘The initial characteristics of the breeders affect the doubling time and the structure
{N£/Nt) of the two-component system. Let us fix the parameters of the thermal reactor,
having the VVER-1000 water-moderated—water-cooled power reactor in mind [2]. As an exam-
ple let us consider a BN fast reactor with a thermal rating of 3000 MW operating on oxide
fuel with a thermal stress Q ofi300'to 800 kW/liter in the core (Fig. la). ' Such a reactor,

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 33-34, January, 1980. 0Original
article submitted July 3, 1979.
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Flg. . Doubllng time of power of NP vs thermal stress of core of fast reac-

tor with oxide (a) and metallic (b) fuel for various values of. structure of

NP model considered (numbers next to curves) with~external fuel -cycle times
~of 0.5 yr ( ) and 1 yr (—--).

which is optimal in'respect of intrinsic doubling time‘Tg, is characterized by a mean ther-
mal stress of 450-550 kW/liter. With a decrease in Q there is an increase in the specific
rate rf of excess conversion and specific charging gf. ?he growth of rf is not-compensated
by the growth of rf and this results in an increase-in T3 If the NP system consists-of
fast and thermal reactors, then the optimum in respect to TzNP shifts to the region of
lower thermal stresses in thermal reactors. The more thermal reactors there are in the
system, the smaller the thermal stresses which correspond to the minimum values of TzNP.
Similar results for a breeder reactor with metallic fuel are presented in Fig. lb.

The results obtained illustrate the fact that in a two-component NP system in a state
of dynamic equilibrium the optimal breeder should have different core design parameters
than does a reactor optimized according to T.f in a system consisting of only breeder reac-
tors of one type. The shift of the optimum T.NP towards lower Q means that for the system
it is preferable to have fast reactors with a high conversion factor, although the specific
charge in this case is greater. The increase in the charge, however, should not be inordi-
nate, i.e., it is important that in Eq. (2) the difference rf — wgf should grow when rg¢
and gf increase simultaneously. It can be pointed out that optimization of a breeder reac-
tor according to the fuel component of the design costs also to a less stressed core than
required by optimality according to Tt [3].

These examples indicate that when designing a fast reactor whose service life should
be no less than 30 years, one should make allowance for its being adapted to .the stages in
the development of the system of reactors. A flexible core design, which at a given power
would permit the thermal stress and, possibly, the form of .the fuel to be changed will allow
the breeder with highest efficiency to operate in a system with varying requirements. For
example, as seen from Fig. 1, if in a fast reactor the oxide fuel is replaced by metallic
fuel while the previous thermal stress Q of the core is maintained, then such a breeder
proves to be close to the optimum in respect of rate of development of a two-component NP
system.
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The authors express their gratitude to V. S. Kagramanyan for his useful discussions
of the topics raised. - :
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CALCULATION OF REACTOR WATER FLOW RATE
FOR PURIFICATION OF COOLANT IN BOILING-WATER
SINGLE-LOOP ATOMIC POWER PLANTS

V. V. Gerasimov, O. I.,Martjnova, B UDC 621.039.524.4¢4
0. T. Konovalova, and T. I. Kosheleva.

In working out the water“regime of an atomic power plant with boiling-water reactors
one must determine the flow rate of reactor water for. purification (purging) of the coolant.
Such calculations are made according to the content of both soluble impurities and corrosion
products (CP) of 1ron, which as a rule determlne the efficiency of purification of the reac-

‘tor water.

‘Because of its ramified surface, the condensate-feedwater loop is the principal source
of iron CP introduced into the circulation loop of the reactor. Concurrently with removal
there. is the reverse process, i.e., deposition of suspended CP particles on the surface of
the circulation loop, primarily in stagnant zones. These processes upset the balance between
the arrival of iron CP in the reactor circulation loop and their content in the water in
that loop. Thus, the balance equation for soluble impurities is not applicable in the cal-
culation of thé flow rate of water for removing iron CP -from the coolant. Generalizatlon of
the operating experience with boiling steam generating plants'wofklﬁg on nuclear and organic
fuel made it possible to quantitatively estimate the process of CP deposition in ‘the loop.
As a result, the right member of the materials balance equatlon was supplemented w1th one
term, upon whlch the equatlon took on the form

Gy TGl =Pyt C Dt tCryVep V0, : W

where Gy, is the quantity of iron CP introduced from the feedwater (for plants under design
this is calculated from the removal of CP and from the dimensions of the surfaces of the
condensate-feedwater and steam loops of the turbines with allowance for the effeciency of
purification in filters) (g/h), Gel is the arrival of iron CP from the surface of the cir-
culation loop (g/h), p is the flow rate of reactor water for purification (purging) (tons/
h), Dg is the steam capacity of the reactor (tons/h), Cry and Cg are the determined concen-
trations (or normalized contents) of iron CP in the reactor water and the saturated steam,
respectively (g/ton), u, and u, are the efficiencies of the removal of iron CP by filters
of in-loop purification and condensate purification, respectively, Vo] is the volume of the
reactor circulation loop (m®), y is the water density under normal conditions (tons/m>),
and w is the constant of deposition of iron CP on the surface of the reactor circulation
loop (h™').

The constant w in the equation given above determines the kinetics of deposition -and
depends on the thermophysical and hydraulic processes in the coolant. To determine w in
steady-state and transient regimes we used the operational and experimental data obtained
for existing domestic commercial and semi-commercial power plants and atomic power plants
with boiling-water reactor. It turned out that if the volume-to-surface ratio in the

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 1, pp. 34-35, January, 1980. Original
article submitted November 4, 1977; revision submitted June 18, 1979.
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circulation loop of a boiling reactor is 0.014-0.054 ‘m, then in all cases the value of w

is identical and is equal to (53 +8):107% h~'. The deposition constant found in this way
makes allowance for the effect of many processes and factors, as a result of which it can
be used in the designing of single-loop installations of the RBMK type, while contributing
an error of no mora -than *15%. _ , an

in 'steady-state regimes of plant operation the flow rate of reactor water for purifica-
tion can be estimated from the equation given above if w is known In transient regimes
this water flow rate is found from the condition ' R

piVy 2> o, o (2)

whence p Vwy. The identical values of w for the steady-state and transient regimes of
operation of a given plant allow Eq. (1) to be analyzed further. The left member of the
equation for a given regime remains constant. The term CgDgu». in the right member of the
‘equation depends on the operating parameters and,; to some degree, on the separation devices.
The term CyyVelyw is not affected by the operating regime of the plant since the value of

w remains constant. Consequently, it is not possible to act on this term. What remains is
the term pCrwy: which determines the amount of iron CP in the volume of the loop. The flow
rate of reactor water to establish loop purification can be increased, which will entail
higher capital and operating costs, or the concentration of iron CP in the water used for
purification can be increased. The latter can be accomplished by changing the inlet and
outlet for the water. In steady-state operating regimes these places are stagnant zones
with a comparatively low rate of circulation and it is possible to make systematic "rounds"
of these places.

There is a very substantial (up to 50-fold) increase in the concentration of iron CP
during transient periods of operation, which should be exploited to the maximum to eliminate
these products from the loop. In the given case, evidently, it is necessary to also incre-
ase the flow rate of water for coolant purification since the increase CP concentration
in the loop is not maintained for a long time (v2-2.5 h). Moreover, during these periods
it is desirable to artificially stir up the CP, e.g., by changlng the circulation rate by
switching pumps.

The proposed recommendations have already been taken into .accountin the RBMK-lSOO reac-
tor project. During the transient periods, a larger volume of water used for purification
should pass only through mechanical filters whereas the volume of water entering the ion-
exchange filters can remain the same as in the steady-state regime. It must be emphasized
that the considerable quantity of suspended iron CP in the stagnant zones of the loop is
explained by their arrival with the feedwater since condensate purification takes place
directly after the turbine. One remedial measure is to purify the feedwater in rinsable
ion-exchange filters which are distinguished by a high efficiency and are capable of func-
tioning at elevated temperatures.
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REACTIVITY COEFFICIENTS OF MATERIALS
IN FERTILE MEDIA WITH Kem1 : - s

V. A. Dulin, Yu. A. Kazanskii, - ' . UDC 621.039.51
and' V. F. Mamontov P o Ca : -
. “

The use of integral characteristics, measured in critlcal assemblies, to verify and
correct nuclear data is meaningful only if the condltlons of the experiment are adequately

described by a computational model.

Integral experlments on BFS critical assemblles showed [1] that calculation using the
BNAB-70 system of constants [2, 3] unsatisfactorily descrlbes the reactivity cqefflcients
(RC) of typical.absorbing, scattering, ;and fissionable elements. It was of interest to study
RC in assemblies for which calculations can be made with minimal errors due to idealization
of the three-dimensional calculations. Such conditions were met by the BFS-31-4, 33-2, and
35-1 assemblies whose central parts had compositions ensuring Kea 1 [4] quite large dimen-
sions and a structure that displays little heterogeneity. The observed divergences between
experlment and calculatlon in this case are due to the constant component of . the- computa—
tlonal error. X . : : v , Tt

The BFS~35-1 assembly consisted of metalllc uranium with 5.61% enrlchment and was a’
copy of the SNEAK-8 assembly [5]. The BFS-33-2 consisted of uranium oxide with 8.35% enrich-
ment while in.the BFS-31-4 the oxide of zfsU was replaced by. metallic 239Pu. The RC measure-
ments were made in the center of the assemblies with' specimens of varlous sizes. The results
of the measurements are averaged over the heterogeneous structure. of the assemblies w1th1n
the limits of the central cell (4-6 cm). Figure 1 gives the measured CR for specimens “of
239py, !°B, and '2C of various sizes; the RC are given as ratios to the CR of *?°U of zero
size. Analysis of the RC ratios permit the errors of the three-dimensional calculations to
be eliminated and to emphasise the‘ponstant‘componenﬁ of the‘errors of calculation. The
‘size of the specimens in Fig. 1 are charactetized by the value os =1/nl, 'where n is the
nuclear density of the specimen, 1= 4 V/% is its mean geometrlc size, V is the volume, and
S is the surface of the specimen. ‘ '

The calculations were performed’aécording to the M426 program [6] in the P, approxima-+
tion using the BNAB-70 system of constants and its modification, OSKAR-76 [7]. Allowance
was made for the effect of the heterogeneous, structure of the assemblies on the RC ratio
[8, 9]. The finite size of the specimens was taken into account by methods described in
[1, 10]. Figure 1 gives the results of these calculations for the real structure of an
assembly (BFS-31-4) and its homogeneous model.  For other assemblies the computational dif-
ference between the homogeneous and heterogeneous models is an order of magnitude smaller.
For '*C the dependence of the RC on the size of the specimens is due primarily to the un-
blocking the surrounding medium, which was taken into account in [11]. As seen from Fig. 1,

TABLE 1. Comﬁarison of the Results of
Measurements and Calculations of RC Ratio

BFS J Calc.
aisem RC ratio Expt. BNAB- |OSKAR~
bly 0 6
3{-4 | 299Dy 2350 1,1924-0,015 1,133 1,197
. 10B /235 —0,7410,02 —0,590 { —0,725
12c /2887 | —0,0114+0,0005 | —0,0134] —0,0112
32-2 | 230py/y2se 1,260+0,015 , 1,220 | 1,257
ropy/235() —0,845+0,015 ~0,733 | —0,890
12¢/2350 | -—0,004230,0003 | —0,0082| —0,0045
239 Py /2357 1,49+0,02 1,413 1,475
35-1 | 10B/23sQy 0,52+0,03 | —0,409 | —0,452
13¢/238y | —0,02264-0,0010 | —0,0218| —0,0238

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 35-36, January, 1980. Original
article submitted January 30, 1978.

0038-531X/80/4801-0043607.50 © 1980 Plenum Publishing Corporation 43

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3



Declassi_fi'ed and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3

14

2% U(ap)RG/U RC.

1'1 ' 1 o 1 L 1 Lo l- i 1
oo mo 40 20 6, o 20 1 5 6, o 100 40 20 6,

Fig. l. Ratio of reactivity coefficients of 2°°Pu, 12C, and *°B to reactivity
coefficient of *>°U in BFS-31-4 assembly: 1, 2) calculation according to
OSKAR-76 for homogeneous and heterogeneous models; 3, 4) calculation accord-
ing to BNAB-70 for homogeneOUS‘and heterogeneous models; Q) experiment;

the dependent of the RC ratio on the spec1men 31ze is descrlbed well by calculations, as
noted earlier in {1]. : :

Table 1 glves the results. of calculatlons of the RC ratio, obtained by flrst-order
perturbation theory {(in Fig. 1 this value of the RC ratio at oo =«).. Corrections for the
heterogeneous structure of the assemblies were introduced into the calculations. Calcula-
tions with OSKAR-76 are in much better agreement with the results of experiment. This is
not surprising since the results of experiments with BFS-31 and BFS-33 assemblies were used
in constructing this version [7]. Thus, the dlvergences between the calculated and measured
RC ratios for typical fissionable, absorbing, and scattering elements are explained by the '
existence of the constant component of the errors of calculatlon
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COMPARISON OF CROSS SECTIONS FOR THE
PRODUCTION OF 3Cd AND '“°Ba IN THE
PHOTOFISSION OF 2°%y, 2°°y, "’Np AND ’"Pu .

P. P. Ganich, V. I Lomonosov, _ ' ' . c UDC 539.172.3
and D. I. Sikora : SR P '

In the 1nvest1gation of ph0t0f18810n processes in transuranium ‘elements it is of inter-
est ‘to know the yields and the cross sections for the photoproduction of fragments in’ sym-
metric and asymmetric fission as a function of the y energy. Data have recently been
published [1-4] on the yields of photofission products in the maximum and minimum of the
mass distribution of fragments (or their‘'ratio) as a function of the’ max1mum photon energy
for 2%y, 22y, *°’Np, and 2°?Pu nuclei. The photofission cross sections for these nuclides
in the giant resonance region are given.in, {11.

The ex1stence of such data permits the calculation of the total f1ssion—fragment yield,
the yields of the '“°Ba and **°Cd fragments (normalized to-one electron incident on the
bremsstrahlung, target) as functions of the maximum photon -energy Eo, and from the *“°Ba and
113¢d yield curves the integral and’ differential cross sections as functions of the photon
energy. The calculation was performed in the following way. The total fragment yield per
electron Y¢ (Eo) as a function of the max1mum photon energy Eo is :

it

Eo
Yi(E)=| v (B P (B, BYaE.

Ep

The values of- the -photofission cross section oYf(E) were taken from [1], and the tabulated
numbers of photons P (Eo, E) dE in the bremsstrahlung spectrum from [5] (En 1s the photofis—’
sion energy threshold).

The yield of an ind-iv‘idual phocofis'sion fragment Yo(Eo) is

Y (Eo)s %
e Y; (E.,).

Yo (Eo)—-
The values of the percentage yield of fragments were- flrst ‘smoothed out by the 1east—squares
method.

The cross section for the photoproduction of a fragment oYo(E) was found from succes-—

sive solutions of the egquation
Eyg

Y, (E°)==S Oy (E) P (Eqy E)dE
En

for various values of Eo.
Figures 1-3 show the results of the calculations of Yf(Eo) (curve 1) and the values of
Yo(Eo), Oyoint (E), Oyo(E) (curves 2 and 3) multiplied by the factors in parentheses. It

TABLE 1. Cross Sections for the Produc—
. tion of 1494 and *'®Cd for E=10.5 MeV

" (E0 Ba, | o0 (BN €A, 1o-scv°(E)'
Reaction | % mB 'l ub » _"y—f(—E)—UECdj . :
U, ) | 2,55+0,8 | 102430 1,6
288y (y, f) | 1,4330,4 2346 0,5
237Np (¥, ) 30,1 | 120340 1.06
289Pu (y, f) 5,7+1,8 0,95

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 36-38, .January, 1980. Original
article submitted November 27, 1978; revision submitted May 3, 1979.
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'4.Fig: 1. 1) Photofission yield: 2) photoproduction of '“°Ba; 3) photoproduction of
*%%Cd. . The value of the ordinate must be multiplied by 3.9.1072° to obtain the abso-
lute value of the photofission yield, _ : L L ‘
Fig. 2. Integral cross sections for 1) photofission; 2) photoproduction of *“°Ba; -

3) photoproduction of *'3¢d. .
is clear from the figures that, within the limits of error, curves 2 for the photoproduc-
tion of '“°Ba coincide with the corresponding curves for the photofission of 223y, 23°y, ,
and **7Np. ‘
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200 Fig. 3. Differential cross sections <
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of ''*cd. ‘For 2°°Py curve 3 is in
0 _relative units.
100
- \Jwo) s
% 2(41) ‘
20
. 1 i
18 22

46 |

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030001-3
The ratio of the yields

K (Eo) = Yo (Eo)us(;d/Yo (Eo)uol}a

for *?>°Pu is given in [4] as a function of the maximum photon energy. Under the assumption

that the shapes of the curves for 23%py characterizing the dependence of the integral and
differential cross sections for the photoproduction of '“°Ba are the same as those for

photof1551on, it is possible to compare the relative yields Yo {Eo) and the relative cross

sections OYO(E) for the photoproduction of *'°Cd with the-corresponding functions for the
photofission of *°°Pu (Figs. 1-3 for 22°Pu).

113
f

The relative yield of the photoproduction o °Cd was determined from the relation

Yo(Eg)=K(E) Yy (Eo)'

and the relative values of the functions ch(E) and Oyolnt (E) were determlned in the same
way as Oy (E) and Oyoint (B) ..

The relatlve error in determining the fragment yield AY, (Eo)/Yo (Eo) was'.assumed
equal to the relative error in measuring the percentage yield of -fragments [1], and did not
exceed 10%. The maximum errors shown in Table 1 and Fig. 3 were determlned by the recipro-
cal matrix method [5].

A comparison of the data obtained shows

1) The curves for Yo (Eo), chint (E), gye (E), Yo (Eo), Oyeint (E), and Oyo (E) for
the photoproduction of '!'°Cd are shifted with respect to the analogous curves for the photo-
production of '“°Ba or the photofission of 2°°U, 2°°U, 2°7Np, and *?°Pu by 2-3 MeV toward
higher photon energies. Such a shift is observed for photon energies up to 12 MeV, and
cannot be accounted for by computational errors.

2. 1In the fission of 2°°y, 2?3°%y

, 2®’Np, and 23?*°Pu by 10.5-MeV photons the cross sec-
tion for the production of Ba is larger than the cross section for the production of
*'5cd. Table 1 shows that the cross section for the production of '*°Cd is of the same
order of magnitude as the cross section for the production of isomers in (y, n) reactions
in plutonlum and americium nuclides [6].

140

This behavior of the yleld curves and the cross sections for symmetrlc and asymmetric
photofission may be related to the fact that in the interaction of y rays with a nucleus
there is an octupole deformation as shown in [6, 7] im which the height of the second fis-
sion barrier is lowered by 2-3 MeV, and the probablllty of asymmetric f1s31on is greater
than that for symmetric fission. ‘ » .

In conclusion, the authors thank V. M. Strutinsky and B. D. Kuz 'minov for helpful
advice and assistance with the work,
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BEHAVIOR OF BOILING REACTOR DURING
WITHDRAWAL OF -SHIM RODS

R. E. Fedyakin and E. V. Kozin E o ~© UDC 621.039.58

An importaﬁt aspect in the study of problems of reactor safety is that of reactor
behavior in various emergency situations. One dangerous situation can arise in the event

of an unforeseen withdrawal of shim rods, as a result of which excess reactivity is released,

causing a sharp rise in the neutron density and heat liberation and, in the final account,

this leads to the destruction of the fuel elements. To prevent such an emergency, control

and safety systems have provisions for lJmltlng the rate of w1thdrawal of the absorber rods
and,. as a rule, they are moved in steps.

In the VK-50 boiling reactor in the critical state without boiling in the core as well
~as in VVER (water-moderated—water-cooled power reactors) [1] the withdrawal of any group
of shim rods by 20-25 mm results in a rapid increase in the neutron density (with a period
<20 sec). However, once conditions of developed boiling have been reached the reactlon
of the core to the withdrawal of the shim rods is weakened substantially.

Experiments with the w1thdrawal of shim rods were carrled out at low pressure (P=1.5
MPa) and high pressure (P =7 MPa) inthe reactor. The reactor power was 16 and 110-130 MW,
respectively, and the mean steam content by volume in the core was 25 and 34%.

Groups of rods (three in each) were withdrawn continuously at .the rate of 2.5 mm/sec,
at first on the periphery and then in the center of the core. The initial position of the
shim rods corresponded to the region of their maximum efficiency. The rods were withdrawn
300 mm, the average rate of increase in reactivity being 1.7.10"* sec™'. As a result, an
excess reactivity of 2% was introduced in 2 min. Notwithstanding this, during the with-
drawal of the rods the reactor power increased with a period of 4~5 min, by a total of 25%

at low pressure and 157 at hlgh pressure.

At a pressure of 7 MPa anda power reactor of 130 MW the central shim rod was withdrawn
to a distance of 400 mm at the rate of 35 mm/sec. The mean rate of reactivity increase in
this case was 2.1072 sec™®. But in this case, as before, the period of reactor power build-
up was 4 min. Once ‘the withdrawal of the rods was stopped the increase in reactor power
also ceased.

The experiments carried out showed that when excess reactivity in introduced during
the withdrawal of rods it is rapidly compensated because of the additional generation of
steam. Consequently, in the operation of the VK-50 vessel-type boiling reactor in the
developed boiling regimen there is no dangerous increase in the rate of power increase,
even in cases of damage to the control system or erroneous actions by the operator, result-
ing in a continuous withdrawal of the absorption rods.

Translated from Atoﬁnaya ﬁnergiya, Vol. 48, No. 1, pp. 38-39, January, 1980. Original
article submitted January 24, 1979.
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GAMMA DOSE BUILDﬁP FACTORS IN AIR

I. N. Butueva and I. N. Trofimov ) UDC 539.121.72:539.122

It has recently become necessary to calculate the penetratlon in a1r of Y rays with
energies up to 10 MeV and higher. :

We have calculated dose buildup factors in air for energies from 0.5 to 15 MeV using

a modification of the Monte Carlo method permitting calculations for deep penetrations [1].
The essence of the modification consists in specifying a uniform distribution of first colli-
sion sources over the thickness of the shield, which ensures the wandering of particles to
any depth, and the use of splitting. The splitting surfaces were spaced uniformly with a
separation of 0.8 mfp at the source energy. When this modified method was checked by test
calculations of buildup factors in water and iron [1], the results agreed with those of
Goldstein and Wilkins [2] to within 5-10% on the average, with a max1mum difference of no
more .than 15%.

The dose buildup fdctors in air were calculated for plane monodirectional and plane
isotropic sources, using constants from [3]. The value for a point isotropic source was
calculated from the results for a plane isotropic source by using the formula given in [I].
The lower limit of the differential energy spectrum was chosen as 20 keV Ihe results of

the calculations are shown in Table 1. .

The statistical error of the results varied from 5 to 20% for shield thicknesses from
1 to 20 mfp. : ' ‘

7 LITERATURE CITED
1. I. N. Butueva et al., At. Energ., 45, 125 (1978).

! >

TABLE 1. Gamma Dose Buildup Factors in ‘

< Adr. - y e
E.MeV ‘
u
Elos !l ol ol sl o] stelslw]s
] ; R .
. Plane monodirectional source ] .
11 2,6 12,2 1.85 1,74 1.69| 1.62| 1,53|1,45}1,4111.30
21 4,213,2] 2,60 2.35 2.21} 2,06 1,93]1.781,70{1,58
4 8.1158/)4,5]3.713.3]3.0]2.7]2,45]2,2 11,95
7116,6 10,51 7,21 5,7 4,9 4.4} 4,0 {3,5 |3,0 [2,5
10 | 29 17 10,317,816,5| 5.8]5,1 {4.4 3,7 |3.,1
15159 |32 [t6,214,5{9,1]7,9]86,9]5,6 4,7 |4,0
20 (415 |59  |24,5 {16,4 112,9 |10,7 | 9,3 17,8 {6,4 5.3
Plane isotropic source
1| 3,452,895 2,3 2,1]2,0] 1,93] 1,82|1,76]1,65/|1,46
2] 6,44,8|3,4]2,91 2,65 2,55 2,35/2,1212,0 1,75
4| 16 9,515,7] 4,81} 4,05{ 3,71 3,2 {2,85]2,6 (2,3
7140 118,219,817.415,914,91]4,31(3.83,512,9 ‘
0170 30 4,2 |10,3|17.8(6,3}5,6 14,8 4,3 13,4
15 [146 54 23' q15 11,219,117,86,6 (5,8 4,3
20 1280 |91 37 20,5 115.1 12,4 {10,5 18,7 7.7 [5.6
Point isotropic source ;
11 2,254 1,83 1,714 1,62] 1,6 | 1,55} 1,5 |1,49{1,42|1,3 -
2 3,91 3,24} 2,6 | 2,25] 2,16] 2,15] 2,02/1,85]1,76|1,56
4| 1,4 | 7,45 4,65) 4,1 ] 3,51 3,3 2,88)2,582,35|2.12 .
7131,8]15,3(18,6]6,6]5,3]|4,5] 3.95/3,5 {3,25]2,75
10 1 59 |26 12,81 9.517,215,815,2 14,5 }4,0 13,25
15 (127 |49 [2t 14,1 10,5 8,5 | 7,35/6,25(5,5 14,15
.. . 2010250 (82 [34 |19,5 |14,3 [11,7 {10 [8,3 17,35/5,3

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 1, p. 39, January, 1980. Original
article submitted January 8, 1979. : .
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2, H. Goldstein and J. Wilkins, Fundamental Aspects of Reactor Shielding, Johnson Repr.
(1959).

3. E. Storm and H. Israel, "Photon cross sections from 1 keV to 100 MeV for elements Z=1
to Z=100," Nucl. Data, 7A, 565 (1970). '

PRECISION METHOD OF MEASURING HEAT.
RELEASE IN CRITICAL ASSEMBLIES

A. T. Bakov, V. A. Volkov, , N - UDC 539.1.673/074
and R. A. Musaev - - ‘

The compact arrangement of the primary loop equipment of fast reactors, such as the
BN-600, complicates the design of the thermal shield which is placed between the core and
the heat exchangers and is one of the principal elements of the integral arrangement. The
heating of the shield is important in the thermal behavior of the assembly. The study of
gradients of the volumetric heat-release rate at boundaries between regions with different
material compositions is of particular interest from the technological -point of view. The
methods available for calculating such composites are not accurate enough, and it is neces-
sary to study the distribution of the volumetric heat-release rate in mock-ups.

At the present time the most widely used methods of studying ‘the total volumetric-
heat-release rate in critical assemblies are the calorimetric method [1, 2] and a method
using thermoluminiscent dosimeters [3]. These methods either are not direct, or the detec-—
tors are large and complex and perturb the temperature and neutron distributions in the
reactor. We propose a method based on the measurement of the dynamics of temperature dis-
tributions in various parts of the critical assembly as a function of the reactor power.

The heat-release rate at the center of the volume under study is measured with a tem-
perature. sensing device which makes reliable thermal contact with the structural elements.
the rate of change of temperature is measured at zero power, the reactor is brought up to
power, and the time rate of change of temperature is measured at constant reactor power.
In this case the volumetric heat-release rate Q is :

NER _
o) (1)

where dT/dt is the rate of change of temperature at constant reactor power, deg/sec; cpt,
is molar specific heat of the i-th element in the reactor zone being measured, cal/mole
deg; ni, number density of nuclei of the i~th element in the reactor zone being measured,

nuclei/cm®; N, Avogadro's number; f(t), rate of change of temperature at zero power, deg/sec.

The function f(t) characterizes the kinetics of the redistribution of temperature when
there is a gradient of the volumetric heat-release rate in the region being measured as a '
result of the previous increase in reactor power. A temperature drift of the zone was noted
in the experiment even after a long reactor shutdown because of the temperature instability
of the external medium. The nature of the temperature drift of the zone was measured before
and after each increase in reactor power. In thiS'casé

dTp , dTA\ ' :
ro=5 () (2)

where dTg/dt and dTa/dt are, respectively, the rates of temperature drift before and after
an increase in reactor power. ‘

In critical assemblies the volumetric heat—release rate in the core is very small, and
very small temperature changes must be recorded in measuring the dynamics of the temperature
distribution. Thus, inside the core the temperature varies at a rate of 1072 °C/min, and
in the shield at 10~ °C/min. To record such slow temperature changes the temperature-

sensitive element must have a high sensitivity. Quartz thermometers have large metrological

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 39-41, January, 1980. Original
article submitted January 24, 1979.
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Fig. 1. Time variation of temperature 1) at core center; 2) at the core-
thermal shield boundary; 3) at the thermal shield-biological shield boundary,
measured with quartz thermometers, for various power levels.

Fig. 2. Distribution of total volumetric heat-release rate (Q) measured with
d4 quartz thermometer, and heat-release rate resulting from fission reactions
(), measured with a fission chamber.

parameters [4]. These devices make use of the change of natural frequency of a quartz
resonator with temperature. The circuit for measuring the temperature contains a tempera-
ture sensor with a frequency output, and a digital frequency meter. The parameters of the
resonator crystal vary with temperature. In the oscillator circuit of the temperature
sensor, serving as a frequency transformer, these parameters are transformed into a fre-
quency. The quartz resonator combines in the temperature sensor the functions of an ele-
ment synchronizing the frequency, and a temperature—sensitive element. High sensitivity

is achieved by using quartz resonators with a high resonant frequency fo, and a large tem-
perature coefficient K. The nonlinearity of the temperature coefficient of a quartz resona-
tor in the 0-100°C range is 0.074°C.

The frequency output of the temperature sensing element permits locating the digital
temperature measuring device at a large distance from the object being measured without
introducing additional errors. Quartz resonators with fo~5 MHz and K~170 Hz/°C were
used in the experiments. Information from the digital temperature measuring device was
fed into a computer through standard modules. The temperature-sensitive elements were
also connected through standard modules.

It should be noted that relative measurements of the volumetric heat-release rate can
be made while the reactor is in transition from one power level to another (Figs. 1 and 2).
Figure 1 shows how the temperature varies in various zones of a critical assembly for var-
ious -powers. Figure 2 shows the radial distribution of the volumetric heat-release rate
in a critical assembly, measured in a central plane. The measurements were performed by
the contact kinetic method and small-scale fission chambers [5].

The counting rate obtained with a fission chamber ‘is transformed to the volumetric heat-
release rate by the expression
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Q== X AN Eh; (0})/03%5y), .
T T _ . (3)
where Ni is the relative fission chamber counting rate of the i-th flsslonable element;
Efl, part of the energr liberated per fission of the i-th f15510nable element which is
turned into heat; ni, number of nuclei of element i per cm® of the assembly; <Ofl>/<0§35

ratio of the fission cross sections of corresponding elements averaged over - the neutron
spectrum. :

A

bl

The ratio of the.average reaction cross sections of fissionable elements was deter-
mined experimentally. The coefficient A was determined with an absolute fission chamber
at the core center. In calculating the total volumetric heat-release rate by Eq. (1), the
values of the molar specific heats were taken from [6]. It ‘turned out that.'in zones of low
enrichment (ZLE) and zones of high enrichment (ZHE) the results obtained by the two methods
agree within the limits of error. The difference in the shiéld is in complete agreement
-~ with the .calculated value of the contribution of secondary gamma radiation to the total
volumetric heat-release rate. The statistical error of the measured distributions was no
more than 1% in the core, and 3-5% in the shield.
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EFFECT OF HYDROGEN ON THE ERROR IN
MEASURING THE CONTENT OF FISSIONABLE . )
NUCLIDES BY NEUTRON METHODS = ‘

V. I. Bulanenko and V. V. Charychanskii . ' g © UDC 621.039.548

The requirements of safety and material accountability in the production of fuel for
nuclear power reactors necessitates reliable methods and means of measuring the content of
fissionable nuclides in various media. " These measurements can be made by active and passive
neutron methods. In-using fast neutrons (active methods) and neutron self—radiation of the.
medium (passive methods) for inducing f1$Slons in water-free media) the presence of an uncon-
trollable amount of hydrogen in the material being analyzéd can introduce further errors
into the measured result [1]. In this case the error causes a change:in the fission reaction
rate, a change in the multiplication, and a softening of the energy spectrum of the leakage
neutrons as a result of their slowing down in interactions with hydrogen nuclei in the medium
being monitored. A change in these parameters can lead tora change in the response of the
detecting system which is not related to:a change. in the content of fissionable-'nuclides.

As an example of the effect of hydrogen on the error in measuring the’ content of fission
able nuclides in water-free media we consider the monitoring of *?°U:enrichment in uranium
hexafluoride UF,.. The uranium enrichment in UFe in shipping containers is monitored by using
the neutron self-radiation arising. from the *°F (a, n) *?Na reaction [2]. Although *32*U is
the dominant alpha emitter among the uranium isotopes, in-view of the practically constant
isotopic ratio **°U/?°“U for low (up to 5%) 233y enrichment the neutron yield from the (a,
n) reaction can be considered a measure of the-*°°U content [3]. :

In general the response of the detecting’ system used to determine’ enrichment is a func-
tion of the enrichment J and the hydrogen content CH: : - :

N0, o). ST

*" ¢ An approximate expression for the response function can be obtained by calculating the
neutron-distributions in-a system containing UF ‘with various uranium enrichments and vari-
ous hydrogen contents. The method of calculation is based ‘on the solution of multigroup equa-
tions describing the interaction of neutrons with matter in the P, approximation. Calcula-
tions were performed for 'a cylinder with a ratio of hedight to diameter of the order of unity,
filled with UF¢ with a density of 5 g/cm for a range of uranium enrichments from natural

to 5%, and containing from 0 to 0.05 wt.% of hydrogen uniformly distributed through the UFs.
The detector was a neutron counter with a *He radiator with and without a cadmium cover, and
also with a boron carbide (B.C) shield. : :

The neutron detector counting rate was determined from the calculated group fluxes and
the known group efficiency. The results of the calculations are shown in Fig. 1. These
results permit the following conclusions which simplify subsequent calculations:

1. The change in neutron multiplication in the system can be neglected over the range
of hydrogen content in UFe¢ considered. The relative change in Keff does not exceed 5%; for
a 5% enrichment and no hydrogen keff =0.297.

2. A variation of uranium enrichment in UFe¢ from natural to 5% leaves the energy spec-—
trum of the leakage neutrons practically unaffected.

3. In the range investigated the dependence of the neutron-counting rate on enrichment
can be represented by a straight line of the form

N0=A+BJ," (2)

Translated from Atomnaya Energlya, Vol. 48, No 1, pp. 41-42, January, 1980. Original
article submitted January 24, 1979. '
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Fig. 1. Dependence of neutron counting rate on enrichment (1) and
hydrogen content (2, 3, 4) measured with a thermal detector (2) and
detectors with Cd (3) and B.C (4) shields.

Fig. 2. Relative error in measurement of uranium enrichment in UFe
as a functlon of hydrogen content: ---) thermal detector; )
epithermal detector; -.--) detector shielded with B.C; 1- 3) enrlch-
ment 0.7, 1.8, 3.6%, respectlvely

where A is the constant contribution of 2?®U to the counting rate, -and B is the constant

change in neutron counting rate per 1% change in- enrichment.

4. The dependence of the neutron countlng rate on hydrogen content is approx1mated
by a linear function of the form.

N= No(1+vcﬁ) )

Here Y is the constant change in the neutron counting rate -per. 0 1% change in hydrogen con-
tent. The values of y are different for a thermal detector and detectors with Cd and B.,C
shields. Consequently, an approximate expression for the explicit dependence of the count-
ing rate on enrichment and hydrogen content can be written as follows:

N=(A+ BJ) (1+1Cn). | W)

From Eq. (4) we obtain an analytic relation for determining the enrichment from the
measured neutron counting rate for an arbitrary hydrogen content

r=% (T —4)- (5)

We now assume that the component errors in measuring enrichment which are not related
to the presence of hydrogen have been reduced to a minimum and are known exactly. Then the
error introduced by the uncertainty in the hydrogen content can be estimated as:

AJ(ACH) =(0J/0Cy) ACH. ) (6)

From Eqs. (4)-(6) it is easy to obtain an expression for the relative error in deter-
mining the uranium enrichment in UFs introduced by the uncertainty in the hydrogen content:

vy A+BJ ACy

%=F Thvem 7 - (7)

Figure 2 shows the values of §j calculated by using A=1, B=1.5 (1/1% 2°%0); y=1.4,
3.5, 5.8 (1/0.1% H) respectively for detectors shielded with B,C, Cd, and bare. The values

of the constants A, B, and vy were found by using Eq. (4) and the calculated results shown in
Fig. 1.
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Thus, the presence of an uncontrollable amount of hydrogen in the medium being analyzed
leads to an appreciable error in the measurement of the enrichment (v6-10% per 0.01% of hy-
\ drogen, depending on the enrichment, when a thermal detector is used). In view of this, in
‘ measuring the content of fissionable materials in water-free media by neutron methods it is
! necessary to monitor the hydrogen content or to eliminate its effect on the measurements.
[ This can be done to some extent by using a combination of threshold and 1/v neutron absorb-
i ing filters or a detecting system whose efficiency is independent of enetgy
\
|

The authors thank V. V. Frolov for posing the problem and for a discussion of the
results. ’
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DEPENDENCE OF THE INTENSITY OF X-~RAY
RADIATION EXCITED BY PROTONS (IONS) ON
THE ION ENERGY AND THE TARGET THICKNESS

V. F. Volkov, A. N. Eritenko, ' . UDC. 535.33/34:539.183:539.184
and Yu. A. Malykhin -

Investigators have been showing increasing interest lately in the x-ray radiation
arising in the passage of accelerated protons (ions) through matter. By recording this
radiation, it is possible to determine small amounts of impurities of various. elements in
the material, their distribution along the thickness of the specimen, etc. [1]. The low
intensity of bremsstrahlung in comparison with electron bombardment and scattered radiation
in photon excitation makes this method more sensitive in comparison with x-ray fluorescent
analysis and the electron-probe method [2].

Our purpose is to derive an analytlcal expre531on for the 1nten51ty of the characteris-
tic radiation excited by protons (ions) as a function of the proton (ion) energy and the
target thickness. 1In the model of linear proton (ion) trajectories, the intensity of the
spectral line i due to a semi-infinite target consisting of atoms of one type is given by

Eq
fw ) (- da/df)ﬂp(—~uzr(F\) sin¥)dEy,
i
q

l" - ku)quq

I\PAP
A @9

where k is a coefficient accounting for the recording efficiency and the experimental geo-
metry, pjq is the probability of radiative transition between levels j and q, 6(Ex) is the
ionization cross section of atoms located at the depth x, where the proton energy is equal
to Ex, Eo is the initial proton energy, ¥ is the angle of radiation emergence from the tar-
get, measured from its surface, (—dE/dx) is the proton energy loss, pi is the linear coef-
ficient of radiation attenuation of the i-th line in the target, Np is the Avogadro number,
p is the density, A is the atomic mass, and wg is the fluorescence yield.

"TABLE 1. Dependence of B

on go c
) B-10-3 Eo B-10-3
0,08 5,5 0,32 52
0,12. 13 0,4 77
0,2 22

Translated from Atomnaya ﬁnergiya, Vol. 48, No. l; pp. 43-44, January, 1980. Original
article submitted February 5, 1979.
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Fig. 1. M(&s, a) as a function of a. ---) Calculation by means of

expression (5);

) calculatlon by means of the exact equation (4)

Fig. 2. ZX-ray rad1at10n intensity as a function of the proton energy
for Al (1), Ni (2), and Nb (3). ---) Calculation based on Eq. 4);
) experiment {8] (the curves are joined at the energy of 1.4 MeV).

Using the Lindhard—Scharf equation for the ion energy loss [3], we can readily derive

an expression which approximates the loss with an error of ~10% in the energy range from 0.1
to 3 MeV: :

—dEdxr-==BN (Z/EY', (2)
where B=5.44 nZ%e mpl/z/mevo, Z,e is the ion charge, mp and me are the ion mass and the
electron mass, respectively, vo =2.2-10% cm/sec, N is the number of atoms per unit volume,
and Z is the atomic number of target atoms. By integrating Eq. (2), we obtain the linear

ion range:
Ro=E3/%|BNZ'/2, ‘ : , T (3)

Comparison of the ranges for aluminum, copper, and gold calculated by means of (3) with

‘data from [4] shows that this expression can be used with an accuracy sufficient for analy—

tical purposes in the- approx1mate proton energy range from 0.1 to 5 MeV.

By introducing the dlmen31onless ionization cross section o/opax and proton energy &=

E/Eﬁ\ax and using expression (2), we write the equation (1) for the radiation intensity in
the following form:

]\TAPZ"’IL(Imax sin ¥

AEzﬂl 0 (& )

ly=koypig

(4)

where Omax 1is the maximum value of the ionization cross section of the element whose radla—
tion is recorded, a =piRmax/sin ¥, R,y is the range of protons (ions) with the energy Epax
for which the maximumvionization cross section is reached, £o =Eo/Epmax, £q = Eq/Epax = const
(Eo, 2), and

e
>

Q (. a)-—: n@E) E2exp [ --a &)/ ~E) dE;

Ao
=~

1 () =0 (8)/0 max

It is evident that the function Q(£¢, @) is a universal function for all elements,
which depends on the initial energy and the parameter a that characterizes the absorbing
and stopping power of the target material. The function Q(&o, a) has been tabulated for
practical application for £, values from 0.0l to.1l and the values of the g parameter from
1 to 50. 1In calculating the Q(EO, a) function, the ionization cross section was computed
by means of the expression

7
lgo=: E Ap lg (Eme/mpE ), 0 == Elo (E)/2},

n=0
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Fig. 3. X-ray radiation intensity as
a function of the target thickness for
the proton energy Eo = 1.4 MeV for Ag
(a) and Cu (b). —) Calculation-

. based on expression (6); 0) experiment

[8].

given in [5], which approximates with an error of ~l% the Garcia table of cross sections

[6]. The values of the Ap coefficients are given in {5]. Figure 1 shows the dependence of
the function Q(f£o0, @)/Q (o, 0) =M (£¢, a) on Eo; M(puo, a) determines the percentage of radi-
ation emerging from the target. With an increase in the proton energy, the percentage of
radiation emerging from the target decreases considerably due to the fact that the thickness
of the layer where ionized atoms are formed increases considerably, so that the radiation
emerging from deep-lying layers is heavily attenuated as a result of absorption by the above-
lying layers of the material. Since the radiation attenuation factor u is proportional to
AN [7], long-wave radiation is more attenuated than short-wave radiation, i.e., the target
operates as a filter of radiation generated within the target. Since the proton (ion) range
is proportional to Z* 2, the parameter a is equal to aw??/? A\, and, therefore, the percen-
tage of radiation emerging from targets consisting of heavy elements is much smaller than in
the case of light-element targets.

Numerical analysis shows that the function Q(£o, a) can be represented in the following
form:

Q (&or a) = Q (§py 0) exp(—Pa). (5)

The values of B as functions of £, are given in Table 1. The analytical expfession (5) pro-
vides a good approximation of the function in the energy range from 0.01 to 0.2 -Epax for
all values of the parameter a and in the energy range from 0.2 to 0.4 Epax for a=5.

Using the calculated and the tabulated function Q(£,, a), we plotted the intensity of
K, radiation as a function of the proton energy for aluminum, nickel, and niobium and pro-
vided comparison with experimental data from [8] (Fig. 2). The difference between the
theoretical and experimental values of the intensity of Ky radiation for aluminum can pro-
bably be explained by the inaccuracy of the initial data on the ionization cross sections
and experimental errors.

Figure 3 shows the calculated and the experimental dependences of the intensity on the
target thickness. ~The dependence of the intensity on a target with the thickness d was cal-
. culated by means of the expression

NapZa0maxsin ¥ —p‘d)sln v

I1 (@) = kwgpjq AT3, [0 Goy a)—e

Q Ea. o)}, (6)

where &4 = Eq/Emax, and Eq is the proton (ion) energy upon emergence from a film with the
thickness d. After calculating the function Q(&o, a), we found its values for £o and £q.
The universal function Q(£¢, a) can be used for quick estimates of the radiation intensity
as a function of the specimen's composition and thickness and the proton energy with an
error not worse than 107%. '
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EXPERIMENTAL DETERMINATION OF
TRITIUM CONVERSION RATIOS

D. I. Evgrafova, Z. V. Ershova, ‘ UDC 546.11.02.3:621.039.6
V. K. Kapyshev, and V. I. Sakharov o :

‘\
One of the principal characteristics of the blanket of a thermonuclear_reactor is the

tritium conversion ratio K (1-8]. Numerous calculations have been made of KT but experi-

mental work in this area was begun only in recent years [6-10]. .

The principal difficulty in-conducting such experiments lies in the comparatively low
neutron fluxes with an energy of 14.1 MeV and, consequently, the small quantities and low
concentrations of tritium obtained in these experiments, which makes it extremely difficult
to determine the tritium with satisfactory accuracy by known methods. The geometric approxi-
mation of neutron generators, giving rise to difficulties when comparing experimental and
calculated results, also hinders investigations in this area. '

Two main directions are distinguished in the development of compositions of materials
for thermonuclear reactor blankets, i.e., with and without fissionable materials [1-4]. It
is proposed to reduce radiation damage by softening the spectrum of thermonuclear neutrons
and to bring it closer to the spectrum of fission neutrons from fast reactors [3], i.e.,
in blankets with fissionable materials in the case of softening of the spectrum of the fast
neutrons of the plasma, the zone producing the tritium will be subject to the action of neu-
trons whose spectrum is close to the spectrum of fission neutrons of breeder reactors. This
allows KT to be determined experimentally by using *°?Cf whose neutron spectrum is close to
the fission—neutron spectrum of fast reactors.

In the present paper we give the results of determination of  the build-up of tritium
formed in lithium carbonate under irradiation with a californium neutron. source. The spatial
distribution of tritium accumulated in lithium carbonate ‘was determined by both calculation
and experiment. The tritium conversion ratio, calculated according to two-group theory with
the first two collisions taken into account, is 0.35.

Irradiation of Salt. Lithium carbonate was irradiated with a californium source with
an initial neutron flux (1.3 #0.2)°10° neutrons/sec. The lithium-containing material used
was. lithium carbonate (3% °Li). The lithium carbonate was placed in seven hermetically
sealed coaxial cylinders (Fig. 1) of stainless steel. 1In the assembly the cylinders approxi-
mates a sphere with a point californium neutron source at its center. The dimensions of the
cylinders are given in Table 1.

The radius of the spherical assembly coincided with the thickness of the first lithium
zone of the blanket of a hybrid thermonuclear reactor [11]. The entire assembly was placed
in a vessel measuring 800 x 800 mm with a height of 1115 mm and was sealed in paraffin.

TABLE 1. Dimensions of Cylinders of
Assembly with Lithium Salt

_ Cylinder
Parameter
I 11 I1I v v VIV VII
Height, mm 76.8]32,5132,5|140| 20 | 20 | 81
nal 7 18
Diameter Exter 78 | 78 | 78 |139] 78 | 78 | 188
mm

llnternal‘ 17 | 17 | 17 | 79} 17 { 17 | 140

Translated from Atomnaya Energiya, Vol. 48 No. 1, pp. 44-46, January, 1980. Original
article submitted January 30, 1979. o :
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Fig. 1. Assembly with lithium carbonate for irradiation with 2°?Cf fission neu-

trons: I-VII) cylinders, 1-7) experimental channels; m) californium source;
cross-hatched area, Li.CO;.

Fig. 2. Tritium concentration vs radius of assembly: 1) measurements by scin-
tillation method; 2) calculaticn by two-group technique; 3) calculation on basis
of detector activation. '

The lithium-containing assembly was provided with seven vertical channels, with a dia-
meter of 18 mm, for experimental containers. The wall of the first container, facing the
source, was at a distance of 1 cm from the source. The seven containers were located so as
to ensure that the entire radius of the assembly was covered and were arranged so that not
more than one container was in the path of the direct flight of a neutron. The experimental
containers held lithium carbonate and neutron detectors (°°Ni, *7al, *°7Au, and °°Cu), the
gold and copper nuclides being with and without a cadmium shield.

For a more accurate-determination of the KT for tritium produced'in lithium carbonate,
we analyzed two stages. The first measurement of tritium was made after 4 months of irradia-
tion; tritium was analyzed only from the experimental channels. 1In addition to analyzing the
tritium, we also measured the characteristics of the neutron activators [10].

The lithium carbonate contained in the coaxial cylinders themselves was irradiated for
16 months. In that time, one the basis of the data of the first stage [10] we refined the
spectrum and spatial distribution of neutrons in the assembly and made a correlation of the
calculations by the small-group technique.

Calculation of Neutron Fluxes and Tritium Build-Up in Assembly. The neutron fluxes of
Cf in the lithium-containing assembly were calculated by the few-group technique with
allowance for the first two collisions. The neutron fluxes in the assembly were found by
the activation method. To measure the fast-neutron fluxes (Ep=<2.6 MeV) we employed nickel
and aluminum targets and to measure fluxes of neutrons with an energy of 0.5<Ep< 2.6 MeV,
targets of gold and copper with a cadmium shield. The activity of the neutron detectors
was determined by measuring their B and y activity [10].

252

Direct Measurement of Tritium in Lithium Carbonate by Scintillation Method. To deter-
mine the tritium content the irradiated lithium carbonate was withdrawn from the assembly
and packaged in 0.7-g portions in polyethylene measuring cells. The specimens were prepared
by the technique described in [7, 8], including the following chemical reactions:

Li;,COq (T)-+20H,0 - 2CH,COOH W
-» 2 (CH,COOL.i) nH,0--CO,+ H,0 (HTO); (2
(CH,COOLi) nH,04- HF — LiF § + CH,COOH -4 nH1,0.
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After the addition of a scintillating solution (up to 20 ml per test) the specimens
were identified and measured in an SL-300 liquid scintillation spectrometer. Three speci-
mens were prepared for each test along with background and standard specimens. The speci-
mens were measured with an error not exceeding 7% and a significance level of 0.95.

Unlike the case in [10],. here the calculation of curve 2 (Fig. 2) by ‘the two-group
technique (few-group technique) was carried out with allowance for the density factor for
lithium carbonate. Direct experimental determination of the concentration of the accumula-
ted tritium (1) is in fair agreement with the values calculated on the basis of data concer-
ning the activation of the neutron detectors (3). The fact that curve 1 has a "dip" at
R=5 cm can be explained by the deviation of the real experimental assembly from the real
sphere assumed in the calculations.

The sharp increase in the tritium concentration in the assembly for R>6 cm is a conse-
quence, most likely, of the fact that paraffin, as a strong moderator, generates thermal
neutrons in the experimernital lithium assembly and the bulk of these neutrons are absorbed
by the boundary layer of the lithium carbonate (the cross sectlon for the *Li(n, t)“He
nuclear reaction in the thermal reglon is 945 b).

Data from neutron-activation analysis and measurements of tritium produced in the
lithium carbonate at various.irradiation and cooling times confirmed the values of the
initial neutron flux from the californium source and the absence of any appreciable diffusion
of tritium from the salt. On the basis of the experimentall data for the distribution of the
tritium concentration over the radius of the experimental assembly we calculated the tritium
conversion ratio Ky =0.33, whlch accords with the result calculated by the two-group me thod
(0.35).
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POSSIBLE USE OF '“®Sm SOURCE FOR ISOTOPE-EXCITED -
X-RAY FLUORESCENCE ASSAYING OF TIN ORES

V. V. Smirnov, A. P. Ochkur, ) : UDC 550.835.41
N. G. Bolotova, A. D. Gedeonov,

E. P. Leman, V. N, Mitov,

and B, N. Shuvalov

In isotope-excited x-ray fluorescence assaying and analysis of tin ores use is most
often made of ***Am and '*’Pm radioisotope sources [1-2]. However, 2“'Am is not optimal
for exciting fluorescence in tin since its principal y line (60 keV) is more than double
the energy of the K absorption edge of tin. Moreover, when NaI(Tl) crystals or xenon-filled
proportional counters are used as the detectors the secondary y-ray spectra are made more
complicated by iodine or xenon escape peaks whose energy is close to the Ka line of tin. A
'“7Pm source is also rather ineffective in determining tin because of the high background
in the secondary Y-ray spectrum as the result of the bremsstrahlung of the source.

Of existing radioactive nuclldes, a promising one for excitation of tin fluorescence is
Sm which has a comparatively long half-life (340 days) and which, in the process of elec-
tron capture, emits a 61.2-keV y-ray line and the K series of characteristic x~-radiation of
promethium (38 keV). Nevertheless, thus far no data have been published on the effective
use of *“®Sm in isotope-excited x-ray fluorescence analysis, this being due apparently to
difficulties encountered in obtaiming this nuclide with a sufficiently high specific activ-
ity and the necessary degree of purity.

145

145

The nuclide Sm is formed in the reaction **““Sm(n 1%%gm during neutron irradiation
s Y g

of samarium oxide Sm,0s, enriched with **“Sm [3-4]. 1In the resulting compound, along with
the main nuclide *“®*Sm there are impurities of long-lived radionuclides with high-energy v
rays. The high content (27.6%) hinders the practical use of the '“°Sm as a source of low-
level monoenergetic radiation [3, 4]. In view of this, longlived radioactive impurities
present in the irradiated samarium oxide were identified and radiochemically pure *“’Sm was
isolated. from the mixture.

To obtain '“®Sm enriched to 92.4% *““Sm samarium oxide (14.5 mg) was irradiated in a

flux of thermal neutrons with a density of 8.4-10"° neutrons/cm®.sec for 30 days. Analysis

of the y-ray spectrum of the irradiated compound after cooling for a long time showed that
only radioisotopes of europium ('°*?Eu, '*“Eu, and '*’Eu) are present in considerable quantity.
Thus, obtaining radiochemically pure '“°Sm boils down to purifying the irradiated compound

to remove europium microimpurities. Purification of irradiated samarium oxide from europium’
by electrolysis on a mercury electrode allowed '“°Sm to be isolated with a 98.63% radiochemi-
cal purity.*

Tests with "“°Sm compound with an activity of 1 mCi, placed in a hermetically sealed

aluminum capsule with a diameter of 20 mm and height of 7 mm, were carried out on models

of tin ores. The measurements were made in the geometry of wide divergent beams. The detec-
tors used were xenon- and krypton-filled SI11P proportional counters in a BVDP pick-up and a
NaI(T1l) crystal measuring 10 x 10 mm in a BVDS pick-up [2].

Figure 1 shows the secondary y-ray spectra of models of tin ore as well as the y-ray
spectra of the '“°Sm source, as measured with a pulse-height analyzer. There are distinct
photopeaks corresponding to the 38.7- and 61.2-keV lines of the '“°Sm source, photopeaks of
singly scattered y rays and dttendant jodine and xenon escape peaks, as well as photopeaks
of the Ka line of the characteristic x-rays of tin.

*The authors express their gratitude to A. V. Malyshenkov and A. A. Novikov for y-ray spectro-
metric measurements and determination of the absolute activity of the source.

Translated from Atomnaya Energiya, Vol. 48, No. 1, pp. 46-48, January, 1980. Original
article submitted February 22, 1979; revision submitted July 16, 1979.
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Fig. 1. Primary and secondary y-ray spectra of '“*Sm source, mea-

sured by scintillation (a) and xenon proportional (b) counters: 1)
y-ray spectrum of '“°Sm; 2-4) secondary y-ray spectra obtained with
models of ore containing 0.1 and 10% tin, respectively.

Fig. 2. Analytical plots obtained with models of tin ores: 1, 2)
'“7Pm source; 3) 2“'Am; 4-6) *“°Sm. The measurements were made with
an NaI(Tl) crystal (1, 4) and xenon (2, 5) and krypton (3, 6) propor-
tional counters; 0) experimental points.

The analytical line of tin and the peak of singly scattered radiation of the Ka line
of promethium are almost completely resolved by both the scintillation and the proportional
counter. In both cases the background in the region of the analytical line of tin (~25 keV)
is low. 1Its value is determined primarily by the contribution of singly scattered vy rays,
which is due to the finite energy resolution of the detectors. The spectra do not contain
any other lines of other nuclides or of bremsstrahlung which usually occurs if a nuclide
emits B particles in addition to photons. This indicates the high degree of purity of the
'“3Sm source in respect of extraneous impurities.

Figure 2 shows the plots of the intensity of the secondary radiation in the region
of the analytical line of tin against the tin content. The intensity values measured on
ore models with various tin contents were normalized to the value of the intensity from a
model imitating barren rock. The integrated charge of the detectors during the measurements
ensured the statistical significance of the counts with a 5-sec exposure and constituted
5000 counts/sec for proportional counters and 10,000 counts/sec for scintillation counters.
In fact, the plots shown in Fig. 2 characterize the contrast (i.e., the signal/background
ratio) in the region of the analytical line, which can be taken as a criterion in estimation
of the threshold of sensitivity of the method and in comparison of the efficiency of radio-
nuclide sources or detectors. As follows from Fig. 2, the use of a '“®Sm source with any
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detectors ensures the best signal/background ratio and, therefore, the highest sensitivity
in tin determinations in comparison with '“7Pm and 2"lAm The advantage of '“°Sm over '“’Pm
notwithstanding the equality of the energy of their llnes, lies in the existence of a lower
background in the region of the analytical line of tin owing to the absence of bremmstrah-
lung. 1In comparison with ?“'Am, the “®Sm source not only produces a lower background in
the region of the K line of tin but also excites it more effectively since the energy of its
radiation is closer to that of the K absorptlon edge of tin.

2

Measurements on models of tin ores with allowance for only the statistical accuracy
with an exposure time of 5 sec showed that the sensitivity to'the tin content is 0.05% for
proportional counters and 0.1% for scintillation detecﬁors. When the exposure time is in-
creased to 20 sec the sensitivity threshold is reduced by half. Let us. point out that in
order to attain such thresholds of sensitivity to tin with **7Pm and *“'Am sources the expo-
sure should be increased by a factor of no less than 10 and the activity of the sources in
respect of y rays should be no less than 10-15 mCi, i.e., must be 10-15 times higher.

. The '“°Sm-based source can also be used to determine other elements with atomic numbers
close to 50 (molybdenum, antimony, silver, cadmium, etc.). Its advantages are obvious also
in comparison with two-stage excitation [5]: an isotope activity lower by 1.5-2 orders of
magnitude, and smaller mass and size of the probe device. The '“’Sm source is particularly
promising for use in well-logging instrument in which case, because of thelr small diameter,
it is extremely dlfflcult to use two-stage excitation.

Thus, the creation of the '“°Sm source considerably extends . the capabilities of the iso-

tope-excited x-ray fluorescence method in. the analysis and assaying of ores containing ele-
ments with intermediate atomic numbers.
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GAMMA RAYS AND NEUTRONS FROM 2°°Pu FLUORIDES

V. V. Ovechkin S " ' o UDC 539.17.3

Compounds of a-active elements (U, Pu, Am, etc.) with *°F emit y rays and neutrons as
a result of (a, py), (@, ny), and (a, a'y) reactions. These radiations can be used in tech-
nological monitoring in reprocessing and producing nuclear fuel [1]. However, the published
data on the a+F reaction, including the use of a-particle. accelerators [2], are still incom-
plete and not always self-consistent. The present work was undertaken to refine the values
of the energies and intensities of the emitted y rays, and to determine the specific yields
of neutrons from PuF, and PuFs. Practically no information has previously been published
on the emission of y rays and neutrons from. these compounds. -

We used aged samples of 22°PuF, containing 33.4 and 20.5 g of *3*°Pu and a known amount
of other Pu isotopes which we corrected for in the effect being 1nvestigated In addition,
using the method described in [3], we prepared samples of '*?°PuF, and ?>°Pu0, with fluorine
(1.1 and 2.5%) having a total mass of:lg each. The spectra were measured with a Ge (Li)
detector having a sensitive volume of 50 cm®; the y spectrometer had an energy resolution
of 4.2 keV for °°Co radiation (EY:;1332 keV). The counting efficiency eyr=f(EY) was deter-
mined with OSGI standard y radiators whose intensities were known to within 37.

Results of Measurements. Our measured values of the energies and relative intensities
of y lines are listed in Table 1 together with *“'AmF data from [4]. The measured values of
the intensities for these compounds are clearly in good agreement.

We note the relatively small difference between the yields of 197 and 1357 keV y rays
which correspond to the deexitation of '°F levels which differ in enmergy by almost 1400 keV.
Thls may show the relatively small contribution of the formation of the compound nucleus

*Na in the (a, a') reaction in comparison with the contrlbution of the direct 1nteract10ns
of «a particles with '°F nuclei.

To determlne the neutron yield from PuFa, lengthy (more than 4 5 years) measurements of
the relative areas of the y peaks St/Si=S,275/Ss0o1 and Ss11/Ssas were performed for the -
same experimental geometry. The dependence of these values on the parameter x=1 — exp
(=xt), where t is the time and A is the *’Na decay constant, is shown in Fig. 1. Since
both the initial and final values for x = 1(t =«) have been found they can be used to deter-

mine the neutron yield Ip
=t (P2 (5]

taking account of the *?Na decay scheme, k=1 for S;/S§{=S:2,5/Ses, and k=1.78 for S¢/Si=
SSII/SSGBU . .

The values of Sy =S5,275 and Ss:: were measured separately under conditions of good geo-
metry using sufficiently accurate values of the counting efficiency €y. Such determinations
with respect to annihilation and y radiation gave (4.3 +0.3):10° neutrons/sec-g.for the speci-
fic yield of neutrons from 23°Pu trifluoride. Check measurements with a neutron counter

8 -
1 ' , o .
b1 ' ' Fig. 1. Ratio of areas S./Sy as a
. e e 7 ‘ function of x=1 — exp (—At): 1)
2 o . S1275/Saex_; 2) Ss511/Sses.
2} : o ) .
L 1 »l L
0 07 [T TR T R

Translated from Atomnaya fnergiya, Vol 48 No. 1, PP. 48- 49 January, 1980. Original «
article submitted March 12, 1979.
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TABLE 1. Relative Intensities and Energies of
'y Rays from ?®°Pu Fluorides and *“'AmF

g *Pbase con= Rel. intensity \
y energy, | d |tent, % by Our data Data from p
ransition '
keV 3 )[’2] | ssopurs | wopur, |[4] on 24AMF
197.0+0.5)a, a’| 1970 (0.78)
583£0,5(a, n | 5830  [236-+024 | 256+020 [ 2.50
. _ . 891+0,5(c, n. | 8310 1,00 + 1,00 1.00
- . : © 1238+0,7a, o’ |1348—~110  [05240,05 | 0554008 | 0,50
- - 1274,5%03lc, p 11274,5-0  [(6,070.2)t | (6.0+02)t
134941 |a, a'{1459>110  [0.43%0,07
135744 la, o’|1555--197 - 10.35+0.06 1}066+0.08% |l0,73%
: 1369%1 |o, n |1952-583  [0.20%004 ) = -
1400%0.5c, n [1984—583  {01230,02 | 0444002 | 0.16
145971 |o, o’ [14590 , 0.10%0.03
1528%+03a, n |1528->0 041-+004 |- 045005 | 0.39
1555+1 o, n {2242->657  [00470,01 0,08
2082,0+05|, p {3357—>1275,50.72+007 | 075+0,08 | 067
31801 |u, p |4456—>1274.5 049%0,03 | 019
3869 |a, p |5144—1274,5 0,004

*Errors of results do not exceed 20%. )
tThis value is for a freshly prepared sample.
$Total value for 1349 1357, and 1369 keV

Y rays.

calibrated with a standard 2“°Pu-based spontaneous fission neutron source gave nearly the
same value (4.65*0,30)-10° neutrons/sec-g. For samples of *°°Pu tetrafluoride measured

by y radiation (1275 keV) the average yield was (4.6 +0.4)'10® neutrons/sec-g, which is in
satisfactory agreement with one of the later published results of direct neutron measurements
(5.4 +0.5)+10> neutrons/sec-g of PuF, [1].

Our measured values of the intensity of y rays from the '°F (a, ny) ??Na reaction and
the total neutron yield were used together with an account of the investigated y transitions
in the *?Na nucleus accordlng to [2] to determlne the contributions of the groups of neutrons
corresponding to the excited *?Na levels. Table 2 shows the results of our spectrometric
measurements and data from [5] for PuF, obtained by using photoemulsions.

Our results are in satisfactory agreement with those in [5]. At the same time the Y
method indicates the presence in the neutron spectrum of a low-intensity group with minimum
energy. '

Our check measurements showed that the broad y peak at 690 keV practically completely
vanished when a 7.5-cm-thick layer of paraffin was placed - between the PuF, sample and the
Ge(Li) detector. In this case the areas of the closest peaks of 22°Pu (E. =640-660 keV)
were changed by only about'15%. This corresponds to the case in [6] where it was shown that
inelastic interactions of fast neutrons with “*Ge nuclei in the detector can give rise to
conversion electrons and a broad energy peak.at 690 keV. After studying the a+F reaction
w1th “Het ions accelerated to 5 MeV, Giles .and Pelsach [7] concluded :that the peak near 690
keV ‘arises in the successive emission of 690, 3180, and 1275 -keV y rays in the de-excitation
of the 5144 keV level of 2?Ne populated in the'_ F (a, p) reaction. Considering the high
intensity and broad width of this peak, their conclusion must be considered incorrect. The
arrangement of these authors that the peak observed at 2165 keV is a result of the population

TABLE 2. Relative Contributions of Groups
of Neutrons from Pqu Related to 22Na~ -

. Levels, 7 - L
Energles of |Data Our | Energies of Data-( Our
2Nalevels, |gom 4 a levels) from | 4.
kev [5] ata | kev | [5]
0 ground 47,2 52,7 1952 0,7 1,3
R . . o83--607 - | 32,2 26,4 1984 : 1,5
. 891 14,8 13,0 - || 2212 0,8
1528 5,1 4.3 .
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and deexcitation of a still higher level of *?Ne (E=5520 keV) is not persuasive either.
The energy of this peak (2165 keV) practically coincides with the energy of the double
escape peak of 3180 keV y photons.

- The broadening of the annihilation peak was about 20% greater for PuFs than for the -
positron emitter **Na placed between aluminum, iron, and lead plates. This shows that the .
process of positron annihilation does not proceed the same way in Pu fluorides as it does
in metals. , . T

Measurements of vy spectra of Pu and F compounds permit the development of a ‘highly sen-
sitive and nondestructive method of determining a small fluorine content ‘in plutonium, par-
ticularly if the compositions of the other « emitters are known. "By using this method and
a 150 x 150 mm NaI(Tl) scintillation detector with a well in which the Pu sample is placed
in a 5-mm~thick lead shield, and recording the area of the 2080-keV y peak, as little as 6-
107" wt.% of fluorine can be detected (5-g Pu -sample, time of measurement 2 h), which is
smaller than the value of 3:10~° wt.% obtainable-by using a Ge (Li) detector [3]. '
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EFFECT OF ADDITIVES SIMULATING FISSION PRODUCTS
ON THE ELASTICITY CHARACTERISTICS OF UC

S. A. Balankin, V. S. Belevantsev, o UDC 621.039.54:539.32
A. S. Bubnov, V. A. Zelyanin, - '
R. B. Kotel'nikov, and D. M. Skorov

The use of uranium monocarbide makes it possible to'improve considerably the economic
indicators of fast reactors [l]; an estimate of the working capacity of the fuel element
requires some knowledge of the changes in the properties of the fuel during the process of
operation. In order to determine the effect of solid fission products on the characteristics
of the elasticity of UC, fission-product simulators in an amount corresponding to an 8%
burn-up of the heavy atoms were added to prepared specimens [2]. The phase composition of

the specimens, calculated on the ba81s of data from micro-x-ray spectrum and chemical analy-
ses, are shown in Table 1.

. The moduli of elasticity of pellets with a &iameter of 10 mm and a thickness of 2 mm
were measured by the ultrasconic resonance method [3]. The error in determining the Young's
modulus E and the Poisson coefficient u with a confidence coeéfficient of 0.95 does not ex-—

ceed 2% and 2.5%, respectively. The error in determining the relative variation of E when
the temperature varies is 0.17%. ' b

Since the investigated specimens had different porosities, the values of E and p were
recomputed for the theoretical density according to the formulas:

Eo==9KG,/(3Ky 4 Gy);
o (3Ko—26)o/2 (3K, - Gy);

Ky= K(1—P) Bl 1g5,

Go =G (1--P)~ P13, ' 2)

where Eq. (2) was obtained from the expression (1), taking account of the relation

olng LY
"7 151-

Here K and G are the bulk modulus and the shear modulus, respectively; P, porosity; a,
volumetric coefficient of thermal expansion, B=-—l/K(3K/8T)p, temperature coefficient

of variation of the bulk modulus; the subscript 0 refers to the compact material. The
values of B for UC and the irradiated-fuel simulator were, respectively, 1.16-107* K~' and
1.09-107* K~', and the coefficients of thermal expansion had been determined earlier [6].

It follows from Table 2 that the accumulation of solid fission products in UC increases
the modulus of elasticity and reduces the Poisson coefficient, An increase in E may, in

particular, be caused by the appearance of ZrC, which has a Young's modulus of (39-55)-10"'°
Pa [7, 8].

22
N T—M‘\

Fig. 1. Variation of the Young's
modulus (a) and the Poisson coeffi-
cient (b) of UC (O) and the irradia-
ted-fuel simulator (e).
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Translated from Atomnaya ﬁnergiya, Vol. 48, No. 1, pp. 49-50, January, 1980. Original
article submitted April 23, 1979.
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TABLE 1. Phase Composition of Specimens _ : :
- - — TABLE 2. Physicomechanical Properties

: : Phase i !
Material Phase composition coﬁmw of Specimens (T =298°K)
. by vol. ' - - .
: Material [o-10°34 by [E-10=i0) o tomio,
Uranium carbide lgC 1137,.:. ' w/md] % Pa Pa ¢
UCy ¢ 2,0 X ,
Simulator of irradiated | (U, 1657r0:0sM C| 78.38 Uranium .
carbide fuel ( Y rWE)EM) '%,55 - carbide 11,6912,5] 13,56 |0,252] 19,48 |0.285!
1iMoCy 2,09 - . _
(REE),04 3,07 simulator of
0 0,74 Simuator o _
U?ﬁ‘ﬂ}f',‘,?‘h;‘, )s 217 irradiated fuel| 13 52| 3,5] 19,51 [0,200 21,50 |0,269

The variation of E and py as functions of temperature is shown in Fig. 1. The moduli
of elasticity of UC and the simulator at first decrease practically linearly, but they devi-
ate from the linear law at higher temperatures. This deviation (AE) increases exponentially
with increasing temperature [AE~ exp(—AH/RT)] . For metals [9] and a number of carbides of
transition metals [10] such a deviation is attributable to the formation of thermal vacan-
cies. In the case of UC and the simulator AH is equal to 38 and 67 kJ/mole, respectively;
the fact that AHye is much lower than the value published in [7] is apparently due to the
presence of UC., as was established for the activation energy for peak internal friction
- [11], coinciding in temperature w1th the beginning of the nonlinear decrease of the modulus
of elasticity.

Thus, thé accumulation of solid fission products in an amount corresponding to an 8%
burn-up of heavy atoms increases the modulus of elasticity of UC by about 107 and reduces the
Poisson coefficient by 6% over the entire temperature interval studied.
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sources formation as well as scientific prmcnples of their
optimal use.. -

Volume 7,\1980 (6 issues). ... .. b $215.00

HUMAN PHYSIOLOGY

F/zmloglya Cheloveka « . .

A new, innovative journal concerned exc/uswely with t.heo

~ “retical and applied aspects of the expandmg field of human

‘ physuology : , '
Volume 6, 1980 (6 |ssues) ..... e *. . $195.00

SOVIET JOURNAL OF BIOORGANIC CHEMISTRY

Bioorganicheskaya Khimiya

Features articles on isolation and purification of naturaliy.

' occurring, biologically active.compounds; the establishment
of their structure, methods of synthesis, and determination
.of the relation between structure and biological function.
Volume 6, 1980 {12 issues). . . .. .. B $245.00

SDVIET JOURNAL OF COORDINATION CHEMISTRY

Koordinatsionnaya Khimiya

'Descnbes the achievements of modern theoretical and
apphed coordination chemlstry “Topics include the syn-
\thesis and. propertles of ‘new coordination compounds;
reactions involving intraspheral substitution and transforma-
tion of ligands; complexes with polyfunctional and macro-

molecular ligands; complexing in solutions; and kinetics
and mechanisms of reactions involving the partlcupatron of

coordination compounds.
Volume 6, 1980 {12issues). . . ....... ..., $255.00

THE SOVIET JOURNAL OF GLASS PHYSICS

AND CHEMISTRY:
FIZ!k& i Khimiya Stekla

Devotéd to ¢urrent theoretical and applied research on three
“interlinked problems in glass technology; the nature of the
. chemical bonds in a-vitrifying melt and in glass; the struc-
ture-statistical prmclple arid the macroscopic propertves
of glass.

Volume 6, 1980 (6 issues) . . . e $14§.00

A"

LITHUANIAN MATHEMATICAI.[ JOURNAL

Li to.vskii Matematicheskii Sbornik

An international medium for the ra;;id pul'qlicétion of the
latest developments in mathematics, this quarterly keeps
western scientists abreast of both practical and theoretical
configurations. Among the many areas reported on .in
.depth are the generahzed Green's function, the Mornte
Cario method, the “innovation theorem,” and the Martin-
gale problem. . .

Volume 20, 1980 (4 issues) . R e $175..oo

PROGRAMMING AND COMPUTER SOFTWARE

Proyrammlrovame ,

Reports on-current progress in programming and the use of
computers. Topics covered include logical problems of

- proéramrnjng; applied theory of algorithms: control of com-
" putational processes; program organization; programming

methods connected with the idiosyncracies of input lan-
guages, hardware, and. problem classes; parallel programm-
ing; operating systems; programming.systems; programmer
aids; software systems; data- control .systems; 1O systems;:
and subroutine libraries.

“Volume 6, 1980 {6 issues). . .. .. e - $115.00

* SOVIET MICROELECTRONICS o

Mikroelektronika

Reports on the latest advances in solutiohs of fundamental
problems of microelectronics. Discusses new physical -
principles, materials, and methods for creating components,
especially in Iarge systems,

Volume 9, 1980 (6 issues). . . . . J r...$160.00
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