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PREFACE

The Proceedings of the International Conference on the Peaceful U ses
of Atomic Energy are published in a series of 10 volumes, as follows :

Volume

Number Title

1  The World’s Requirements for Energy; The Role of Nuclear Power.........

2  Physics; Research Reactors ... ........ ..

Sessions
Included

2, 3.2, 4.1, 4.2, 5, 24.2.
6A, 7A, 8A, 9A, 10A.1.

3  Power Reactors ......ccccceevveee cv ee e e e e e 10A.2, 3.1, 11A, 12A,
13A, 14A.

4  Cross Sections Important to Reactor Design ... . . .. . 15A, 16A, 17A, 18A.

5 Physics of Reactor Design ..... ............ ..... . . ee meee e e e e 19A, 20A, 21A, 22A, 23A.

6 Geology of Uranium and Thorium .................... . SRR -1 3 4 - X

7  Nuclear Chemistry and the Effects of Irradiation .... ........... ....... 88, 98, 10B, 11B, 12B,
13B.

8  Production Technology of the Materials Used for Nuclear Energy. ...... 14B, 15B, 16B, 17B.

9  Reactor Technology and Chemical Processing .. . . .. ... .. . .. 7.3, 18B, 198, 20B, 218,

10 Radioactive Isotopes and Nuclear Radiations in Medicine

11  Biological Effects of Radiation . .......

12  Radioactive Isotopes and lonizing Rodlatlons in Agriculture,

Physiology and Biochemistry

228, 23B.
7.2 (Med.), 8C, 9C, 10C.
6.1, 11C, 12C, 13C.1.

C e e e e . 7.2 (Agric.), 13C.2, 14C,
e 15C, 16C.

13  Legal, Administrative, Health and Safety Aspects of Large-Scale

Use of Nuclear Energy ........cccccccviiit tiiiit s cein vvecn eevieeees ceeee . 43, 6.2, 17C, 18C.
14  General Aspects of the Use of Radioactive Isotopes; Dosimetry .............. 7.1, 19C, 20C.
15 Applications of Radioactive Isotopes and Fssion Products

in Research and Industry ........... ... L e e e 21C, 22C, 23C.
16 Record of the CoNFErence ........cc. voueeeiiiieeeriieieeeeeereeesneresseressenseessensnsseses 1, 24.1, 24.3.

These volumes include all the papers submitted
to the Geneva Conference, as edited by the Scien-
tific Sccretaries. The efforts of the Scientific Secre-
taries  have directed  primarily  towards
scientific accuracy. Fditing for style has been
minimal in the interests of early publication. This
may be noted especially in the English transla-
tions of certun papers submitted in French, Rus-
sian and Spanish. In a few instances, the titles of

heen

papers have heen edited o reflect more acceu-
rately the content of those papers.

The editors principally responsible for the
preparation of these volumes were: Robert A.
Charpie, Donald J. Dewar, André Finkelstein,
John Gaunt, Jacob A. Goedkoop, Elwyn O.
Hughes, l.conard F. Lamerton, Aleksandar
Milojevi¢, Clifford Moshacher, César A. Sastre,
and Brian K. Urquhart.

The verbatim i1ecords of the Conference are
included in the pertinent volumes. These verba-
tim records contain the author’s corrections and,
where necessary for scientific accuracy, the edit-
ing changes of the Scientific Secretaries, who
have also heen responsible for inserting slides,
diagrams and sketches at appropriate points. In
the record of each session, slides are numbered
in numerical order through all presentations.
Where the slide duplicates an illustration in the
submitted paper, appropriate reference is made
and the illustration does not appear in the record
of the session.

Volume 10, “The Record of the Conference,”
includes the complete programme of the Con-
ference, a numerical index of papers and an
author’s index, the list of delegates, the records
of the opening and closing sessions and the com-
plete texts of the evening lectures.






TABLE OF CONTENTS

Session 10A.2: Fuel Cycles

P/4 Lewis ........oocviitn. Economics of Fuel Cycles ............. ..o iiant, 3
P/403 Dunworth .............. Fuel Cycles .....ooviiiiiiiiiiiiiiiii i e 14
P/862 Weinberg .............. Fuel Cycles and Reactor Types ..................... 19
ReCOrd Of SeSSIOMN . v vttt vt it ettt ettt et e e i 26

Session 3.1: Experience with Nuclear Power Plants

P/615 Blokhintsev, Nikolaev .... USSR Atomic Power Station ...................... 35
P/851 Dietrich,etal. ........... P’rototype Boiling Water Reactor ................... 56
RecOTd Of SOSSION .\ vttt ettt et ettt e ettt e et ettt ettt e e 69

Session 11A: Design of Reactors for Power Production

1’/333 Chambadal, Pascal ....... Energy Recovery in G1 ........................... 81
P/337 Ailleret,etal. ........... Dual Purpose Reactor-G2 ......................... 84
P/336 Labeyrie, Roguin ........ I.eak Detection — Gas Cooled Reactors ............... 86
/492 Anderson, et al. ......... (iraphite Moderated Plant Design ................... 91
P/493 Starr ... Sodium Graphite Reactor Plant .................... 98
/936 de Bruyn,etal. .......... Homogeneous Oxide Suspension Reactor ............ 116
P/938 de Bruyn,etal. .......... Heterogeneous Dry Suspension Reactor ............. 121
/494 Miles, Williams ......... Liquid Metal Fuel Reactor ......................... 125
P/491 Amorsi,etal. ........... Fast Ncutron Breeder Reactor ...................... 134
RecOrd Of SeSSI0N . .o v ittt ettt et et et 143

Session 12A: Design of Reactors for Power Production

P/495/Rev. 1 Iskenderian, et al. ... Heavy Water Reactors ................... ... . ..., 157
P/624 Alichanow, et al. ........ Boiling Ilomogeneous Reactor ...................... 169
P/496 Briggs, Swartout ........ Aqueous Homogeneous Reactors .................... 175
P/335 Weill .................. Automation of Reactors .............. .o, 188
P/405 Kendall, Fry ............ Dounreay Fast Reactor .................... ... 193
P/814 Zinn ................... Fast Power Reactor .............ooovvieen conenn, 198

ReCOrd Of SeSSION . vt ittt ittt it ettt eeee ettt e e e 205



Session 13A: Power Reactors, Prototypes

P/815 Simpson, et al. .......... Pressurized Water Reactor ........................ 211
P/879 Dahl .................. Pressurized Heavy Water Reactor .................. 243
1’/497 Harrer,etal. ............ Boiling Water Reactor Plant ....................... 250
P/498 Beall, Swartout ......... Homogeneous Reactor Test ........................ 263
P/500 Froman,etal. ........... I.os Alamos Power Reactor ........................ 283
Record of Session .. ..ottt e et e e 287

Session 14A: Power Reactors, Prototypes

P/499 Parkins ................ Sodium Reactor Experiment ....................... 295
P/406 Hinton ................. Gas-Cooled Reactor (Calder Hall) . ................. 322
P/501 Barnes, et al. ........... Fast Reactor Power Plant (EBR-IL) ................ 330
P/813/Rev.1 Lichtenberger, ¢t al. . NaK-Cooled Fast Reactor (EBR) .................. 345
P/816 Staebler ................ USAEC Power Reactor Program ................... 361
Record of Session . ... ittt it e e e e e 366

Ishin . ... . .... Nuclear Reactor Catalog.. . . .. . . ... . ... 373



Session10A.2
FUEL CYCLES

LIST OF PAPERS

Page

pP/4 Some economic aspects of nuclear fuel cycles W. B. Lewis 3
1. V. Dunworth 14

A. M. Weinberg 19

P/403 Fuel cycles and types of reactors

P/&62 Survey of fuel cycles and reactor types






Some Economic Aspects of Nuclear Fuel Cycles

By W. B. Lewis, Canada

INTRODUCTION

It is generally recognized that regeneration of
fissile material in a nuclear power reactor is neces-
sary if the cost of nuclear energy is to compete with
alternative means of generating large amounts of
electric power. This regeneration of fissile fuel intro-
duces a variety of possible cycles for the manipulation
and processing of the fuel and of the source or fertile
material from which the new fuel is produced.

It is of interest to consider the effects of choosing
various fuel cycles on the cost of generating electric
power. To establish the ranges which are of interest
it may be noted by way of an example that in Ontario
most of the electric power is generated from water
power at a cost of 4 mills ($0.004) per kilowatt hour
or less. Recently it has proved economic to add to the
system generating stations burning imported coal that
alone contributes to the cost of the electricity so
generated more than 3 mills/kwh,

If every atom in a piece of uranium could be
fissioned the energy yield at 200 Mev per fission would
be 0.94 thermal megawatt days per gram. Assuming
this energy could be converted to electric power at
25% efficiency and that uranium costs $44/kgm then
this would contribute to the power cost 0.0078 mill/
kwh. This is so small that it would be economically
negligible and even if only 3% of the atoms are made
to yield their fission energy, or, in other words, if 3%
burn-up is achieved, the contribution to the cost of
power from this initial cost of the uranium would be
only 0.26 mill/kwh. There are, however, other costs
contributed by the fuel.

On a world scale we have to envisage an installed
nuclear electric generating capacity which may rise
to several hundred million kilowatts within a human
lifetime. A capacity of 100 Mkw operating 300 days
a year at an efficiency of thermal to electrical energy
conversion of 25% requires 120 tonnes to be fissioned
per year. At 1% burn-up this represents a supply of
12,000 tonnes/year per hundred million kilowatts. It
is apparent that for this large scale use we should be
interested in fuel cycles giving rather more than 1%
burn-up, and the fuel supply should not prove a major
problem if 3% or more is achieved.

Considerations of both initial cost and availability
of uranium or thorium for large scale power genera-
tion, therefore, separately lead to an early interest in
achieving a cheap operating cycle for at least 1% and

preferably about 3% burn-up. The latter is expected
to remain sufficient for several decades.

FUEL FABRICATION AND REPROCESSING COSTS

Before insertion in most types of reactor, uranium
Las to be specially fabricated and sheathed. The costs
of these operations are most conveniently considered
as a component of the supply cost of the uranium.

In addition, however, uranium is likely to need
subsequent reprocessing to remove fission products
before it has yielded the postulated 3% of its fission
energy. Moreover the radioactive fission products will
require special disposal.

Of these costs, that for reprocessing appears likely
to be the largest. This contribution can, however, be
reduced by suitably choosing the irradiation and re-
processing cycle for the fuel.

As a target it is suggested that the fuel repro-
cessing cost will be acceptable if it contributes no more
than 0.5 mill/kwh to the cost of the electric power
generated. The chemical engineer will need to have
this translated into terms of an allowance for pro-
cessing given quantities of materials, so we may note
that the allowance is 24 hours/day X 0.5 allowed
mill/kwh X 0.25 assumed efficiency of conversion
of thermal to electrical energy — $3 per gram of
fission products.

If the fuel, whether natural, enriched or depleted
uranium or thorium is irradiated to yield 4000
thermal megawatt days (Mwd) per tonne before
reprocessing, it will contain 4 kg of fission products
per tonne, and the above allowance would be $12 per
kg of fuel to be processed.

It is of interest to write a more general expression
for this processing allowance ; it is

$24 n. c,. e per kg of fuel

where the energy yield is n X 103 Mwd/tonne be-
fore reprocessing, ¢, — allowable contribution from
processing to the power cost in mill/kwh, and ¢ =
efficiency of conversion of thermal to electric power.

To the chemical engineer looking for the maximum
allowance for processing this might seem to deter-
mine the allowance beyond hope of any major in-
crease, but this is not so; for, if the fuel contained
uranium-238, or thorium, some new fissile material
plutonium or uranium-233 will have been produced
that is chemically separable. The processing may be
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designed to separate this and return it to the reactor
in such a form that the fission products it subse-
quently yields do not cause the reprocessing of more
U288 or thorium. Such segregation of the returned
fissile material also makes it possible to eliminate the
unwanted Pu?4? isotope, which would otherwise de-
grade the stock of plutonium for use in thermal neu-
tron reactors. This segregation can increase the
processing allowance appreciably. This is illustrated
by the example under Recycling with Natural Uran-
ium Make-up.

For most fuel cycles involving high burn-up the
processing allowance remains almost proportional to
n, the thousands of megawatt days per tonne attain-
able before reprocessing. Physical deformation or
disruption of the fuel and the poisoning effect on the
reactor of neutron absorption by the fission products
are the main factors setting the limit to n. The relative
importance of these can vary over a wide range with
the type of reactor. For reactors with solid fuel ele-
ments, absorption by the cladding or sheathing of the
fuel, and by the coolant and its channelling will affect
the permissible limit of fuel irradiation. It may, how-
ever, be possible to move fuel which has reached the
limit for one position in the reactor to another where
its contribution is still useful. Moreover, depleted
uranium and thorium grow the fissile component un-
der irradiation and so may be moved to positions
where the fissile component is more valuable. By such
manipulations the magnitude of » before reprocessing
may be extended.

FUEL INVENTORY CHARGES
AND MAKE-UP SUPPLY

There is a further contribution to the power cost
from inventory charges on the fuel. These may be a
major item in certain reactors, notably fast neutron
breeders where the inventory of pure or highly en-
riched fissile material is necessarily large.

In the early years of nuclear power reactors the
price at which separated fissile material is available is
set by very complex considerations. Economic pro-
duction demands large isotope separation plants, or
combinations of large reactors and chemical extrac-
tion plants. On a small scale, with no extra revenues,
cost estimates range up to many hundreds of dollars
per gram in early years. This gives a marked advan-
tage to reactors requiring little or no enriched fissile
material and which, accordingly, mainly depend on
natural uranium. This advantage may be maintained
for several decades. Other fuel cycles, however, de-
serve consideration, in particular those in which only
an initial inventory of enriched fissile material has to
be provided ; thereafter, the separated fissile fuel re-
quired is obtained from the reactor itself and only the
reprocessing costs are involved. If this initial material
is used at a high power rating, the inventory charges
may be acceptable.

It is of interest to evaluate the price of separated

)

fuel which would add, through inventory charges and
any continued make-up required, an assigned contri-
bution to the cost of generated electric power. Such
a partial relation is shown in Fig. 1 for an assigned
contribution of 0.5 mill/kwh to the cost of power,
the same as suggested for fuel processing above. The
uppermost line in Fig. 1 corresponds to an initial
inventory with no further make-up, and carrying
charges at 4% per annum.

$400
300
200 B, = Burn up facto
=
&
5 8100 L
g 3o
@ 70 +
(-} an
OV,
2 so
E 40
B
< 30
g
© .
= 20 P’
g b
1)
4 A LA
o $10 A -
] -9 L4~
= 8}
3 1 y.9 4=
3 5 .04
b 4 /] -
A Y, Py
Y/ B~
& prd s
1
% 2 '// 2
& <]
$1
.1 2 3 4567891 2 3 4 56178910

Average Rating (Mw /kg) per 4% per annum Interest Rate

Figure 1. Value of fissile fuel

Both the “average rating” and “Burn-up Factor”
in Fig. 1 have special meanings and may relate to the
separated fissile fuel or the average fuel. Care must
be taken in using the figure to ensure that consistent
meanings are assigned. Figure 1 is derived by eval-
uating the contributions to power cost from the in-
ventory and make-up supply of enriched fissile fuel
as follows:

Inventory

The inventory is the total of all separated fissile
fuel supplied to the reactor or system other than pro-
duced internally in the reactor, less the amount as-
signable to the steady rate of make-up.

The time average of the total thermal power in
megawatts from the reactor per kilogram of the sepa-
rated fuel inventory is the average inventory fuel
rating 74, o in Mw/kg. or kw/gm.

Then if $p,/gm is the price to be arrived at for the
supplied separated fissile fuel and the inventory car-
ries an annual charge of 8%, the charges are (1000
p.) mills X a/100 per year per gm.
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Since the electric power generated per year of 8766
hours per inventory gm is 8766 74y ,. ¢ kwh, the con-
tribution to the cost of power is

€ = $5.0./876.6 74y 5. ¢ mill/kwh

Make-Up Fuel Supply

Setting By, = burn-up factor — reactor thermal
Mwd (or 24,000 kwh) /gm of separated fissile fuel
supplied as make-up, the electric power is 24,000
e.By, kwh/gm.

The cost is 1000 p, mill/gm of separated fuel
supplied. So the contribution ¢, to the cost of power
18

C1s = ps/24 e.B,, mill/kwh.
Combining the above contributions
P = (cra + ¢i) €/(a/876.6 7oy, s + 1/24 By,).

This same relation may be used in another way,
applied to the total fissile fuel supply, it gives the
contributions to the cost of power from inventory
(¢;) and fuel supply (cs,) in mills/kwh. Thus

¢+ crs = (2/876.6 ro, +1/24 B,) p./c.

where 7,, and B, relate to the average fissile fuel
supplied, whether separated or not, and p is the cost
per gm of this average fissile fuel as supplied to the
reactor. This relation is used again and further ex-
tended later in this paper.

The required make-up supply of fissile fuel is by
definition 1/B, gm per thermal Mwd.

PROLONGED IRRADIATION OF NATURAL URANIUM

Before discussing fuel cycles in greater detail it is
desirable to review certain characteristics of the
available fuels and in particular natural uranium and
the products of its irradiation. The general form of
the significant changes expected in the long irradia-
tion of natural uranium in a thermal neutron reactor
is illustrated in Figs. 2, 3, 4 and 5. Due to very
marked resonances in the neutron absorption by U238
and Pu®°, such curves do not have general applica-
tion to any high degree of accuracy. The convention
used in calculating these curves is to assumc that the
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Figure 2. long irradiation of natural uranium. Neutron changes due
to growth of plutonium isotopes. Case 17 parameters

resonance absorption of neutrons bears a constant
ratio to the thermal neutron absorption, so that
“effective” thermal neutron cross-sections may be
assigned. These will depend on the effective neutron
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temperature and also, due to the large self-shielding
effects at the resonances, on the form and arrange-
ment of the uranium in the reactor, as well as the
degree of irradiation.

In deriving Figs. 2, 3, 4 and 5, it is assumed that
the amount of U238 is constant and that Pu?® is
formed from it by the neutron flux at a maintained
rate of 0.8 atoms of Pu per atom of U23 destroyed
at the initial U235 concentration.

The other parameters assumed are given in Table I.

Table I. Case 17. Parameters*
o5 = 645 barns os = 1100 barns 0, =1700 barns
a5 = 545 barns o1 = 730 barns @ = 1400 barns
7= 2,112 70 = 2.00 7 =235
vs =2.50 =30 v, =2.85

0s = 25 barns 0o = 700 barns ¢. = 60 barns

*s is used for the absorption cross-section and o, for the
fission cross-section. Subscripts 5, 6, 8, 9, 0, 1, 2 identify
U, U= U= Pu®, Pu™, Pu* and Pu®’. 5 = fission
neutrons released per fissile atom destroyed. » = neutrons
released per fission.

This particular set of assigned parameters, desig-
nated Case 17, is one used in an extensive series of
calculations. Measurements of these quantities are
still in progress in many laboratories throughout the
world and no one set of values is yet generally ac-
cepted. Furthermore, the relations used in the calcu-
lations are only approximations because of the great
complexity involved in allowing for the self-shielding
effects of the sharp resonances which exist in the
neutron absorption by U238 and Pu®*? in particular.
The values used for the U238 constants differ insigni-
ficantly from the declassified values of 1950. By
mass-spectrometer measurements of the ratios of
Pu24*/Pu?® in the uranium rods irradiated in NRX
up to 3000 Mwd/tonne, the capture cross-section of
Pu?3® (gn) related to a5 = 545 barns was found
to be 370 = 15 barns. The values assigned to ¢ and,
o, are also chosen to fit the results of these measure-
ments, but the errors may be large. Samples of pluto-
nium have been irradiated in high flux positions in
NRX and the resulting isotope ratios determined by
mass-spectrometer measurements. These results were
best fitted by ¢ = 500, ¢ = 1500, 6.y = 300
barns, but in these irradiation positions the epithermal
flux is only about half that in the uranium rods. The
higher values for ¢; and o, adopted in part corre-
spond to the higher epithermal flux in the rods and
in part-allow for the most marked effect of the self-
shielding of Pu?°, which is to produce Pu?!! first at
a higher rate and then more slowly. The value of »
comes from guesswork—it corresponds to v; = 2.85
which seems not inconsistent with vg — 3.0. The
values of 6g and ¢ are from measurements made at

Chalk River. It should be noted that all these values
represent effective values in heavy water moderated,
uranium metal reactors, they are not 2200 m/sec
values.

The heat output, usually expressed in thermal
megawatt days (Mwd), is correlated with the neu-
tron flux and these parameters by assuming (1) the
ratio of U238/U233% atoms in natural uranium is 138:1,
(2) the total heat in the whole reactor is 198 Mev/,
fission = 3.17 X 10-11 joules/fission = 3.67 X 10-22
Mwd/fission, (3) the ratio of total fissions/thermal
fissions = ¢! = 1.058. (Note:e! =1 + (e — 1) v/
(vg — 1) 1.058 for v = vg = 2.5, and “fast fission
factor” ¢ = 1.035 = ratio of total fission neutrons/
neutrons from thermal fission). From these assump-
tions an irradiation of 10! n/cm? or 1 n/kilobarn =
3850 Mwd/tonne. It happens that for the plutonium
production assumptions above the rate of heat output
in a constant neutron flux probably changes by less
than 5% during prolonged irradiation. This is less
than shown in Fig. 5 and follows from the parameters
of Case 17 together with the assignment of E;p =
E; = 206 Mev (E; = cnergy per fission). For Pu?3?
we find ¢! = 1.07, so that (e! Ey)o/(e! E;)s = 1.07 X
206/1.058 X 198 == 1.05,. This partly compensates
for the 10% lower fission rate of the equilibrium
mixture of Pu?3® 4 Pu?‘!, which follows from the
assumptions.

In convenient numbers for an irradiation of 1
neutron/kilobarn natural uranium (with an initial
regeneration factor of 0.8) yields 4000 Mwd/tonne.

It should be observed that the increase of absorp-
tion cross-section of natural uranium occurring be-
tween irradiations of 0.5 and 2.5 n/kb is largely due
to the rise of Pu?%®, An important step forward was
made, and this happened with us in 1951, when it
was realized that the high neutron absorption cross-
section of Pu?%® represented only an organizational
disadvantage in a reactor. The role of Pu?% is closely
parallel to that of U3 in providing a source for new
fissile material. Its effect can be compensated either
by removing UZ?3 after chemical separation or by
increasing the amount of fissile material in the re-
actor.

The neutron absorption expected from fission pro-
ducts is shown in Fig. 4. Not included in this is the
absorption by the transient fission product Xe!35,
which at equilibrium in a high flux reactor is believed
to range from about 25 to 35 barns on the scale of
Fig. 4. This major fission product poison is discussed
in other papers presented to this conference. The
initial step in the fission product curve of Fig. 4 is
due to the long-lived fission products of very large
cross-sections which rapidly reach a limiting ab-
sorption where the destruction rate balances the rate
of formation. The most significant of these fission
products is samarium-149. Figure 4 may be used to
estimate the gain to be had from extracting the fission
products in processing. Uranium-236 has been in-
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cluded in the fission products, but is not removed by
chemical processing.

The “excess barns” shown in Fig. 4 is in a sense a
measure of the reactivity of the fuel. Its exact mean-
ing and interpretation are discussed later.

LONG IRRADIATION OF U235 ENRICHED URANIUM

When U235 enriched uranium is used, the heat re-
lease in Mwd/tonne and the fission product build-up
for a given neutron irradiation will be proportional
to the U238 content. If the irradiation limit is set by
the build-up of fission products, the processing will
have to be carried out after the same heat release
per tonne and therefore when the fraction of the U23%
destroyed is smaller the higher the enrichment. For
economical operation it is desirable to maintain a
high fuel regeneration factor (number of new fissile
atoms formed per fissile atom destroyed) and if this
is the same as used in Figs. 2, 3, 4 and 5, the changes
taking place will be similar to those shown by these
figures, with the neutron irradiation scale changed.

A high regeneration factor is readily obtained in
such an enriched uranium reactor by making the
lattice more compact so that the capture of neutrons
by U238 in the resonance range of energies at a few
electron volts is promoted.

The U2 enrichment may be uniformly distributed
through the uranium or concentrated in separate fuel
elements, There are advantages and disadvantages
of each method. An engineering convenience results
from the steadily maintained heat output of the uni-
form fuel distribution. Another advantage of the
uniform distribution is the greater contribution that
may be obtained from the fast fission of U238,

One disadvantage of the uniform distribution has
already been mentioned, namely the need for the
more frequent processing of the bulk of the uranium
if the irradiation limit is set by its content of fission
products. Another disadvantage is that U3¢ builds up
in the fuel and is continually recycled because the
high residue of U235 at each processing prevents it
from being discarded with the U=238,

A third disadvantage is an increased inventory of
U288 because uranium processing is liable to be de-
layed until U237 has decayed because of the asso-
ciated y-ray activity. If all the U2 is mixed with
the bulk of the uranium it will suffer the same delay.

Another consideration, which in theory favours
the uniform distribution but in practice may do the
reverse, is the cycling of the fuel through an isotope
separation plant. Assuming that an isotope separation
plant of sufficient capacity is available, it is generally
true to say that the operating cost is less if the whole
supply is processed and the product is not taken to a
higher enrichment than required. In practice the
high capital value of the plant and the incidental
handling charges may offset this theoretical advan-
tage.

In practice the decision between these alternatives
is likely to depend on more detailed considerations.

The major question is whether the use of an isotope
enrichment plant should be involved at all in this
field of high power economical reactors. Some further
considerations of this are given later.

PLUTONIUM AS A RECYCLED FUEL IN
THERMAL NEUTRON REACTORS

When plutonium is extracted from irradiated ura-
nium, the relative amounts of the different isotopes
obtained will depend on the irradiation. If the ex-
tracted plutonium is returned for further irradiation,
the isotope ratios will continue to change but will
follow a course different from that of Fig. 2 because
the Pu?? will be progressively destroyed and not
replaced. An example of the changes that may be ex-
pected is shown in Fig. 6 which results from starting
with plutonium extracted from natural uranium which
has been irradiated to 1 neutron/kilobarn and pro-
ducing initially 0.8 atom of Pu2*® per atom of U233
destroyed. The nuclear cross-sections and other
parameters for Fig. 6 are again those of Case 17
given above.
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Figure 6. Irradiation of plutonium separated from uranium at 1 n/k
barn. Case 17 parameters

It may be observed that after an irradiation of
about 4n/kb the neutron yield from Pu?®® 4 Pu24
fission falls off at close to the same rate as the ab-
sorption by Pu?!, the rate being that set by the de-
struction of Pu?%°, The isotope Pu®2, however, con-
tinues to grow throughout the irradiation range shown
and this causes the total absorption cross-section to
fall less rapidly, and thus the effective n (noy =
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neutron yield/neutrons absorbed by all plutonium
isotopes) falls. The lowest curve shows the variation
of ness and shows that it remains in the range 1.5 to
1.4 from 2 to 4.5 n/kb irradiation. This steady value
is due to the generation of the fissile Pu?! by the
destruction of Pu®,

These changes of neutron yield and absorption
suggest that after an irradiation of 1.5 to 2 n/kb,
when the yield has dropped to one-third of the orig-
inal, the plutonium should be reprocessed, because
it could then be returned to the reactor with one-third
or less of the heat transfer surface and therefore with
less parasitic neutron absorption by its sheathing.
From 2 to 4.5 n/kb the neutron yield drops by a
further factor of five, but the effective » does not
drop much. If, however, the parasitic absorption by
the sheathing and by the fission products is included
in evaluating %, it would fall more steeply and would
probably reach the useful limit at about 4.5 n/kb
irradiation where the yield cross-section exceeds the
absorption by 10 barns or about 160 barns per fissile
Pu atom returned at 2 n/kb.

The plutonium, it is suggested, may be discarded
at 4.5 n/kb for it will be seen that from the initial 38
atoms of Pu, only 5.3 (or 14%) remain, and of these
3.7 are atoms of Pu®?2 and the useful atoms discarded
would be less than 4% of the original.

It must be remembered that Pu®! has a relatively
short radioactive half-life, 13 years. To minimize
loss, the plutonium has to be processed and recycled
without long delay, and has to be irradiated at a high
neutron flux.

RECYCLING WITH NATURAL URANIUM MAKE-UP

The costs and allowances associated with one par-
ticular cycle, with natural uranium as the make-up
supply, will be discussed as a preliminary to assessing
alternative cycles. It is envisaged that the irradiation
limit of uranium is set by its content of fission prod-
ucts whether derived from U235, Pu?3?, Pu?tl or
U238, Suppose this limit is about 4.25 kg of fission
products per tonne. This results from fissions giving
a heat output of 4250 Mwd/tonne.

The fuel cycle is shown in Table II.

The plutonium is returned separately as fuel to
the reactor and by recycling is eventually all fissioned

except that which becomes Pu®? (neglecting radio-
active decay of Pu?*!). The fraction becoming Pu®?
is taken as o 0o/op 01 = 0.089 for Pu?*® and
oc1/oy = 0.177 for Pu? and Pu?%!, The total energy
at 3.82 X 10-22 Mwd/fission (206 Mev) from Pu?3?
is 0.878 Mwd/gm and from Pu*° and 24! is 0.790
Mwd/gm. The total energy is then 17.05 4 0.878 X
11.4 + 0.790 X 4.18 = 30.35 kMwd/tonne.

This estimate assumes a fast fission factor of 1.035,
for all fissions taking place in uranium. This is likely
to be an underestimate. No fast fission gain is as-
sumed for the separated plutonium, No allowance
has been made for processing losses, which should,
however, be small. The energy from Pu®? 4 24! will
have been overestimated because it is likely that some
will be discarded with the Pu®2. The recycling of
plutonium was discussed above.

The actual irradiations selected for the uranium
fucls are those which yield 4000 Mwd/tonne by
thermal fissions, the increase to 4.25 or 4.28 results
from the contribution from fast fission of U2, The
calculation was made in this way to facilitate altera-
tions later for other fast fission factors, since the
irradiation limit is chosen somewhat arbitrarily, and
the two are inter-related.

It may be noted that in the equilibrium condition
of this cycling, almost half the power comes from the
plutonium after separation and one-eighth of the power
comes from each of the four types of uranium fuel.
The more highly depleted uranium does not give a
net gain of neutrons until it has been irradiated for
some time : it is therefore expected in its early stages
to occupy positions towards the outside of the reactor
where neutron absorption is required to minimize
leakage. These regions will also have a relatively low
neutron flux, and since the irradiation of the fuel in
this state has to be high, =~ 1 ncutron/kilobarn, the
fuel will remain there relatively long, for example
1150 days at 1018 n/cm?/sec. It follows that the cycle
would take many years to reach its equilibrium. It is
postulated that the reactor is onc in which the posi-
tion and type of fuel can be changed and it is there-
fore supposed that in the early years of operation it
would be supplied with rather more natural uranium
and less separated plutonium. Thorium also may be
substituted in part for depleted uranium, and enrich-

Table ll. Fuel Cycle for 3% Burn-up
Fission Puso
Irvadiation Products Uss Puso Purst Pyta
Stage Ar;._.‘rz Type o n/kbt kgt kg kg _ kg kg
1. Natural uranium 111 4.24 3.46 24 0.55 0.085
2. 1st depleted uranium* 1.66 425 1.19 2.8 0.95 0.195
3. 2nd depleted uranium 214 428 0.30 3.07 1.28 0.29
4, 3rd depleted uranium 233 428 0.066 313 140 033
Total 17.05 114 4.18 0.90

* 1st, 2nd and 3rd depleted uranium are {he
products from stages 1, 2 and 3 respectively,

after extracting Pu and fission products.

+kb = kilobarn = 10" cm’.
£ This column may also be read as kMwd/

tonne heat output.
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ment with U23% or U?33 may be used in place of plu-
tonium. The range of practical possibilities appears
great, and the object of drawing attention to this is
to guard against a too restricted and literal reading
of the relations presented.

In the equilibrium condition, neglecting processing
losses and the contribution to the power from fast
fission of U2, a thermal power of 28.8 kMwd is
obtained from 1 tonne of natural uranium supplied.
Making the same assumptions as previously, that the
efficiency of conversion from thermal to electrical
energy is 25% and the cost of uranium in the form
of fuel supplied to the reactor is $44/kg, this con-
tributes 0.255 mill/kwh to the cost of power. If the
processing adds 0.5 mill/kwh, the allowance of $3/gm
of fission products amounts to $86.4 per kg of ura-
nium supplied. With this allowance it is necessary
to extract plutonium four times, to restore the ura-
nium as fuel to the reactor three times, and to prepare
and sheath the plutonium as fuel; and if the separ-
ated plutonium is reprocessed once in its irradiation
life, as suggested above, to process and carry out
this recladding of the recycled residual plutonium.
In addition, the fission products extracted have to be
disposed of. In essence the allowance amounts to
$21.6 for processing and cladding 4 gm of Pu and
1 kg U.

A 400 thermal megawatt reactor operating at 80%
plant factor on this fuel cycle will require the proc-
essing of 320 X 4/28.8 = 44.5 kg of uranium per
day. This is relatively small and it would be more
cconomical to build one plant to serve ten or twenty
such reactors. We have no experience yet of oper-
ating on such a scale and can only say that the allow-
ance docs not seem to present an unattainable target.
It is of interest to sec, however, how the allowance
changes for different fuel cycles. The results of similar
calculations for other cycles are shown in Figures 7
and 8. It will be seen that the processing allowance for
a given fuel cost is almost proportional to the irradia-
tion in Mwd/tonne before processing.

Not all the fuel cycles covered by Figs. 7 and 8
would prove practicable. Three important practical
requirements have to be satisfied. The reactivity has
to be maintained, the regeneration of fissile fuel must
be sufficient and the limitations of heat removal set
by the limits of fuel temperature must be satisfied.
Some aspects of these are discussed in the following
sections.

THE FUEL REGENERATION FACTOR

The attainable burn-up is related to the fuel regen-
eration factor. This may broadly be defined as the
number of new fissile atoms formed per fissile atom
destroyed. With this definition it will be denoted by
y, and appropriate subscripts will be added when it
is necessary to indicate a more exact definition.

For 3% burn-up or, more specifically, for 30,000
Mwd/tonne of natural uranium supplied, we require

(at 0.94 Mwd/gm fissioned) the fission of 3.19% of
the natural uranium supplied, although this contains
only 0.72% of U?%, For fission of 3.19 gm, we need
3.19 a,/0; &€ = 3.57 gm of fissile material (using
the U235 constants and 1).O and natural uranium re-
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actor constants) ; the required multiplication of fissile
material is 3.57/0.72 = 5.0. In terms of y this multi-
plication is 1/1(1 — y) so that y < 0.8.

By the definitions y ¢ fission neutrons are released
for each fissile atom destroyed. Of these, one is re-
quired to maintain the chain reaction, by definition y
produce new fissile atoms and the remainder w are
wasted by capture in the moderator, coolant, struc-
tural materials, fission products or escape from the
reactor. Accordingly

y=ne—1—uw

The effect on the fuel cycle of changes in ¢ may be
examined.

Since n =~ 2 and y ~ 1 a 1% increase in e not
compensated by a change in o gives a 2% increase
in y. The closer y is to unity, the larger the resulting
increase in the multiplication of fissile material (for
vy = 0.8 the increase is 119, ). Separately and in addi-
tion, a 1% increase in e produces a 2% increase in ¢
(for v = 3.0 and vg = 2.5) which gives a direct 2%
increase in the heat output for a given fuel supply.
In general e is increased by concentrating the ura-
nium; consequently the disposition of the uranium
in the reactor has an effect on the attainable burn-up.
The fuel supply cost contribution is directly affected
and also the contribution from fuel processing if the
reason for processing is loss of reactivity.

It does not appear necessary to achieve a value of y
much higher than 0.8, since at this level the fuel supply
cost has become minor provided it is available at a
price not much higher than natural uranium; on the
other hand if there is value assigned to plutonium for
any purpose such as starting up other reactors, in-
creasing this by-product may contribute to lowering
the net fuel costs.

So far the fuel regeneration factor has been treated
as an overall factor applicable to all fuel. From con-
siderations mentioned earlier, it is envisaged that the
fuel distribution throughout a recycling reactor would
be far from uniform. Earlier, a local regeneration fac-
tor was introduced in supposing that in natural urani-
um 0.8 atom of Pu was formed per atom of U23% de-
stroyed at the initial U3 concentration. This initial
local regencration factor in natural uranium may
be denoted yzp and may be written from first prin-
ciples and definitions as

Yoo =5 € (1 — p)/(1 + PPL;*) 4 Ngog/Ns o5

where ¢, is the effective fast fission factor omitting
fast neutrons which escape, p — resonance escape
probability, /2 = Laplacian or buckling and L2 =
slowing down length, the last two referring to the
equivalent homogeneous reactor. N = number of
atoms in a given mass. (Compare also (1 4 [2L.2
in next section.)

At a later stage in the irradiation the local regen-
eration factor y, may be written similarly

Yo = mav € (1 — p)/(1 + BL2) + Ng o3 +
No a0)/(N5 a5 + Ny a9 + N1 o1)

With the parameters assumed and for 1 4 PL2 =
1.05, 7. at first falls with irradiation to about 0.78
at 2000 Mwd/tonne, returning to 0.8 at 4000 Mwd/
tonne and rising thereafter, but as it is envisaged
that the plutonium is extracted, its later value may
be of no special interest. This later rise has already
been referred to above, where it was noted that the
increase of absorption cross-section of natural ura-
nium occurring between irradiations of 0.5 and 2.5
n/kb was largely due to the rise of Pu*®, and con-
sequent production of Pu?!,

Although the above expression for y, involves p,
it may nevertheless be written

Y = Nav Ce/(] + 12L52) 1l —

which is independent of p.

The attainable value of the overall fuel regenera-
tion factor can be rather greater than the local factors
in the interior of the reactor. Unfortunately the
values of v, particularly that for Pu®!, and the
attainable e are not yet known with sufficient accur-
acy to determine whether y can be as high as 1.0 in
a recycled system fed with natural uranium, but it
certainly appears practicable to achieve values in the
range 0.8 to 0.9, which are sufficiently high to permit
3% burn-up.

REACTIVITY REQUIREMENTS

It will be seen from I‘ig. 3 that in the prolonged
irradiation of natural uranium the yield of ncutrons
does not rise as rapidly as the absorption (for initial
y = 0.8). At some point the reactivity contribution
from a particular element of fuel will drop below
the acceptable level. Unfortunately, for a reactor
with non-uniform fuel distribution no simple relation
has been found for balancing absorption at one point
by an incrcased yield at another. A simple relation
which exists for a uniform homogencous reactor has
been used as a guide to design, but its application is
limited and not exact. The relation is that there would
be no change of reactivity in a homogeneous reactor
if a change of yield cross-section 8¢* (yield cross-
section = » X absorption cross-section of the fuel
to which 5 applies) is compensated by a change of
absorption cross-section 8¢ at the same flux given by

e* P
80’ | 80’ * _-l_+_l"'L——,.2
where p = resonance escape factor, /2 = Laplacian
or buckling, and L,® = slowing down area, with the
interpretations of simple reactor theory.

This gives rise to the usc of “excess cross-section,”
where “excess cross-section” = (yield cross-section)
e p/(1 + BL,2) — (absorption cross-section) as a
measure of the “reactivity” of fuel.
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This may be used to examine the irradiation limits
which may be set for a given fuel although it cannot
be pursued to close limits.

The effect of a given change of absorption cross-
section 8¢ on the reactivity is approximately pro-
portional to the square of the neutron flux at the
position where the change is made. If, therefore, by
irradiation a fuel element loses ‘“‘excess cross-section”
the reactivity may be increased by moving it to a posi-
tion of lower neutron flux and replacing it by an
element of higher “excess cross-section.”

Moreover, a recycling reactor is likely to have a
considerable amount of fuel in outer regions where
«? is negative (k, < 1). In the outermost regions,
no fissile component is required, as this would lead
to loss of neutrons, but closer in the irradiated fuel
may be relatively more valuable, as indicated by the
expression for excess barns for «* small or negative.
Fuel which has a damping effect near the centre of
the reactor, where «* must be large, may still be
beneficial where «* is smaller or negative. This how-
ever, cannot be followed through simply to a quanti-
tative comparison, especially if the reactor is small
and the fuel distribution changes within distances
of the same order as L,.

While the reorganization of fuel may be essential
to preserve reactivity, and this may affect operating
costs in such a way that the fuel cycle is changed,
it appears that reactivity considerations do not other-
wise directly affect the economics of fuel cycles.

Figure 3 indicates that in the absence of fission
products the “yield cross-section” always exceeds the
“absorption cross-section” for a fuel regeneration
factor of 0.8. Figure 4 indicates that the fission prod-
uct cross-section is smaller than this excess even to
well beyond 10,000 Mwd/tonne irradiation, Other
inevitable losses including absorption by xenon-135
do not change this. It follows that in theory, by re-
organizing the fuel in a sufficiently large reactor, all
the fuel cycles of Fig. 7 maintain an excess of re-
activity. Limiting the size of the reactor and other
practical design considerations may limit the irradia-
tion before reprocessing. It appears impossible yet
to be more exact in a general assessment.

The cycle appears to stay well within the limits
set by reactivity considerations, provided a non-uni-
form fuel distribution is adopted in the reactor.

THE COST OF NEUTRON ABSORBERS

Sheathing costs have been mentioned as con-
tributing to the cost of power through inclusion in
the initial cost of fabricated fuel and also in the re-
processing cost. There is, however, one further con-
tribution, namely through the value of the neutrons
captured by the sheathing material and thus lost from
the fuel regeneration cycle.

A simple way of appreciating this cost is to note
that from the regeneration relation y = ge — 1 — w
any one neutron added to the wastage means the loss
of one fissile atom. 1f the system is not breeding an
excess of fissile material, any dssile atom lost has to
be made up in the supply at a cost of $p/gm. Since
1 gm of neutrons produces 239 gm of Pu, we may
assign a value of approximately $240 p to a gram of
neu.rons, taking the cost of U238 or Th232 as neg-
ligible. If the make-up supply is natural uranium at
$44/kg this sets a value of $1450/gm on neutrons
wasted in the reactor. With the conditions duly noted,
this relation is correct (it is indeed independent of
the Burn-up Factor, B,, although the loss affects the
cost by changing B,) but it may happen that an
increase in neutron absorption necessitates buying
all the fuel at a higher enrichment and a higher value
of p, or may involve a drastic revision in the con-
struction and operation of the reactor. A more com-
plex relation also holds if a major portion of the fucl
is being discarded without reprocessing; the value
of a neutron then depends on its alternative fate and
may become small if it was likely to be absorbed in
fucl soon to be discarded for reasons other than loss
of reactivity.

Assigning this value of $1450/gm to neutrons, it is
of interest to evaluate the neutron cost of irradiating
various typical substances to 1 ncutron per kilobarn,
It is $1450 0,/ A4 per kg where g, is the capture cross-
section in barns and A4 is the atomic weight. Examples
are given in Table ITI.

Table 1l
Iryadiation cost
Atomic Density ay, per neutron/kilobarnt
Material weight gm/em’ barns $ per kg $ per litve
TV 207.2 11.37 0.17 13 15
Zirconiim ..........0000i0nens 912 6.50 0.18 3 19
Magnesium .................... 243 1.74 0.06 3.6 6.2
Aluminum .................... 270 2.7 0.22 12 32
Sodium ............ociiiiiinnn 23.0 0.97 0.50 32 31
$4(Dg0) viviiiiiiiiii 10 1.10 0.00046 0 0
(HO0) coviiiiiiiian, 9 1.00 0.33 53 53
Iron ..oeviiiiiiiiiiiii, 55.8 7.86 2.4 62 490
Stainless Steel* ................ §5.3 7.92 2.88 76 600
Nickel .....cvvviiiiiinninnnnn. 487 89 45 111 990
* Composition 68% Fe; 18% Cr; 10% Ni; 'I'F'or example, 4 months (116 days) at 10*

2% Mn; 0.8% Nb; 1% Si.

n/cm?/sec.
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It is apparent that these costs which may be in-
curred in an irradiation of a few months or even
weeks, arc in some cases high compared with the
normal purchase prices. They do not, however, repre-
sent the full basis for an economic appraisal, because
equally large costs or savings may be involved in
organizational changes of the reactor and its fuel
cycle. One example of special interest but also of
great complexity, is the assessment of the relative
costs between ordinary and heavy water in a reactor.
For this and the shielding evaluation, the analysis
must he extended.

Assembling the contributions to power cost already
cvaluated, we have the fuel processing contribution
(cp):

cp = P/24 nge mill/kwh

where /” is the processing cost in $/kg and the energy
vield is n, kMwd/tonne per processing including the
subsequent energy yield from the fissile fuel formed
by regeneration and chemically separated and recycled.
It may be noted that 0.94 P/#n,. ¢ is the processing
cost in § per gm of fission products at 0.94 Mwd/gm.
Also we have the inventory (c¢) and fuel supply (cy.)
contributions

a 1

hiaiadid - —_ - -I/ ‘-
876670 T 7 ) ¢
Yy = 094 cl (r//rraR,,
1 —y =24 w — e

¢ + (fNT: (

Also 1

and

So we have
1/By = (24 w — ne) aa/0.94 &' oy

Writing ¢,

total contribution to power cost from

fuel
=6+ a+
l' ) 8(‘/ . o‘ﬂf’ _
W S T 24, X 0.94 ¢l

If an absorber introduces a parasitic cross-section
o, barns per fissile atom, the corresponding change in
 is 8w=0,/a, and the increase in the cost of power
8y = ap.p./24¢ X 094 eloy.

Suppose the increased fuel requirement is met by
enriched U288 costing $6.1 X E,/gm so that E, is a
factor > 1 attributable to the cost of enrichment. Also
assuming that U2 is the main fuel, and using the
values of Table I, we find:

8es = a,.I,/532 mill/kh.

This relation gives the contribution from neutron
capture in sheathing to the cost of power. With the
following definitions :

Symbol Unst Significance
t cm Thickness of shecathing
w, kw/cm® Surface heat transfer rate
p gm/cm® Density of sheathing metal
A gm/6.02 X 10®  Atomic weight of sheathing
atoms metal
o, barn Nuclear absorption cross-sec-

tion for thermal ncutrons
Power rating of fissile com-
ponent of fuel

r thermal Mw/kg

An intermediate result may be noted, that the mass
of sheathing in kg per kg of fissile fuel is ptr/w,.
Hence the parasitic cross-section in barns per fissile
atom is op = ptre,. 235/A,w,. Using this in the last
relation gives the cost contribution. The data for
aluminum and zirconium are given in Table IV.

It is apparent that if the fuel power rating is high,
the surface heat transfer rating should also be high to
keep this cost contribution small.

The same relation may be applied to estimate the
cost of leaving fission products in the rcactor. From
Fig. 4 it appears that the gain attainable by removing
fission products at 1 n/kb is roughly 20 barns per fissile
atom. Hence

dcy == 0.04 I, mill/kwh

The minimum amount of water required as coolant
in a reactor may be arrived at by first cquating the heat
released by the fuel to that taken up by the coolant,
thus

1,000 7.1./v = 4.19.9m.,

where the symbols have the following significance

Symbol Unit
r  thermal Mw/kg

Significance
Power rating of fissile component
of the fuel at maximum power

1 cm Length of cooling water channel
v cm/sec Lincar velocity of water in cooling
channel
/2 sec Time taken by water to flow
through the reactor
4.19 watt-sec/gm°C Specific heat of water
3] °C Risc of temperature
M kg Mass of water in reactor per kg

of fissile fuel

Rewriting the equation to express the mass of water
in the reactor,

my = 239 r.l./v.8. kg/kg of fissile fuel

Table IV. Sheathing Material Assessment

For ¢t = 0.1 and we = 0.2

Rveathimgrhes: Forr = 10
P 0 T mat, » 4
o e o a»{/:ﬁ‘» barn o kalkg b/fiss. atom mill/ kwh
Y4 S 91.2 6.50 0.185 325r 1.55r 0.03E,
Al ..ol 27.0 27 0.22 1.35r 2.58r 0.05 E,
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Other conditions are likely to determine 7, ! and 6
so the minimum cooling water is set by the maximum
practical v, for example 915 cm/sec.

The thermal neutron capture in ordinary water is
due to the capture cross-section of H = 0.33 barn.
Then if oy, is the capture cross-section of the water
per fissile atom (taken as U?%%), we have o, = 0.33
X (atoms of H/atoms of U28%) harn which from the
last equation gives o,, = 0.33 X 239 (Lr./v.6) X
235/9.

Suppose ! = 200 cm, § = 25°C, v = 915, then
g = 180 7.

Making the assumption that the neutron flux is the
same for the water as for the fissile fuel, we may
identify o, with o, and so we find

8¢; = 18 v E,/532 mill/kwh

Even for no enrichment cost (E, = 1) if » = 10
thermal Mw/kg, 8¢, = 0.34 mill/kwh. In comparison
with this, the cost of heavy water as coolant in the
reactor, with no leakage loss, would be quitc negligible,
but this is irrelevant for the interest lies in considering
the total cost of heavy water as moderator and coolant.
Estimates suggest that 80 tonnes of heavy water may
be sufficient for a reactor generating 100,000 electrical
kw. If heavy water costs $66/kg and the plant aver-
ages 7000 hr/yr, the cost contribution to the power is
ayp X 80 X 66,000/700,000 X 100 = 0.075 a,, mill/
kwh where a,% is the annual charge for interest,
losses and other expenses assigned to the heavy water.
Experience is lacking on large high pressure systems,

but Chalk River has experienced very low losses of
heavy water and it seems reasonable to set a,, between
5 and 10%, giving 8c; = 0.38 to 0.75 mill/kwh.

It is clear that if  is made small, r,, will be small and
¢4 may become significant, particularly if the enrich-
ment cost E, is considerable. So far, therefore, the
relative advantages seem to depend on whether heavy
water losses can be kept low and what value must be
assigned to E,. This, however, is only part of the nec-
essary comparison.

In all known designs of heavy water reactors so far
constructed, ¢ is smaller than appears to occur natur-
ally in light water reactors. It is not clear, however,
that with fuel recycling the heavy water design cannot
be adjusted to have almost the same fast fission con-
tribution. We have seen that an increase of e offsets
anincrease in w in the regeneration cycle.

The light-water design certainly requires more en-
riched fuel and the higher cost of this enters not only
in the make-up fuel supply but also in the inventory
and hold-up in processing.

The practical question must therefore be left open,
but it seems that for the large power reactors con-
sidered, the heavy water reactor with recycled fuel
promises a very attractively cheap range of fuel cycles.
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Fuel Cycles and Types of Reactor

By J. V. Dunworth,* UK

INTRODUCTION

The elementary features of breeding with plu-
tonium-U238 in fast reactors and with U238-thorium
in thermal reactors are well known or will be dis-
cussed in other papers to the conference. Conse-
quently, only brief reference will be made to them in
this paper.

The first part of the present paper has been con-
cerned primarily with drawing attention to some of
the curious features of the plutonium-natural ura-
nium fuel cycle in thermal reactors. The second part
of the paper considers reactor systems and the influ-
ence of nuclear economy upon them.

A nation starting an atomic power programme
without the help of any other nation must build a
diffusion plant or a reactor which can operate with a
supply of natural uranium, or both. In the latter case
one is likely to use either a graphite or heavy water
moderator. For a large heat output, large amounts of
heavy water are required and the tendency is there-
fore to build graphite piles. For an experimental re-
actor, very much less uranium is needed for obtaining
criticality with a heavy water system than is the case
for a graphite system. These simple facts have condi-
tioned most nations’ atomic energy programmes to-
date, and especially outside the USA.

The only naturally occurring fissile material is
U23%, However, it has long been appreciated that with
natural uranium as a starting point it might become
possible to burn substantial quantities of the U238
with which it is associated. The fission of these nuclei
directly is possible only to a small extent with the
faster neutrons available in reactors, and so the se-
quence envisaged is first by conversion to Pu?*® with
subsequent fission of these nuclei.

Clearly the extent to which this can be exploited de-
pends on the number of neutrons available for ab-
sorption in fertile material. This number, usually
called the conversion factor, must be less than
(ep — 1)t in any actual reactor and for a practical
thermal reactor fuelled with natural or slightly en-
riched uranium will probably be less than unity. In
such circumstances the reactor will run for a limited
time on a single fuel charge, that period depending on

*Atomic Energy Rescarch Establishment, Harwell.

te is the fast fission factor, excluding fast capture in U"‘,‘
and 7 is the net number of neutrons available per neutron
absorbed in a fissile nucleus.
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the relative cross-sections of plutonium and U2 and
on the respective »-values.

The possibility of extracting plutonium from this
first charge and reinserting with part of the depleted
uranium in the second charge, was recognized long
ago (see, for example, BR7 by Halban and Kowarski,
1941). In a suitably designed reactor this process
eventually leads to a fuel cycle in which natural
uranium only is supplied, highly depleted uranium re-
jected and plutonium is recycled through the reactor
(Fig. 1). This cycle with a natural uranium fuel
feed is possible even if some degree of enrichment is
necessary in the initial fuel charge. It is of interest
to find the amount of U238 that can be burned and
how it depends on initial enrichment and conversion
factor.

NUCLEAR PROCESSES
The reactions of most importance are :

U288 + n 5 U239 > Np239 —_ Pu239

Pu®® { n—> 59 neutrons 4+ o Pu?%® -+ fission
products

aPu0 | ¢ 4 — o Putt

a Pu?¥! + 4 n —— a 7 neutrons + some
Pu?? + fission products

where »y refers to Pu?®, 5, refers to Pu?*! and where
a is defined by the equations.

On the left-hand side we see that 2(1 + ) neu-
trons are used to burn a U238 atom but in return (»9
+ a ) appear on the right-hand side. In addition,
neutrons are lost in reactor components and in leak-
age, say P per U23® burned.

Then if :

P<S(mtm) —2(1+a)

the system is self-maintaining or has a positive gain
factor. Very roughly,

mw T am =2% =2(1 +a)

Hence as P is significantly positive, the Pu-1238
thermal system cannot be self-sustaining and a supply
of neutrons is required to burn the U238, One source
of such neutrons can be fission of the U23% which
occurs naturally with the U238, but this is possible only
if a balance is maintained between the number of
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Figure 1. Fuel cycle in equilibrium system

neutrons provided by fission (i.e., from 17238 239
and Pu?'!) and the number of ncutrons lost in caus-
ing the fissions, in absorption in fertile material, in
fission products, moderator, coolant and structural
materials and leakage from the reactor. This is the
criticality condition for a reactor.

INITIAL FUEL STATE

The prediction of operating size of reactors and
the fates of ncutrons from a knowledge of basic
nuclear data is hampered by inaccuracy or incom-
pleteness of such data, But semi-empirical formulae
which predict such quantities for reactors containing
natural or cnriched uranium have been obtained in
various reactor physics laboratories. Such systems are
therefore the natural starting point. Conditions in
reactors derived from them, by recycling plutonium
until equilibrium is reached, can be estimated from a
knowledge of the effective cross-sections of the
nuclei produced in the uranium fuel. Any attempt to
do this at present leads one into extremely detailed
and involved mathematics in which the essential
physical principles are lost sight of. Accordingly in
this document a highly simplified approach is adopted.

EQUILIBRIUM FUEL CYCLE

We will assume that 5 for both plutonium-239 and
uranium-235 are the same and ignore for the moment
plutonium-240 after formation.

Suppose that, initially, a reactor has enrichment E
and, that when the equilibrium fuel cycle (Fig. 1) is
reached, the plutonium content is such that the aver-
age enrichment of uranium in the pile is E:

Suppose the conversion factor is C':

If the quantity of plutonium in the reactor is to
remain constant, then :

EC 4+ (E — E)YC = (E — E)

Hence: E=E1-20)

We must now consider Pu?4® and its fissile off-
spring Pu?4!, We will assume that 5 for Pu?*! is the
same as for U2, In this case we may consider Pu?°
and Pu?%! as replacing an appropriate number of
U238 and fissile atoms. A little reflection will show
that for each neutron absorbed in U238 q neutrons are
absorbed in Pu?‘®, Hence the amount of U238 in the
reactor at equilibrium is less by 1/(1 4 &) than
assumed above.

Hence: E=E(l —C) (1+a)

We have then that the average U level in the
equilibrium fuel state depends: (1) on the initial
enrichment required to start the system; (2) on the
amount by which the conversion factor is less than
unity; and (3) on the factor (1 4 a) which is a
property of Pu?3® and will depend on the effective
spectrum in the reactor,

Now a reactor can be fueled in the equilibrium
state with natural uranium if E<1. The very im-
portant result is obtained therefore that a reactor,
requiring an initial enrichment E, can be operated
on a feed of natural uranium subsequently, if E(1 4
a)(1 — ) <1. Tt is clearly possible, even, to
operate on a feed of moderately depleted uranium, if
E<1.

These simple arguments ignore fission-product
poisoning, Pu?#, and the radioactive decay of Pu?¢',
However, it is believed that the result will not be
improved substantially without very detailed analysis
involving such problems as plutonium resonances, fine
structure in the lattice, exact values of nuclear con-
stants, design of reactor, distribution of neutron flux
and processing losses.

URANIUM REJECT CONCENTRATION

Assuming the equilibrium state has been reached,
the reactor may be regarded as a box with constant
neutron flux, a steady input (say, m gm/sec) of
natural uranium and the same output of depleted
uranium plus fission products. The uranium present
in the hox at any one moment will have had all times
of exposure between ¢t — 0 and ¢ = T where T is the
length of time spent in the reactor and the average
U2 enrichment will be:

T pvagt pva-l
/ me T dt 1 —e
]—‘: = ° =

T o dt
[+]

where pr is the neutron flux in the reactor.

pva, T

The reject level E, = e“pmr

We have the relationship between E and the reject
U2 Jevel E, shown in Fig. 2, and the U238 consumed
is therefore the difference between E, and the feed
level which will normally be that corresponding to
natural uranium (ie., E = 1),
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1.or still have a sizeable net output of plutonium without
reducing the total fraction of U%®® atoms consumed
0.9r- by too large a factor. The effect on the burn-up attain-
0.8}f able can be assessed readily by reducing the conver-
= 8  sion factor by the fraction of the Pu produced which
w 0.7 5 is so diverted.
2 0.6k Z The diversion of plutonium can be made for several
g 8 reasons:
“o5f ps] 1. Tt can be used with natural uranium in lieu of
5 0.4l S slightly enriched uranium from a diffusion plant as a
W &  means of fuelling a new reactor.
a 0.3} Z 2. It can be used in mobile power plants in lieu of
0.2l E  highly enriched uranium.
) g 3. It can be converted to U2* in a power reactor,
0a} &  so as to provide make-up, in case a thorium-U233 fuel
is used in a reactor where the over-all conversion is

| 1 1 1 A 1
0 01 0.2 0.3 0.4 05 0.8 0.7 0.8 0.9 1.0
EQUILIBRIUM LEVEL (E)

Figure 2. Reject U™ level E, vs equilibrium level E
- -pva,T .

In general ¢ *" will be much less than 1 and
IZ, will be approximately
1

1
e F—, EI+o0 O

U*S CONSUMPTION
Each U*% atom consumed produces C atoms of
Pu* from U*3, If all the Pu remains in the system
it must be burned on the assumptions made carlier

to produce C2 ctc. so that the ultimate 173 consumed
must bhe

CHCF 4 = <=
atoms of U per U destroyed.

Combining this with the U consumption we are
able to deduce the proportion of natural uranium con-
sumable in a reactor designed to start with a ura-
nium fuel, enriched by a factor I:, and giving a con-
version factor C. Figure 3 shows this for a range of
values of ££ from 1 to 3, and C from 0.3 to 0.9 with
the cquivalent scale of heat output in Mwd tonne of
natural uranium throughput.

EFFECT OF INITIAL ENRICHMENT

It will be apparent from the treatment above that,
apart from the initial fuel cost, the need to enrich a
reactor fuel is not necessarily a drawback. For ex-
ample, one may compare a system needing a natural
uranium charge initially to give a conversion factor
of 0.8 with systems designed to use two-fold enrich-
ment and a conversion factor of 0.9. The total burn-
up of the natural uranium feed would be the same.

Figure 3 shows, for example, that an initial enrich-
ment K << 3 may well be tolerable if C > 0.8.

DIVERSION OF PLUTONIUM
It is an interesting fact that a reactor requiring
initial enrichment and then converted to an “equilib-
rium” fuel cycle with a feed of natural uranium may

less than unity.
4. It can be used directly or converted to U283 in a
power reactor so as to start off a thorium fuel cycle.
5. It can be used to fuel a new fast reactor.

PROBLEMS OF RECYCLING PLUTONIUM

Since achievement of high burn-up of natural
uranium necessarily involves some plutonium recycl-
ing, it is desirable to point out some of the difficulties.
Firstly there is a problem of reinserting plutonium
cither mixed with the natural uranium feed, in which
case fuel element fabrication must be under alpha-
active conditions, or separately when a low neutron
absorber must be used as diluent for the plutonium,
and a rapid fall off of heat production in plutonium
fuel clements must he allowed for during their life.

TONNES
8 r 64,000 250
U g 1 56,000 - 285

g

- 333

o
Ll
>

o

PER CENT OF NATURAL URANIUM FEED CONSUMED

8
HEAT OUTPUT IN MWD/ TONNE NATURAL URANIUM THROUGHOUT
ANNUAL URANIUM THROUGHPUT FOR 20,000 MW (E) INSTALLED
(i.e. to replace 35 million tons of coal)

aF L 500
st | 24,000 - 667
2 ) 16,000 - 1,000
1fF 8,000 2,000

0.1 02 03 04 0.5 06 0.7 0.8 09 1.0
CONVERSION FACTOR

Figure 3. Natural vranium fuel requirement
vs conversion factor
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It should be noted that it is not necessary to process
the natural uranium fed to a reactor on the equilib-
rium cycle shown in Fig. 1, until the uranium is
rejected finally unless metallurgical considerations
make it essential. Whether fission product poisoning
would make earlier processing worth-while, econom-
ically, remains to be settled.

Finally, the dependence of plutonium absorption
cross-section on neutron energy in the thermal region
is such as to lead to positive temperature coefficients
of reactivity in respect of moderator temperature (as-
suming no compensating density changes).

REJECTION OF FINAL PLUTONIUM

An alternative method of operating an “equilib-
rium fuel cycle” is to reject the plutonium left in the
uranium fuel elements when they are removed from
the pile. In this case, it will be necessary to have a
feed of U?3 from a diffusion plant to make up for
the Pu rejected. Since diffusion plants make no use of
1J238 and extract only a proportion of the U2, the
over-all utilisation of uranium by reactor and dif-
fusion plant will be much less than if the plutonium
is recycled.

POSSIBLE POWER-PRODUCING REACTORS

Immediatcly after the war some consideration was
given in the United Kingdom to natural uranium
power reactors as a result of which the gas-cooled
graphite moderated systems were considercd in 1947.
However, as it was not possible to consider a reactor
of this type for power gencration at that time, a small
long-range effort was directed rather into systems
which at the very least could be sclf-maintaining in
fissile material. A fuel cycle based on the use of tho-
rium was believed to be possible with thermal reactors,
whilst a fuel cycle based on the use of uranium-238
was believed to require development of a fast reactor.
Tt was considered essential to achieve high ratings to
avoid the necessity of a large initial supply of fissile
material or a large capital investment of fertile mate-
rial (i.e., thorium or U238),

About 1950 as effort became available and as the
supply of uranium did not seem likely to present such
a serious problem as had originally been thought, at-
tention was directed strongly to natural or slightly
enriched uranium systems. As far as was known, only
four atoms could be used as moderating elements.

Of these, light hydrogen seemed most likely to be
used in the form of water though molten caustic soda
and organic liquids were considered as alternatives.

Heavy hydrogen seemed likely to be used as heavy
water only. There seemed no reason to consider
heavy caustic soda (NaOD) whilst the preparation of
heavy hydrogen organic liquids seemed likely to be
too expensive bearing in mind their short life in the
reactor due to radiation destruction.

Beryllium seemed likely as metal or oxide.

Carbon would presumably be used in some form
of graphite.

As regards coolants, there appeared to be gascs,
hydrogen containing liquids and sodium. Other mol-
ten metals were considered a long term possibility
only. The same applied to fluidization techniques or
homogeneous reactors.

The following table was drawn up to indicate likely
short term possibilities.

Moderating atom : Be C D H

Coolant: Gas 1 5 9 13
DO 2 6 10 14

H;O (or alternative liquid) 3 7 11 15

Na 4 8 12 16

Beryllium and beryllia are comparatively inert
chemically and resistant to high temperature and
radiation. However, the cost of Be and BeO is such
that high rating and thermodynamic efficiency are
essential to make them economically acceptable in
power reactors and so system 4 was preferred to
systems 2 and 3. It seemed doubtful if adequate
space could be found for gas cooling due to the small
lattice pitch, but system 1 was not ruled out entirely.

The high temperature possibilities associated with
gas and sodium cooling make systems 5 and K pre-
ferred for the graphite moderated systems. The
possibility of using a gas turbine has been borne
in mind cither directly in system 5 or indirectly in
system 8.

With water as a moderator, gas-cooling may have
some attractions, but maximum permissible heat
ratings seemed unlikely to approach those of systems
10 and 15, which represent a simpler engineering
approach. There seemed little in favour of 11 or 14,
whilst safety considerations did not favour 12 and
16. The use of an organic liquid or molten caustic
soda could he considercd in systems 15 and 16.

While these arguments were purely qualitative and
applicd only to the more immediate heterogeneous
reactor for large power stations, they served to nar-
row the large field of possibilities for a first survey.

A further narrowing of early candidates for the
UK reactor programme followed.

There seemed no advantages in pushing forward
immediately on beryllium or beryllia.

The UK had no large scale heavy-water produc-
tion programme. Also it saw little point in hurrying
forward until a cheaper manufacturing process could
be obtained bearing in mind that necarly 1 ton of
water is needed in a pressurised heavy water moder-
ated and cooled power reactor for each installed
megawatt of electrical capacity.

One was then left firstly with gas cooled graphite
reactors which had the great advantage that they
could be designed so that they needed no initial en-
richment. Sodium cooling could be an important
development as a subsequent step.

Secondly it seemed clear one should develop a
light water moderated and cooled reactor if reactor
physics studies confirmed the theoretical predictions
that such reactors had a good neutron economy. A
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further corollary was that the use of an organic
liquid as moderator should also be considered but
serious consideration was not given to molten caus-
tic soda.

DESIGN FOR NEUTRON ECONOMY

The accident of nature by which it is possible to
make a reactor work with natural uranium and the
high cost of making fissile material has led to a tend-
ency to assume that it is a good thing economically
to design reactors to use natural uranium. This may
result in an unnecessary loss of neutrons in the mod-
erator, or by leakage from the surface of the system
in such a way that the neutrons cannot be absorbed
usefully. Neutrons have an economic value since they
can be used to convert thorium or uranium-238 into
nuclear fuels. For this reason it may pay to design
reactors so that these neutrons are not lost even if the
reactor system must then use an enriched fuel. Re-
ducing the lattice pitch of a graphite reactor is a clear
example of this. In this case neutrons otherwise lost
in the moderator go into U238, However, due to an
increase in neutrons captured by resonance absorp-
tion, the conversion factor becomes so high that the
reactor may not go critical unless the proportion of
U288 to U is decrcased. A further point is that fast
fission of 1238 can lead to a useful gain of neutrons,
if there is a closely spaced lattice, but the effect is
unfortunately much less with thorium. This sort of
consideration is what is meant in this paper by neu-
tron economy.

It is obvious that the aim should be to reduce para-
sitic absorption by appropriate selection of low cross-
section moderators, canning materials, coolants and
by reductions in the quantities of these materials to
the minimum compatible with engineering require-
ments. Low leakage of neutrons leads one to build as
large a systcm as economic considerations permit.
For a given size of system the neutron leakage will
tend to decrease as the moderator-uranium ratio is
decreased, reach some minimum value, then increase
again. Also, as moderator-uranium ratio decreases the
capture in U238 increases with respect to U2 and
some compromise has to be made between the con-
version factor and the degree of enrichment required
to start the reactor. Further studies on the use of
plutonium as a means of enrichment may lead to
important modifications of these statements at a later
date.

CONVERSION FACTORS ATTAINABLE

There is no definite indication at present of one
of the selected systems above yielding a better con-
version factor than another. All seem capable of
achieving a conversion factor of 0.9 initially pro-
vided enriched uranium is used in the fucl. How-
ever, long irradiation of uranium and the formation

of plutonium such as was indicated in the discussion
above may lead to a reduction in conversion factor
due to fission product poisons or perhaps fewer
neutrons being available per fissile nucleus destroyed,
but information on this point is still inadequate to
be precise.

A more precise estimate of effective conversion
factor in a practical case is governed by economic
considerations associated with engineering design
and the loss of fissile material in processing plants.

USE OF THORIUM

It seems likely that the conversion factor of a
thermal reactor using the thorium-UZ?* fuel cycle will
be significantly greater than that for a fuel cycle based
on U2, Pu and U2, In consequence, one may ex-
pect that the large heterogeneous reactor may be self-
maintaining when operating on thorium or at any
rate nearly so. However, even if there is a negative
gain factor it may still be economic to use thorium
by having a continuous feed of Pu or U?¥® and re-
jecting uranium at a higher U2 concentration than
would be the case on an equilibrium fuel cycle. Some
speculative data are given in another paper to the
conference! and whilst no precise conclusion has been
reached it looks as though a negative gain factor of
cven 20% could be tolerated.

The important point, however, is that the eco-
nomic dividing line between using thorium, and not
using it, is not that associated with the thorium-U3233
fuel cycle being self-maintaining,

FUTURE DEVELOPMENTS

Future high output reactor developments scem
likely to be associated with two distinct types of sys-
tem. On the one hand there is a thermal or near-ther-
mal reactor in which the fuel is used in some form
of homogeneous or semi-homogeneous arrangement.
It seems likely that chemical and metallurgical con-
siderations as well as nuclear ones will favour the
thorium-U232 fuel cycle and that such a reactor will
be about self-maintaining in fissile material.

The alternative route is the fast or slightly moder-
ated fast reactor which can lead to very high gain
factors using the plutonium-U28 fuel cycle, and a
rather lower one using the thorium-U3233 cycle. In both
cases some sacrifice of gain factor is likely to ease
engincering and processing problems and result in a
more economic system.,
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Survey of Fuel Cycles and Reactor Types

By Alvin M. Weinberg,* USA

The development of nuclear power and of fossil
hydrocarbon fuel both have this in common: there
are a variety of possible fuels, a variety of devices in
which they can be burned, and a variety of uses to
which the energy can be put. Because the develop-
ment of hydrocarbon fuel utilization has been so
gradual, it has hardly been necessary or even rele-
vant to consider the comparative merits of coal, oil.
or natural gas. Each is used where it is available; and
practical, economic considerations determine the rela-
tive usefulness of the fuels in cach situation,

Eventually, this will be the case with nuclear en-
ergy. Both raw materials, Th and U, will be used;
questions of relative advantage will be settled by
expericnce. Because the nuclear fuels are so much
less bulky than fossil fuels, it is unlikely in the long
run that one fuel will prevail over another simply
because of local availability.

In the initial period, since a start must be made
somewhere, it is worth-while to compare the two
nuclear raw materials. This comparison will be
based on the nuclear characteristics and on the im-
plied engineering characteristics of systems based
on U and on Th.

For countries which possess no diffusion plant {a-
cilities for re-enriching slightly used fuel, the problem
of which system to start with is automatically an-
swered : natural uranium must be the raw material.
But this is a temporary situation. The plutonium pro-
duced in the natural U reactor will be burned in en-
riched reactors, and it soon hecomes a question
whether to use the excess neutrons to manufacture
U233 or to manufacture more Pu*¥®, It will be my
purpose to indicate some of the issues which deter-
mine this choice.

RAW MATERIALS

The total amount of Th in the lithosphere scems to
be three times as great as the total amount of urani-
um.! Thorium exists only in the 44 valence state;
almost all of its salts are insoluble, Uranium is ordi-
narily oxidized to the generally more soluble U®+,
As a result, relatively little of the earth’s Th has been
leached out of the original igneous rocks, while larger
amounts of U% have been washed out of these rocks.
Thus, although there may be more Th on earth, there
is some informed opinion that workable deposits of

*Qak Ridge National l.aboratory.
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Th may be less common than workable deposits of
uranium.

The average Th content of the lithosphere is
estimated to be 10 grams per ton. The electrical en-
ergy content at 25% thermal efficiency, and assum-
ing complete burning, of 10 grams of Th, is about
60,000 kilowatt-hours. If the allowable fuel cost, ex-
clusive of chemical processing. as 1 mill per kilo-
watt-hour, then the thorium in each ton of rock
would be worth $60, while the uranium is worth $20!

NUCLEAR CONSIDERATIONS

Neutron economy, i.e., conversion efficiency from
one fissionable isotope into another, is important
for both the highly enriched breeders and the slightly
or un-enriched converters. The importance of neu-
tron cconomy in the breeders is obvious. In the con-
verters, especially the heterogencous converters, the
main economic question centers around fuel burn-up:
how long can the fuel element run without requiring
reprocessing? It is usually considered that this re-
quires 0.3% of all the atoms in the fuel element be
burned before reprocessing; this amounts to a fuel
cost of about 1 mill per kilowatt hour if fabricated
fuel costs $25 per kilogram. As the reactor converts
one kind of fissionable material into another, its re-
activity may rise or fall depending on a sensitive bal-
ance between the nuclear properties of the various
fissionable isotopes and the fission product poisons.

Number of Neutrons Produced in Neutron Reactions

The most important nuclear quantities in deter-
mining the long-term usefulness of a nuclear fuel are
v, the number of neutrons per fission, and », the num-
ber of neutrons produced per neutron absorbed. The
values of v, y and a (the ratio of capture to fission) at
thermal energy and high energies for the fissionable
isotopes are summarized in Table I. The values of a
are taken from boron-filtered measurements done at
Knolls Atomic Power Laboratory, with theorctical
interpolation between 10* and 2 X 10% volts. It is
seen that the non-fission capture probability decreases
as energy increases, but that it does not become ex-
tremely small in either U2%% or Pu until about 5 )X 108
volts. At this energy v and 5 are almost equal.

Of the fissionable isotopes, Pu is seen to have the
highest » but the lowest thermal 5, U233 a lower v but
the highest thermal 4. Since the theoretical breeding
gain is 9 — 2, the table shows that the U233-Th cycle
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is the better possibility for thermal breeding, while
the Pu®9-U cycle is the better possibility for fast
neutron breeding. The possible improvement in
7(U?3) by going from thermal to high energy,— i.e.,
the difference between the thermal 5 and v is only
ahout 10%, while in Pu it is almost 40%. Thus rela-
tively little neutron economy advantage is to be gained
in going to a fast breeder in the U233-Th cycle ; much
more is gained in the Pu?3*°-U cycle.

What has been said so far ignores the possibility
of the fast fission contributions in U%® and Th?32. The
fast effect in the U238 system with fission neutrons
is estimated to be ahout five times as large as in the
Th system. In a heterogeneous, very closely packed
lattice of natural or slightly enriched U it is estimated
that this might increase the effective number of neu-
trons produced per Pu?®® or U2?% atom destroyed by
as much as 10% ; in the corresponding U233-Th sys-
tem this would be only about 2%. Thus for very
closely packed heterogeneous systems the neutron
economy of the Pu?3*-U23% gystem may be about as
good as in the U*38-Th system.

Table I. Valuve of v, %, and «

7238 {2 P
P 284 246 288
7 (thermal) 2.31 2.08 2.03
@ =" _1(thermal)  0.098 0.184 042

oy n

a (100c¢v) ~ .52 ~ 72
a (1000(‘V) ~ 48 ~ .60
a (10,000 ev) ~ .35 ~ 43
a (100,000 cv) ~ .13 ~ 18
a (500,000 ev) ~< 01 ~< 01

The situation is less clear in the resonance region.
Measurements of a for Pu®¥ are reported in papers
in Session 18A. The results are tabulated in Table T.
It is seen there that the »(Pu?3®) drops disastrously
immediately above thermal energy, and that even as
high as 100 kev it is still significantly below the very
fast neutron value of — 2.88. Less is known about
U2, the initial measurements show »(233) to be
pretty constant immediately above thermal energy.

The energy referred to is of course the neutron
energy; in a thermal, moderated reactor this would
mean essentially the temperature of the moderator.
In a reactor like the Pressurized Water Reactor or
the Aqueous Homogeneous Reactor in which the
moderator runs at 250°C, the value of 5(Pu?3?) will
have dropped well below 2; thus even with a high
fast effect the likelihood of achieving a self-sustaining
breeding cycle in such a system appears remote. Of
course this might be improved, at the expense of
engineering complication, by separating the moder-
ator and cooling water. If the moderator were kept
cool, the neutron temperature might be low enough
to allow a relatively high 5 in the U?38-Pu system.

Fission Product Poisoning

The economics of all power breeder reactors is very
strongly influenced by the frequency of chemical re-
cycling. In heterogeneous reactors this may well be
determined by radiation damage to fuel elements.
Should fuel elements be developed which can sustain
very high burn-ups, then the limiting factor becomes
the neutron loss to the fission products and to the
higher isotopes. The fission product losses in the res-
onance, fast, and thermal regions and to the higher
isotopes like P’a%33 or Pu?'® will be discussed sepa-
rately.

A. Resonance Region

IL. P. Wigner has made the following estjmate of
the poisoning due to fission products in the reso-
nance region. On the assumption that the reduced
neutron width is proportional to the level spacing, it
is possible to arrive at a definite expression for the
average absorption cross section of a nucleus in the
non-thermal region. If we measure the energy E, the
radiation width T,, and the level distance D in elec-
tron volts, the average capture cross section in harns
hecomes :

1800 f I, ( ‘
o= —-__ - T — 1 +
VE I'h+4+44X10'fDVE
A3 F
107 ) barns (1)

where f is the ratio between reduced neutron width
T/ V' E and level spacing, i.e.,

B 4axio 'f
D VE

and A is the mass number. The 4%3 term in (1)
takes care, approximately, of the higher angular mo-
menta. A similar formula should hold for the fission
cross section with the fission width I'; replacing I.

Recent data of Carter, Harvey, Hughes, and Pil-
cher? show that for nuclei in the light fragment group,
f lies between 0.05 and 0.2; for the heavy fragments
f is about twice as large, although the fluctuations in f
are quite irregular. The radiation width is about 0.15
volt for the light fission fragments, about 0.1 volt for
the heavy ones. These values are still uncertain by at
least 50% ; nevertheless they may be used to indicate
the general character of the fission product poisoning.

According to (1) the average cross section is first
proportional to 1/4/E and should, in this region,
have nearly the same value for every element. At a
higher energy, when the second term in the denom-
inator becomes larger than the first, the cross section
should decrease as 1/E; finally at very high energy
(1 Mev) the average absorption cross section ap-
proaches the constant value

e ~ 0.4 A*3T,/D (2)
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The fission width is considerably greater than the
radiation width; for this reason the fission cross sec-
tion does not show the same strong 1/E high reso-
nance region dependence.

The 1/E dependence of the fission product absorp-
tion sets in where T, and the neutron width T, =
4.4 X 10 f D 4/E become equal. For the light frag-
ments, for which D ~ 100 ev, this would occur at
about 400 ev, while for the heavy fragments, D ~ 10
ev, this occurs around 3000 ev. Of course these values
are very rough, especially since many of the fission
products are magic or near magic nuclei; for these D
is larger, and the 1/E region sets in at even lower
values. Nevertheless, this crude calculation indicates
that fission product poisoning in a resonance reactor
is less important ahove a few kilovolts than below
this energy.

Unfortunately the available information on « in this
low resonance rcgion is not very encouraging. Fx-
periments summarized in Table T show that  in Pu?3®
probably does not exceed 2 at around 10 kilovolts
and is significantly less than 2 below 10 kilovolts.

Calculations of the average cross sections of light
(A = 100) and heavy (A = 140) fission products,
based on (1) are summarized in Table I1. The column
labeled o, (U%3%) is an average valuc of the fission
cross section of U3 at the indicated energy. The last
column, labeled (@a, + 7a,) /oris the ratio of the
sum of light and heavy fission product cross scctions
computed by (1) to the fission cross section of U2,
Tt is this ratio which is a measure of the seriousness
of the fission product poisoning in a resonance re-
actor.

Table Il. Average Resonance Capture Cross-Sections
E  Gay (A=100) day (A=140) o, (U™) -
ev barns barns ___harns gay, -+ day ap
10° 20 60 25 3.2
10* 37 14 7 2.6
10* 5 2.6 3.8 0.8
10° .07 4 1.8 .26
10° 019 14 1.3 12

Parameters: For .4 = 100, f = 0.17, T,=0.15¢ev, D=100ev
For A = 140, f = 04 ,1I',—=0.10ev, D=10 ev

The resonance poisoning according to the Table TT
is very serious below 10 kev. For example, at 10 kev,
if 10% of the fuel is burned the fission products
poison cross section would amount to 8% of the
fuel cross section.

Thus the outlook for a high burnup resonance
reactor, let alone a resonance breeder, is fairly poor
unless the fission products are removed rapidly or
the spectrum is kept high.

The situation is better above 10 kev : here the 1/E,

rather than 1/ VE, fission product cross section varia-
tion is well established, while the fission cross section
falls much more slowly. Thus at 10% cv the fission
product poisons are only one-third as important as
they are at 10 ev.

It should be stressed that the above estimates are
based on average parameters in which there is con-
siderable uncertainty. For example, the data are also
consistent with a value of f for the light fragments
only one-half the value used here. This would make
the light fragment poisoning less important, but
since the heavy fragments cause most of the poison-
ing anyhow, this does not change our general con-
clusions.

B. Fast Region

In the very fast region the asymptotic formula (2)
gives for the light fission product absorption cross
sections about 12 mb and about 100 mb for the heavier
fragments. These values are based on the same par-
ameters as were used for the resonance calculation.
Hence per fission there will be produced about 110
mb of poison in a fast reactor. The fission cross sec-
tions of U?3* and Pu??® for fast neutrons are abhout
2 harns.

Now consider a very fast reactor which runs at a
specific power of 1000 kilowatts per kilogram so that
0.19% of the fissionable material is burned each day.
The ratio of fission product poison cross section to
fission cross section increases at the rate of 0.1 X
102 % 0.11/2 = 0.6 X 10-* per day. The fission
product poison would amount to 0.6% in 100 days.
This is hardly serious since by this time 10% of the
fissionable material would he destroyed and radiation
damage to fuel clements would probably require puri-
fication and refabrication.

The estimate just given refers to an ideal fast re-
actor in which the fission spectrum has not heen de-
graded. Tn any actual fast reactor, because of inelastic
scattering the bulk of the fissions are likely to occur
at energy hetween 10° and 5 X 105 ev. In this energy
range the fission product poisoning will be more seri-
ous. According to Table II, each fission product pair
will have a cross section which is about 0.2 of the fis-
sion cross section. Thus the poisoning in 100 days, in
the above example, would amount to about 2%.

C. Thermal Region

The fast and resonance fission product absorption
can be estimated statistically on the basis of a simple
formula like (1). Moreover the cross sections are
hardly expected to change as the fission product
decay chain is traversed, and so the poisoning in
these cases is not expected to depend on the age of
the fission products. The thermal fission product
cross sections, on the other hand, are not amenable
to such theoretical treatment; they can be obtained
only from available experimental data. In addition,
since the thermal absorption cross sections of adja-
cent nuclides may be grossly different, the poisoning
effect will depend sensitively on the fission product
age.

The thermal fission product poisons may be divided
into three groups. Group I comprises the rare gases,
almost entirely Xe'®5, which in a homogeneous re-
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actor can be removed continuously. The equilibrium
loss to Xe'3 is essentially its fission yield divided by
1 + a; this is about 6% in both the U235 and U238
systems. The equilibrium loss is realized when the
rate of destruction caused by neutron absorption is
large compared with the natural decay rate. This oc-
curs at flux levels substantially above 3 X 1013,

Group II comprises those non-gaseous stable fission
products having cross sections greater than 1000
barns, which reach equilibrium in a few days. All of
these fission products are rare earths except Cd!!3,
The poisoning by these fission products is also given
by their total fission yields divided by 1 4 a. In U233
the Group II poisons contribute about 0.77%, in U288
about 1.5%.

Group III comprises all of the remaining stable and
unstable fission products for which cross section data
are available. In U*38 Group III fission products have
a yield of 126% out of a possible 2009, in U235 a
yicld of 144%, in Pu®® a yield of 134%. The cross
scctions of these fission products are time dependent.

Thirteen isotopes, with a total yield of about 45%,
account for almost all of the Group ITI poisons. Thesc
are, with their cross sections, Nd"# (240 b), Tc
(100 b), Sr¥ (110 b), Cs'¥ (20 b), 131 (600 b,
8-day half-life), Nd“® (50 b), Rh'%3 (149 1), Cs'#5
(15 b), Mo (13 b), Pm™7 (60 1), Pri4t (13 b),
La'3 (8 b), Eu'™ (400 b), Sm!%2 (135 h).

The total average cross sections of the Group TTI
fission products as a function of irradiation time at a
flux level of 3.2 X 10" have been computed by E. D.
Arnold of the Oak Ridge National Iaboratory and
arc given in Fig. 1. The cross sections of Group IIT
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Figure 1. Effect of irradiation time on group-3 fission product poisons B
in U™ and U™ systems at flux level of 3.2 X 10™ neutrons/cm>sec

initially are about ¢ = 40 barns per fission for U235,
about 32 barns per fission for U233; after 110 days at
3.2 X 10 flux these values fall to about 16 barns
per fission and 12 barns per fission, respectively. For
Pu*¥ a compilation of K. Way and Nancy Dismuke
gives an initial cross section of 44 barns, and the long-
term value is about 18 barns per fission. Most of the
fission products of Group III have such low cross
sections that they do not saturate; hence the average
poison cross section per fission of most of the stable
isotopes in the group is independent of irradiation
time. On the other hand, I'3! and Sr®® have relatively
short half-lives and do saturate. Almost all of the
deviations from constancy in Fig. 1 at low irradiation
time are attributable to these two nuclides. For prac-
tical calculations a constant fission product loss of
18 barns per fission in U233, 16 barns per fission in
U235, can be used with good accuracy except at very
short irradiation times.

The Group ITI fission products are of some signifi-
cance in any high burnup thermal reactor. For ex-
ample, in an MTR or homogencous-type reactor
operating at specific power of 10,000 kilowatts per
kilogram, the fission product poisons would reduce
the conversion ratio by roughly 3 X 10 per day. In
a natural uranium reactor the reduction in thermal
utilization caused by Group I1I fission product poisons
by the time the reactor has burned 0.3% of the orig-
inal atoms—i.e., 50% of the original U*3—would be
about 0.8%. This loss increases roughly linearly with
time and becomes 2.5% by the time 1% of all the
atoms have been burned.

Of course there are many unknown cross scctions
left out in estimating the Group LI fission product
effects, although it is usually believed that the missing
cross sections are unknown precisely because they are
either small or belong to short half-lived or low-yield
nuclides, in which case they would not be important
poisons.

It is interesting to note that the ratio of fission cross
section to Group III fission product cross section is,
asymptotically, about 30 in a thermal U232 or U235
reactor. This is a little larger than the ratio of about
20 which prevails in a very fast reactor. Thus the
Group 1II fission products are hardly as serious in a
thermal as in a fast reactor, and are much less serious
than in the low resonance energy reactors. Of course
in the thermal systems the loss to the Group I and IT
fission products must be added hut these losses satu-
rate quickly.

HEAVY ISOTOPE LOSSES

In addition to the fission product poisons, there
are built up in the reactor heavy intermediate iso-
topes which often are serious poisons. The most
important known slow neutron capture cross sec-
tions are summarized in Table III.

The relative importance of the heavy isotope poisons
depends on the reactor system. In the thermal Th-U
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Table . Important Thermal Neutron Capture
Cross-Sections
Isotope oc barns
Pa* ~150
U= 92
U= 6
Np" ~ 80
Py*° 510

system, Pa?® with a capture cross section of more
than 100 barns is the most serious poison. It is par-
ticularly troublesome since capture in Pa2 removes
2 neutrons from the breeding cycle—one being the
neutron which formed the Pa?¥8, the other the neutron
captured by the Pa?33,

Since Pa?3 has a 27-day half-life, the loss due to
Pa?3 capture can he kept low by keeping the Pa
always in a relatively low flux. Thus at 2 X 103 flux
the Pa half-life against capturc is 100 times as long
as its half-life against decay, while at 2 X 10'% the
two half-lives are about equal. In the former case the
Pa loss will be negligible; in the latter, fully half of
the bred U3 will be destroyed by ncutron capture
in Pa,

In the thermal, natural, or slightly enriched ura-
nium systems it is the higher isotopes of U and of Pu
which are most important. Since the thermal fission
cross section of Pu®? (~ 800 b) is considerably
larger than the fission cross section of U233, the tend-
ency initially in thermal converters is for the reac-
tivity to increase as the U is replaced by Pu?®,
With further irradiation the strongly poisoning Pa24®
grows in; this, along with the accumulation of fission
products, U23% and burnup of the Pu®? itsclf, has the
effect of reducing the reactivity at long irradiation
times,

The relative gain conferred by the growth of the
Pu®3® depends upon the conversion ratio: the higher
the conversion ratio, the more pronounced will be the
initial reactivity gain. The conversion ratio is usually
lower in slightly enriched reactors than it is in natural
uranium reactors. Thus the engineering flexibility
made possible by using slightly enriched instead of
natural uranium tends to be balanced by the lower
burn-ups which, in general, are possible with the lower
conversion ratio, slightly enriched systems.

While the situation is too complicated to summar-
ize in detail, it appears likely that reactivity losses
would not make burnups of 3000 megawatt days per
ton impossible in many thermal reactor systems.

In general, the rate of manufacture of heavy iso-
topes and the consequent poisoning due to them is
proportional to a, the capture-to-fission ratio. Since a
is so small in the very fast reactors, heavy isotope
buildup in these should be less important than in
thermal reactors. In the resonance systems, character-
ized by very large a, heavy isotope buildup will he
much more serious. An estimate of the average reso-
nance cross sections of the heavy isotopes can be made

from equation (1). The heavy isotopes are character-
ized by fairly small D, small T, and fairly large f.
Taking, for example, D = 10 ev, I, = 0.03 ev, f =
0.4, it is found that the average heavy isotope cross
section is about equal to that of the heavy fission
fragment cross sections. Thus as far as poisoning is
concerned the heavy isotopes may be included with
the heavy fission fragments, and their “fission” yield
is of the order a/(1 4 a). Thus for a ~ 14, value
characterizing the low resonance energy reactors, the
heavy isotopes add about 30% to the poisoning due
to the heavy fission fragments.

SUMMARY OF NUCLEAR CHARACTERISTICS

We can summarize the nuclear situation very
briefly in the following statements :

1. Thermal breeding in the U2?33-Th cycle has a
fairly good outlook, with breeding gains of 109% to
15% probably being achievable.

2. The homogencous hreeder is not subject to the
6% Xe!3 poison loss; if fission products can be re-
moved continuously, the fission product loss would be
further reduced.

3. Fast breeding in the Pu?3-U cycle has a good
outlook ; breeding gains of 0.5 ought to be achievable.
To achieve this, however, the spectrum must be kept
well ahove 0.1 Mev.

4. Fast breeding in the U233-Th cycle, while pos-
sible, has little nuclear advantage over the slow
U233_Th cycle.

5. The probability of successful breeding in the
resonance region is low, although not enough is
known about » in this region to be certain of this.
Fission product poisoning is worst in the low reso-
nance region.

6. Reactivity losses are probably tolerable at burn-
ups of 3000 megawatt days per ton in natural or
slightly enriched uranium systems if the design is
such as to give a large initial conversion ratio.

ENGINEERING CONSIDERATIONS

The enormous difficulty of choosing a proper path
for reactor development is easily seen by estimating
the number of conceivable reactor types. In Table IV
are listed some of the choices which are more or
less at the disposal of the reactor designer.

Table IV by no means lists all possible choices ; yet,
the total number of combinations in Table IV is 3 X
2 X 3 X 5X 2 X 5 =900 possible rcactors! Of
course not all of these are sensible ; for example, a fast
reactor could hardly be cooled with H;O. Even so,
there are probably at least 100 combinations which
are not obviously unfeasible. The central issue in re-
actor development is to trace out of this welter of
possibilities the dozen or so which are most likely to
succeed.

Fortunately, the nuclear considerations already out-
lined greatly reduce the number of possibilities. The
slow neutron breeding cycle almost certainly requires
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Table IV. Choices to Be Made in Reactor Design

Fertile
Fuel material Neutron energy Coolant Geometry Modcrator
g= Th Fast Gas Heterogeneous H.0
U= U Resonance Liquid Metal Homogeneous D0
Pu®™ Slow H,0 Be
DO BeO
Hydrocarbons C
etc. etc.

U233.Th; the fast neutron cycle can use either U%38-Th
or Pu?3.U, but the latter has the nuclear advantage.

There are a few general principles which can be
used to reduce further the number of possibilities.
These will now be discussed, though not necessarily
in order of importance.

Material Efficiency and Thermal Efficiency

If all else is equal, that reactor plant is best which
operates at the highest thermal efficiency. However,
since in cach reactor there is always held up a signifi-
cant amount of expensive material — either fission-
able material or moderator — and this held-up ma-
terial represents a continuing expense, it is also im-
portant to extract as much energy from a given
amount of fuel as possible. The electrical energy ex-
tracted per unit amount of fuel or expensive moder-
ator might be called the “material efficiency.” In a
chain reactor high material cfficiency, as well as high
thermal cfficiency, leads to low over-all power cost.

As an example consider a water-moderated U233-Th
reactor which operates at thermal efficiency of 20%
and fuel efficiency of 10,000 kilowatts per kilogram
of U238 with, say, a liquid metal-cooled fast reactor
which operates at thermal cfficiency of 35% but fuel
efficiency of only 1000 kilowatts per kilogram of
Pu?®, The electrical output in the one casc is 2000
kilowatts per kilogram of U232, in the other case only
350 kilowatts per kilogram. It is quite possible that
such a disparity in material efficiencies could over-
come the economic advantage of the high breeding
gain and high thermal efficicncy in the fast system.

The economic use of very expensive heavy water
finally depends on the extraordinarily high material
efficiencies which it makes possible. For example,
because DO absorbs so few neutrons, a chain re-
action in a solution as dilutc as one-half gram of U233
per liter of D20 is quite possible. By careful attention
to external equipment design a thermal power output
of 20 kilowatts per liter of heavy water or 40,000 kilo-
watts per kilogram of U2 in a heavy water system
is conceivable.

The choice between gas and liquid coolants in
some measure hangs on this issue of material versus
thermal efficiency. For example, the Brookhaven
reactor operates at about 30,000 kilowatts with a
loading of about 100 tons of natural uranium or a-
material efficiency of 300 kilowatts per ton of natural
uranium. With high-pressure water cooling, this

could be increased perhaps ten-fold. Thus, although
the gas-cooled system may ultimately have a higher
thermal efficiency, its material efficiency can hardly
match that of the liquid-cooled systems. This fact
largely accounts for the absence of gas-cooléd sys-
tems in the US reactor development program.

Homogeneous and Heterogeneous Systems

The aqueous homogeneous system represents a
final rationalization of the heterogeneous pressurized
water systems : if the fuel elements are made smaller
and smaller they finally culminate in a dispersion or
solution ; i.e., a homogeneous system.

The advantages of the homogencous systems-—
simple chemical processing, good heat transfer, good
nuclear control—must be weighed against the mani-
festly formidable problem of containing the radio-
activity and the related problem of corrosion. From
the point of view of thermal breeding, U?*-Th homo-
gencous systems have considerable advantage over
the heterogeneous ones. Certainly the 6% Xe loss is
eliminated, and there is a good chance that the re-
maining fission product poisons can he removed be-
fore they become serious. The only nuclear advantage
the heterogeneous systems have is the higher fast
effect. To achieve this, however, requires very close
lattice spacing and high U2 or Th-to-fuel ratio. In
a power reactor like PWR (Pressurized Water Re-
actor) the close packing would make awkward any
attempt to segregate coolant and moderator, and this
would then lead, in the Pu system, to the previously-
mentioned difficulty of low »(Pu?3?) at high tempera-
ture.

The advantage of the heterogeneous system—rel-
atively secure containment of radioactivity—must be
weighed against the likelihood of achieving high
burnup before reprocessing. To see the magnitude of
this problem consider a highly enriched MTR-type
breeder in which a 20% burnup and 25% thermal
efficiency is achieved. For every fissionable atom
burned, five chemical reprocessings are required.
This means that, in order for chemical reprocessing
to add less than 2 mills per kilowatt hour to the cost
of the electricity, a cost of not more than $2.40 per
gram can be allowed for each chemical and metal-
lurgical recycle. As the technology now stands it
seems more likely that the chemical costs will reach
this low value before the metallurgical costs do. It
is basically the belief that the metallurgical costs, if
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not the chemical ones, will always be substantial that
has motivated the whole homogeneous development.

Fast Reactors versus Thermal Reactors

Since both the U233-Th and the Pu?®-U cycles
can be used as bases for a fast neutron breeding cycle,
it may not be obvious why there should be any incen-
tive to develop thermal U233-Th breeders. The main
reason of course is that thermal reactors are intrin-
sically more dilute than are fast reactors; hence the
material efficiency of a thermal reactor will almost
certainly always exceed the material efficiency of a
fast reactor. The example of the MTR-type breeder
compared with the fast breeder points up this. It may
therefore well turn out that U?? will generally be
burned in thermal neutron reactors even though a
somewhat higher breeding gain is attainable in the
fast reactor,

The engineering problems of the fast reactors center
mostly around the fact that any diluent in the reactor
tends to decrease the neutron energy while the high
n(Pu?3?) accrues only if the neutron energy is kept
very high—-of the order of several hundred kilovolts.
Diluents in a fast breeder are of three kinds: struc-
tural material, coolant, and fertile material. Of the
three, the fertile material, having the highest inelastic
cross section, is most important in depressing the
neutron spectrum. Yet there is strong incentive to
have a large proportion of, say, U3 atoms to Pu?3?
atoms since the larger this ratio is, the longer such
a reactor would operate hefore serious radiation dam-
age scts in and reprocessing is required. For example,
in some fast breeders a U238-to-Pu?*® atom ratio of
10:1 is contemplated. If the alloy requires reprocess-
ing after 2% of all its atoms are destroyed, 209% of
the Pu?3® could be burned hefore each recycle. Thus
five chemical and metallurgical recycles are required
to burn one Pu?® atom, and the problem of high re-
processing costs must be faced. Of course the large
breeding gain in the Pu?3®-U238 system tends to offset
the economic cffect of the manifold reprocessings.

In much the same way there is a limit to the
amount of structural and coolant material which the
fast system can tolerate. In all cases the result is that
the fast reactors always suffer from low material
efficiency. Whether this deficiency can be balanced
by the high breeding ratio it is too early to say.

Will one or two reactors emerge as unique choices?
I think every worker in reactor design must have
wondered whether, in the long run, any one reactor
type will emerge as so distinctly superior to the
others that it will render the rest obsolete. The his-
tory of hydrocarbon-burning devices suggests that
the technology will develop a succession of “most
desirable” types: the reciprocating steam engine was
followed by the steam turbine—which may ultimately
be replaced by the gas turbine. Within each class—
say the steam turbine—there has been a tremendous
development and corresponding high rate of obso-

lescence; for example, the heat rate on the most
modern turbines is less than half the heat rate of
turbines only 20 years old.

But the main reason for obsolescence of conven-
tional power generating devices—low thermal ef-
ficiency—will hardly operate to render nuclear power
plants obsolete. Rather nuclear plants ought to he
much more like hydroelectric plants: if they have suf-
ficiently low over-all operating costs, and this is a
sum of costs determined by thermodynamic effi-
ciency, material efficiency, maintenance, etc., then it
is at least not obvious why they should become ob-
solete any more than dams become obsolete.

Thus in trying to choose the most likely lines of
development, the aim will always be to reduce the
operating costs. It is perhaps on this account that in-
genuity in the method of heat removal as, eg.
in the direct boiling scheme, may prove ultimately to
he less significant than ingenuity in fuel handling—
that schemes which aim at low operating costs may
be more important than schemes aimed at low capital
costs.

What I have said refers mostly to the long run.
In the meantime, with highly enriched material some-
thing of a rarity, it is inevitable that power will be
extracted from the natural uranium systems in more
or less conventional reactors. Yet once a reactor is
constructed with natural uranium fuel rods, there
will be strong nuclear incentive, after the first few
loadings with ordinary uranium, to switch to the
U*B-Th cycle. The strong possibility, even in the
heterogeneous system, of making the U233-Th thermal
system self-sustaining will always be an attractive
goal, no matter how plentiful natural uranium may be.
Thus it may not really be relevant to argue whether
breeders ought to be developed as soon as possible.
It seems to me entirely likely that most heterogeneous
power reactors which begin their lives as thermal,
natural U converters will gradually convert to the
U233-Th cycle simply because operation with this fuel
is probably independent of raw material.

In any event certainly two nuclear types, the slow
cycle based on U233-Th and the fast cycle based on
Pu?®-U will become accepted reactor types. Beyond
this—whether the reactors will be homogeneous or
heterogeneous, whether the moderator ultimately will
be D20, Be, C, etc., what the coolant will he——these
are difficult issues whose outcome no one can foresee.
It is of great advantage to our bhudding technology
that it is being pursued—with such little overlapping
—in so many different countries, for only out of such
diversity in effort will come the answer to the ques-
tion: “Which reactor type is best?”
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Discussion

Mr. LLewis (Canada) presented P/4, concluding
with the following remarks:

The practical question as to whether a light water
or a heavy water system would prove cheaper must
be left open, but it seems that for the large power
reactors considered, the heavy water reactor with
recycled fuel promises a very attractively cheap range
of fuel cycles.

I am suggesting that it is entirely reasonable and
quite economically justifiable to utilize 3 per cent of
the energy in uranium and to be satisfied with 25 per
cent thermal to electrical energy conversion.

Because such considerations are unfamiliar and it
is so much easier to seize upon an ideal-—such as 100
per cent burn-up and 100 per cent efficiency—it goes
against our greedy nature to accept this apparently
low objective. I would like, therefore, in closing to
put the case in another way.

To generate 1 megawatt-day of power, the station
I propose consumes 4 gm of uranium and discards
133 gm of U2%, A hydro-electric plant operating with
a 40 meter head of water generating 1 Mwd discards
240,000 tons of water. If this contained 1 part in 10°
of uranium, and few waters contain less than this, it
discards twice as much uranium as the nuclear plant.
I do not want to follow this up to the limit but it is
just an idea.

Again, to generate 1 Mwd by burning coal con-
sumes about 10 tons of coal; a residue of 133 gm
would be only 15 parts per million.

Moreover, this 133 gm of U?3® discarded by the
nuclear power station can be left in a neat stockpile
for use by future generations if they need it.

Mr. J. V. DunwortH (UK) presented P/403 as
follows: The elementary features of breeding with
the U238 plutonium fuel cycle in a fast reactor is de-
scribed in other papers to the Conference and detailed
nuclear data is given therein. Tt seems fairly clear
that the intermediate energy region U2%-plutonium

26

fuel cycle and also the intermediate energy region
U23.U2¥ conversion cycle are of no great interest
and some detailed measurements are given later in
this session in Mr. Weinberg’s paper.

I will go on, therefore, to consider the thermal
fission energy U?®¥ plutonium fuel cycle. The first
point is that, as is well known, this is likely to have
a negative gain factor in any practical system. How-
ever, it is possible to feed fresh fissile material into
the system as natural uranium, and it is possible to
reject U3 as depleted uranium. This results in a
practical fuel cycle with some very curious features.
At present, we do not have all the nuclear data neces-
sary for evaluating this system. In this paper, atten-
tion is drawn to some basic features. In the other
papers, Mr. Lewis of Canada has attempted to bring
out a considerable amount of detail whilst Mr. Wein-
berg has endeavoured, in particular, to estimate the
cffect of fission product poisoning.

The first question, however, is how to commence
the fuel cycle. Now, a nation starting an atomic en-
ergy programme without the help of any other nation
must build either a diffusion plant or a reactor which
can operate with a supply of natural uranium or, of
course, both. If it builds a reactor it must use either
a graphite or heavy water moderator. FFor large heat
output, large amounts of heavy water are required,
and the tendency is to build graphite piles. FFor a high
flux experimental reactor very much less uraniwn is
needed to obtain criticality with a heavy water system
than is the case for a graphite system. Therefore, a
high flux is obtained for a low total power output
with a heavy water system. These simple facts have
conditioned the atomic energy programmes of most
nations to date.

It has long been appreciated that with natural ura-
nium as a starting point, it might become possible to
burn substantial quantities of U238 which occur in it.
The fission of the U228 nuclei directly is possible only
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to a small extent with the fast neutrons available in
reactors, and so the sequence envisaged is by conver-
sion to Pu®%?, with subsequent fission of these nuclei.
The possibility of extracting plutonium from the first
charge and re-inserting with part of the depleted ura-
nium in the second charge was recognized long ago
and became of economic importance when the cost of
extracting and using such plutonium became competi-
tive with the price of U235, It is a matter of historical
interest that there was a British report, No. 7, written
in 1941 on this subject by Mr. Halban and by the
Vice-Chairman of this afternoon’s session, Mr,
Kowarski.

In a suijtably designed reactor, this process eventu-
ally leads to a fuel cycle in which natural uranium
only is supplied, highly depleted uranium is rejected,
and plutonium is recycled through the reactor. This
cycle, with a natural uranium fuel feed, is possible
even if some degree of enrichment is necessary in the
initial fuel charge.

It is of some interest to find the amount of U288
which can be burned and how it depends on initial
enrichment and conversion factors.

Slide 1 (Fig. 1, P/403) shows the fuel cycle. Some
of the reactions involved are:

U8 | .. U289 5 Np23¥ — 5 Py23
Pu?¥® 4 n —— 4 neutrons 4 a Pu?® 4 fission
products

a Pu?tY | o1 —— o Pu?!
(a Pu**! 4 a n) —— a 7 neutrons -4 some
Pu?#? 4 fission products

where 59 refers to Pu?3?, y, refers to Pu?! and where
a is defined by the equations.

U288 captures a neutron, going to Pu?3®. When
Pu?%® absorbs a neutron, roughly one-third of the
atoms undergo capture to Pu?‘ and the other two-
thirds undergo fission. The Pu?4° captures a neutron
to form Pu?4l, A considerable fraction undergoes fis-
sion ; a smaller fraction leads to Pu?42. The latter can
then be destroyed and removed from the system by
the capture of a neutron to give Pu?4® which decays
to Am2#3, If one adds up the number of neutrons in
this cycle, one finds that almost as many are produced
as are consumed. However, allowance must be made
in any practical system for losses of neutrons para-
sitically in the reactor and also from the surface of the
reactor. When allowance is made for this, the cycle,
in fact, has a significant negative gain factor. How-
ever, in the centre of the pile and if there is very little
parasitic absorption, the fuel cycle may be nearly
self-maintaining, but this cannot apply for the system
as a whole.

Reactors containing natural or enriched uranium
are a starting point, and conditions which exist by
recycling plutonium until equilibrium is reached can
be estimated in theory from a knowledge of the effec-
tive cross-sections. Any attempt to do this at present
leads one to extremely detailed and involved mathe-
matics, and in this document I have adopted a highly

simplified approach so as to bring out the main physi-
cal principles.

I am assuming that the reactor has an initial en-
richment E (which is unity, of course) if one is using
a system such as Calder Hall, which does not require
an initial enrichment. I am assuming that the average
level of the U?3% in the reactor when the whole system
has reached equilibrium is £. T have supposed that
the conversion factor is C, and that this is roughly
unchanged when the U235 is replaced by plutonium.
T will ignore, for the moment, Pu?4® after its forma-
tion.

EC+(E—-E)C=E—E;E=E(1—-0C)

If the quantity of Pu2?%® in the reactor is to remain
constant, then the plutonium formed from U238, which
is given roughly by the average level of U?3 in the
cycle times the conversion factor, plus the plutonium
made from plutonium, which is proportional to the
difference between initial enrichment and average en-
richment times the conversion factor, will equal the
plutonium destroyed which is given by the initial en-
richment minus the average enrichment. That simple
formula then leads to the formula E = E(1 — C).
However, I have ignored Pu?%® and its fissile off-
spring, Pu?!. I will assume that y for Pu®! is the
same as for U230, and in this case, we may consider
that Pu?4® and Pu?*! will replace an equivalent num-
ber of U238 atoms and fissile atoms.

If so, a little reflection will show that for each
neutron absorbed in U238, alpha neutrons are absorbed
in Pu?%® where alpha is the ratio of the capture in
Pu??® to the total cross-section in Pu?3®,

In this case, we arrive at a second formula in
which, in the equilibrium cycle, the average level of
the U233 content given by E equals E(1 — C) (14
a), where a is the cross-section for capture in Pu?%?
divided by the total cross-section. And that is quite a
simple formula.

Such a reactor can be fueled in the equilibrium
state with natural uranium if the average enrichment
of the U235 in the reactor, E, is less than unity. And
we thercfore have the important result that a reactor
requiring an initial enrichment, E, can be operated
subsequently on a feed of natural uranium if E is less
than 1. If it is substantially less than 1, then we could
even operate on a feed of depleted uranium, despite
the fact that the reactor needed initial enrichment.

These simple arguments ignore fission-product
poisoning. They ignore some of the details of Pu?4?
and the radioactive decay of Pu?‘!, Also, one has to
consider, if one is going to do a detailed analysis, the
many problems presented by plutonium resonances,
fine structure in the lattice, the exact value of nuclear
constants, the engineering design of the reactors, para-
sitic absorption, distribution of neutron flux in the
reactor, and also, in a practical system, the losses in
the processing plant. All of these introduce many
complications into the cycle.
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I will not go into the argument, but the reject
concentration of the uranium in the fuel is given by

Ere—¢i’05T

where ¢ v is the neutron flux in the reactor, o5 is the
absorption cross section of U?3 and T is the irradia-
tion time.

For each U*% atom consumed, there is produced C,
i.e., the conversion factor, atoms of Pu?®®, If these
remain in the system and are consumed, one gets C*?
produced, C?, and so on. As a crude approximation,
then, C/(1 — C) atoms of U?®8 are consumed for
each U%3® atom consumed in the reactor.

Slide 2 (Fig. 3, P/403) has been prepared by Mr.
Fenning and shows diagrammatically some of the re-
sults of these formulas for a reactor operating on an
equilibrium cycle with a feed of natural uranium.

On the left-hand side is the percentage of the
whole of the uranium consumed, which goes from 0
up to about 10 per cent at the top. The horizontal
line is the conversion factor, going from O at the left
to unity at the right. The vertical line on the right
shows the heat output in megawatt days per ton for
the natural uranium placed in the pile. The line on
the right shows the annual uranium throughput if the
whole of the United Kingdom electricity were pro-
vided by reactors running on such a fuel cycle. The
figures there start at 250 tons at the top, coming down
to about 2000 tons towards the bottom of the dia-
gram, and the four curves correspond to building re-
actors with an initial enrichment of unity, initial en-
richment 1.5, initial enrichment 2.0, and initial en-
richment 3.0.

Slide 3 (Fig. 2, P/403) simply presents graphically
the relationship between the equilibrium level of U23%
in the fuel cycle, which goes from 0 up to unity in a
horizontal direction, and the reject level of the ura-
nium when it is finally removed from the system on
the left, which goes from unity at the top to O at the
bottom of a linear scale,

It will be apparent from what I have said, I think
that the need to enrich a reactor fuel is not necessarily
a drawback. For example, one may compare a system
necding a natural uranium charge initially to give a
conversion factor of 0.8 with systems designed to use
twofold enrichment and a conversion factor of 0.9.
The total burn-up of the natural uranium feed would
be the same if the simplifying assumptions made
earlier are not too much in error.

It is an interesting fact that a reactor requiring
initial enrichment and then converted to an equi-
librium feed cycle with a feed of natural uranium may
still have a sizeable net output of plutonium without
reducing the total fraction of U238 atoms consumed by
too large a factor. The effect on the burn-up can be
assessed readily by reducing the effective conversion
factor of the system by the fraction of the Pu pro-
duced which is so diverted. -

The diversion of plutonium can be made for several

reasons: It can be used with natural uranium in lieu
of slightly enriched uranium from a diffusion plant
as a means of fueling a new reactor which requires
an initial enrichment. It can be used in small mobile
power plants in lieu of highly enriched uranium from
a diffusion plant. It can be converted to U3 in a
power reactor so as to provide make-up in case a
thorium-U?33 fuel cycle is used in a heterogeneous
reactor where the over-all conversion is less than
unity. The plutonium can also be used directly or con-
verted to U233 in a power reactor so as to start off a
thorium fuel cycle. It can be used to fuel a fast reactor.

It is perhaps desirable to point out some of the
difficulties of recycling plutonium. There is the prob-
lem of reinserting plutonium mixed with a natural
uranium feed, because in this case fucl element fab-
rication must be under alpha-active conditions,
though possibly remote control methods of making
fuel elements may prove the cheapest in the long run.

If it is used separately from the uranium, the plu-
tonium must have a diluent and, also, the production
of hecat in the plutonium fuel element will fall off
rapidly during its life in the pile; allowance must be
made for this in the engineering design.

Tt should be noted that, in theory, in the fuel cycle
I have mentioned, it is not essential to process the
natural uranium feed to a reactor until the uranium
is finally rejected, unless metallurgical considerations
make it essential. I shall leave to later speakers a
discussion of the question whether fission product
poisoning would demand this on cconomical grounds.

I must draw attention to the fact that the plutonium
absorption cross-section increases in an unfavourable
way as the neutron energy increases. It is possible
that the 5 for plutonium falls rather sharply as one
begins to move out of the thermal region by increasing
the moderator temperature, for instance. This must
be allowed for in estimating the utilization of uranium.

There is also the point that the variation of the
total plutonium absorption cross-section is such as to
lead to positive temperature coefficients of reactivity
in respect of moderator temperature, assuming no
compensating density changes.

An alternative method of operating a so-called plu-
tonium equilibrium fucl cycle is to reject the plu-
tonium left in the uranium fuel elements when they
are removed from the pile. In this case, if one is to
have a long burn-up, it will certainly be necessary
to use an enriched fuel initially, and this fuel will
have to be enriched uranium from a diffusion plant.
The amount of enriched U2 which will have to he
provided will correspond to the plutonium which has
been rejected. Since diffusion plants make no use of
U238 and since they extract only a portion of the
U235 present in natural uranium, the over-all utiliza-
tion of uranium by reactor and diffusion plant will be
very much less than if the plutonium is recycled. This
is, however, a fuel cycle which has often been de-
scribed in the literature.

Finally, in this lecture I should like to say a few
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words about the rcactors which we have considered
in the past in the United Kingdom.

We gave initial consideration to the Calder Hall
type of reactor as long ago as 1947, but at the time
it was not possible to consider a reactor of this type
for a variety of reasons, and a small long-range effort
was directed rather into systems which would make
more economical use of nuclear fuel. A fuel cycle based
on the use of thorium was considered, as was also
the fast reactor development utilizing U238, About
1950, as effort became available and as the supply of
uranium did not seem likely to present such serious
problems as had originally been thought, attention
was directed strongly to natural or slightly enriched
uranium reactors.

As far as was known, only four moderators could
be considered. These are well known : light hydrogen,
heavy hydrogen, beryllium and carbon.

As regards coolants, the obvious ones—gases, hy-
drogen-containing liquids and sodium—were allowed
for. Other molten metals were considered a long-term
possibility, and the same was considered to apply to
fluidization techniques or homogeneous reactors.

A table (in P/403) was drawn to indicate likely
short-term possibilities. The four moderating atoms
are listed at the top, and the four coolants arc listed
down the side of this table. We rejected beryllium
and beryllia in favour of graphite, on the grounds
at that time of supply and cost. We rejected sodium
cooling of the water systems and water cooling of
graphite-moderated systems. This left us with the
Calder Hall linc of development with the very inter-
esting possibility of going on to sodium cooling. It
left us, alternatively, the two water reactors; that is
heavy water cooled and heavy water moderated, and
light water cooled and light water moderated. Tn
addition, with light water we considered the possi-
hility of organic liquids and molten caustic soda.

The United Kingdom had no large-scale heavy wa-
ter production programme. Also, it saw little point in
hurrying forward with such a programme until a
cheaper manufacturing process could be obtained,
bearing in mind that nearly one ton of heavy water
is needed in a pressurized heterogeneous heavy water
system for cach installed megawatt of electrical ca-
pacity. We thercfore narrowed the field further, ini-
tially, to the Calder ITall reactor which had the great
advantage that for the early stages of our power
programme it could be designed to work without any
initial enrichment. Sodium cooling could then be an
important development as the next step.

Secondly, it seemed clear that one should develop
a light water moderated and cooled system if reactor
physics studies which were commenced about that
time confirmed the theoretical predictions that such
reactors should have a reasonably good neutron econ-
omy. We rejected caustic soda, but we left in an or-
ganic liquid.

As regards initial enrichment, the accident of na-

ture by which it is possible to make a reactor work
with natural uranium and the high cost of making
fissile material have led to a tendency to assume that
it is a good thing in the long run economically to de-
sign reactors to use natural uranium. This may result
in an unnecessary loss of neutrons in the moderator,
or by leakage from the surface of the system. Neu-
trons have an economic value, since they can be ab-
sorbed in thorium or U2 to make nuclear fuels. For
this reason it may pay, for example, to reduce the
lattice pitch of a reactor in order to achieve this ob-
jective. Neutrons otherwise lost in the moderator go
into U238 in that case. Owing, however, to an increase
in neutrons captured by resonance absorption, the
conversion factor in a reactor can become so high that
the reactor may not go critical unless the proportion
of U238 to U285 s decreased.

A further point is that fast fission of U238 can easily
lead in a light water reactor to a useful gain of neu-
trons if there is a closely spaced lattice, but the effect
is unfortunately much less with thorium. Also, there
may he a deterioration in the plutonium economy, for
the reasons I have mentioned. We have, therefore, a
rather difficult economic compromise hetween size
of system, initial enrichment, nuclear design and frac-
tion of uranium fuel consumed.

The other day I made a few remarks in my lecture
about thorium. All T should like to say today is that
in a heterogeneous reactor the economic dividing-line
hetween using thorium and not using it is not neces-
sarily the point where such a cycle becomes self-main-
taining. When plutonium becomes plentiful and as
cheap as the U2 in the natural uranium, it will almost
certainly be preferable to use plutonium to consume
thorium rather than to consume U238, The exact point
when this occurs will be governed very largely, I
think, by metallurgical and processing costs rather
than necessarily by nuclear or engineering considera-
tions.

For the future, I am fairly certain that with thermal
rcactors we shall go in the long run to the thorium-
U238 fuel cycle but, as I mentioned in my previous
lecture, we shall need uranium in order to provide
the fissile material so that such a system may he
gotten under way. The alternative for the future is the
fast reactor which does make it possible to consume
U23® hy means of the plutonium-U238 fuel cycle. I
believe many statements have heen made to the effect
that we have a fuel cycle here which doubles the
amount of plutonium each time we burn the plutonium
in the reactor. This is more or less correct for our
small zero-energy system, hut I should like to qualify
the statement by mentioning that the engineering
design and, also, the processing of the fuel will almost
certainly be much cheaper if we sacrifice some of this
gain. Hence, there will be in this case an economic
compromise with a gain factor somewhat less than
that which I mentioned before.

Mr. WeINBerG (USA) presented P/862.
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DISCUSSION OF P/4, P/403, P/862

Mr. Davis (USA) : Mr. Dunworth has said quite
a bit about the possibilities of using thorium. Con-
sidering that natural uranium, containing 0.72 per
cent of U238, is worth about $40 per kilogram, I won-
der whether Mr. Dunworth could comment on the
value of thorium in comparison in view of the fact
that it contains no fissile material. In other words,
how much is the U238 or the Th?2 worth by itself as
a fertile material as distinguished from the fissile ma-
terial content?

Mr. DunwortH (UK): I think that obviously
that is a question I cannot possibly answer. I am sure
that our raw materials people would be very annoyed
if I did.

Mr. Gast (USA): In view of the fact that Mr,
Lewis’ paper was not available to the United States
delegation earlier, I should like to ask him if he could
briefly outline his method of maintaining reactivity
when using recycle fuel.

Mr. Lewis (Canada): In reply to that question,
I would say this: That is done, firstly, by taking ad-
vantage of heavy water as a moderator so that the
neutron losses are kept low ; secondly, by not making
the reactor too small, so that the leakage losses are not
too great; and, thirdly, by moving the fuel inside the
reactor—this has to do with a question that I just
touched on but this is not after a short irradiation.
I am not moving any fuel at a smaller irradiation
than 1.1 neutrons per kilobarn. This action of moving
the fuel is really to postpone the processing, so that
the processing costs are kept down. By making a
heavy water reactor of sufficient size, we think it will
be practicable—although, as yet we have not got
sufficiently accurate information on Pu?*! and per-
haps Pu?3%—to achieve a fuel regeneration factor as
large as 0.9 and this seems to be all that is needed.

Mr. WigNer (USA): Mr. Weinberg has empha-
sized the importance of a high 5. He also emphasized
that the value of y—that is, the number of neutrons
produced per fissionable atom destroyed— is particu-
larly low in the resonance region—in the encrgy
region between 1 and about 1,000 electron volts. In
view of this fact, I am wondering whether there are
any means to decrease the number of neutrons ab-
sorbed in this energy region—possibly by lumping
the fissionable matcrial—or by some other means that
one could think of.

Mr. WEINBERG (USA) : I should have made clear
that the figures which I gave were effective values
of 5 for a very thin slab. As Mr. Wigner implies, if
the fuel is in thicker slabs, of course the effective value
of » will be somewhat improved. This, I believe, will
be gone into by Mr. Kanne in his paper to be pre-
sented later on.*

Mr. Brooks (USA): I believe that my comment _

*P/595, Session 18A, Volume 4, these Proceedings.

has already been covered by the discussion of Mr.
Wigner’s question. I was merely going to point out
that there is evidence that the preferential self-ab-
sorption in capture resonances leads to an effective
value of 5 in a resonance reactor which will be some-
what higher than the values of 5 corresponding to the
capture-to-fission ratios which were shown in Mr.
Weinberg’s table.

Mr. TaraNGer (France) : Of necessity, I prepared
my question before hearing Mr. Weinberg’s oral
statement. The change from the printed paper that
he has made in his oral statement partially answers
my question, but I will ask it just the same.

Mr. Weinberg condemns gas-cooled piles because
of their low material efficiency. He bases this ebserva-
tion on a comparison between a pile cooled by a poor
gas at low pressure and a pile cooled by a good
liquid at high pressure. Has he considered the case
of a pile cooled by a good gas at high pressure?

Mr. WeiNBeErG (USA): The figures which I
quoted in my paper were naturally chosen to make
my argument seem as convincing as possible. That,
as you all know, is characteristic of every reactor
designer. It was very kindly called to my attention
by Mr. Dunworth, however, that the British expect
to extract 4000 kilowatts per ton of uranium from
their advanced Calder Hall reactors. This begins to
approach some of the figures that onc gets with
liquid-cooled systems. I, however, am inclined to
believe that the figures which Mr. Dunworth quotes,
while they are fairly impressive, are still not as high
as those which one can get with a very good liquid
under most favorable conditions. Hence, if one com-
pares—which I think is the only natural thing to do
—a good gas under most favorable conditions with
a good liquid under most favorable conditions, even
the most enthusiastic proponents of gas cooling will,
I think, have to concede that there is probably a dif-
ference of at least a factor of 5 between the ultimate
material efficiencies.

Mr. LEwis (Canada): I should like to add one
comment since in my presentation I made very slight
reference to thorium.

I should merely like to point out that the rate of
breeding gained from thorium is rather slow, and,
if the world is going to move into atomic power de-
velopment on the scale and in the time that I sug-
gested, a very large supply of uranium will be needed
to get going.

Mr. DunworTH (UK) : I should like to say that
I certainly had no intention of being disparaging to
Mr. Lewis about his fuel cycles. In fact, I am really
very envious of a country whose Chairman has such
immense reserves of uranium at his disposal.

For the United Kingdom, however, if all our
electricity were at the present moment derived from
nuclear power and if we used only 1 per cent of the
uranium, we should actually be consuming 1,500 tons
a year. If we, as we must, look 20 or 30 years ahead
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and perhaps have 4 or 5 times as much electricity,
one can easily see that we start having an imports
bill for our country which assumes quite appreciable
proportions. Hence, anything that we can save on
this by improving the efficiency of the utilization of
the fuel is obviously worthwhile. I would certainly
fully agree with Mr. Lewis that anything like 100
per cent utilization would obviously not be worth-
while at all in the next decade.

Mr. WEINBERG (USA): 1 should make clear to
Mr. Lewis that nothing in my remarks implied that
I had anything but the highest admiration for him
in going ahead with his cycle. Of course, if we cannot
get the thorium or the U??3 that we need by breeding,
nuclear energy will not stop. I think, however, that
what I was doing, mainly, was making a prediction
of where Mr. Lewis would find himself in some 30
to 40 years from now, quite irrespective of the ob-
vious merits of the UZ238-plutonium system.

Mr. Lewis (Canada): Thank you very much.
I have been foolish enough to make a sort of fore-
cast, which I have not published, for 50 years ahead,
and it does not include thorium.

The CHAIRMAN: Are there any further contribu-
tors?

Mr. GroGgHEGAN (UK) : I should like to ask Mr.
Dunworth whether he agrees that, since the likely
over-all rate of breeding of U23 in a thorium-urani-
um system may only be below 5 per cent per annum,
such a fuel system could never play a large part in
the supply of power in which the over-all demand
for power was growing by more than 5 per cent per
annum?

Mr. DunworTH (UK) : [ fully agree that one has
to get additional supplies, and that this unfortunately
does involve one in consuming considerable quanti-
ties of uranium in order to make the fissile material
unless one can devise some other method of making

neutrons. However, it may be, as Mr. Weinberg has
suggested, that we can get 10 per cent, in which case
we are just about all right once we have got our
supplies. The other possibility is, if one is going to
be very academic, that we can go to the fast reactor
where we may be able to breed at a much more rapid
rate. There is a point about thorium too, that if one
can get a roughly self-maintaining system, and if the
fuel elements really can be made to last a long time
and the fission product poisoning is not too serious,
one may have a situation where one can get very long
irradiations, much longer at least than in the hetero-
geneous uranium system.

Mr. GeogHEGAN (UK) : I was referring to 5 per
cent per annum, assuming that with 10 per cent you
only achieve one cycle in every two years; but surely
with the rapid rate of increase of total power con-
sumption per annum you have to continue to estab-
lish new self-maintaining systems at a high rate, and
this will require a large fraction of the other power
stations to be U233 converters.

Mr. DunwortH (UK) : This point was covered in
Sir John Cockcroft’s paper—that one does need a
considerable inventory in any reactor—and therefore
I am certainly not suggesting that we can forevermore
just import 15 tons of fuel a year. I think I made this
clear in my paper on thorium, and it was certainly
made quite clear, too, in Sir John Cockcroft’s paper
on the United Kingdom power programme presented
a day or two ago.

Mr. Davis (USA): I should like to make the
point that it is not just the breeding gain that is
important here. Since one has difficulty achieving high
specific power in a fast breeder even though it may
have a high breeding gain, the thermal breeder, even
though it may have a low breeding gain with high
specific power, may do just as well in increasing fuel
supplies.
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The First Atomic Power Station of the USSR and the
Prospects of Atomic Power Development

By D. 1. Blokhintsev and N. A. Nikolaev, USSR

INTRODUCTION

The construction of the first industrial atomic
power station in the USSR with an output of 5000
kw was completed in 1954, and by 27 Junc 1954,
this power station was already generating electricity
from the energy of fission of uranium nuclei.

The first atomic power station was huilt through
the efforts of a large body of physicists, designers,
heat engineers, technologists and many other special-
ists, and has become a reality as a result of the ex-
tensive cooperation of science and industry.

Numerous difficulties had to be overcome before
the atomic station was finally completed ; most of
them could not be foreseen in the hegining and
sprang up only as the work progressed. It would
have been impossible to cope with these difficulties
if it had not been for the versatile preliminary work
carricd ont by our scientists, designers and tech-
nicians. By the time work on the design of the power
station was begun, a vast amount of experience had
been accumulated on the design and caleulation of
atomic reactors.

A number of papers of major importance for the
realization of the atomic power station were presented
to the July session of the USSR Academy of Sci-
ences,! and others will be brought before this Con-
ference.®

Out of this great diversity of studies, those carried
out at the pilot reactor of the Academy of Sciences
of the USSR? are of special importance. This reactor
wits designed expressly for the investigation of prob-
lems in physics and heat engineering connected with
power reactors.

The main task in the construction of the first
atomic power station in our country was the solu-
tion of the scientific and engineering problem of
building an industrial atomic station that would be
reliable in operation.

Appraisal of the cost of an atomic power station
from project estimates, prior to the accumulation of
actual experience in the construction of such enter-
prises, would probably lead to great errors, because
cach new type of station requires considerable ex-
penditures on experimental work and on the organ-
ization of the production of new kinds of materials.

Original language : Russian,
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Such expenditures, obviously, cannot be decisive
when nuclear power development has reached a high
level; on the other hand, they may be guite consider-
able in the ecarly stages.

The first atomic power station in our country
was constructed in order to accumulate technical
and economic experience with atomic power plants
and to serve as a base for training personnel.

At present this station provides a real basis for
nuclear power development in our country, and its
operating expettence may be of help also to other
countties interested in the use of atomic energy for
peaceful purposes.

Figure 1 shows a general view of the building in
which the reactor of the atomic power station is
located.

FLOW SHEET OF THE ATOMIC POWER STATION

The heart of the operating atomic power station
is a pressurized water-cooled thermal uranium-graph-

Figure 1. General view of atomic power station building
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ite reactor with a rated heat-generating capacity of
30,000 kw. The average flux of neutrons is 5 X 103
neutrons/cm?2/sec.

The atomic fuel is enriched uranium containing 5
per cent of U235, the total charge being 550 kg. The
heat transfer system consists of two circuits: the
water of the primary circuit, which circulates through
the reactor, is under a pressure of 100 atmospheres
and gives up its heat through a system of heat ex-
changers to the water of the secondary circuit, which,
transforming into steam, drives a 5000 kw turbo-
generator (see diagram, Fig. 2).

The use of a two-circuit heat transfer system elim-
inates the possibility of radioactive contamination of
the turbine and its connections. This makes mainte-
nance of the turbine and all its auxiliary equipment
exactly the same as the conventional heating and
power plants, biological protection (from radioactive
radiations) being unnccessary for this equipment.

PHYSICAL PECULIARITIES OF THE REACTOR AT
THE ATOMIC POWER STATION

Water is one of the best coolants, and its properties
as such are well known. The sclection of water as
the coolant for the atomic power station reactor
simplified a great number of engineering problems.
However, the presence of water in the reactor re-
quired giving special attention to control of the
chain reaction.

The reason for this is that ordinary water is at
once the best moderator and a strong absorber of

®

4

4
Figure 2. The plan view of the atomic power station. 1, Reactor.

2, Turbogenerator. 3, Heat exchanger (steam generator). 4, Con-
denser. 5, Feed pump. 6, Circulating pumps

1.00

0.95

0.90

0.85

0.80

Density gm/cm3

0.75

0.70

0.65 A A . 1 1
0 100 200

3000,

Figure 3. The dependence of water density on temperature at a
pressure of 100 atm

neutrons. The moderating length in water is 5.7
cm and the diffusion length 2.8 cm, the correspond-
ing values for graphite being 19 cm and 50 cm. For
this reason the chain reaction is very sensitive to the
water content of the reactor. But the water content
in the reactor changes inevitably with the temper-
ature, due to the change in density, which is espe-
cially marked at high temperatures (see IFig. 3 shown
above).

Change of the water content may also be due to
accidental leakage from the fuel channels. In this
case the water may penetrate the graphite brickwork
of the apparatus. The effect of the change in the
amount of water in the reactor will depend largely
on the ratio of uranium and graphite and the normal
water content, If the quantity of graphite is so large
as to slow down the neutrons itsclf, the additional
water will act essentially as an absorber and there-
fore will reduce the reactivity of the reactor.

If the graphitc-uranium ratio is smaller, the addi-
tional water will act so as to improve the moderating
properties of the reactor, and therefore, will increase
its reactivity.

There is a certain ratio between the quantities of
uranium, graphite and water at which the reactor
is least sensitive to changes in the water content.
However, actual use of this ratio in the reactor
would lead to a considerable increase in the quantity
of structural steel inside the reactor. For this reason
the quantity of water used in the atomic power sta-
tion reactor is less than that corresponding to the
least sensitivity,

Figure 4 shows the changes of reactivity in this
reactor with the water content for both the cold and
Thot conditions. The point of normal water content
in the cold reactor has been adopted as the origin
of the co-ordinate system.
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Figure 4. Variation of reactivity of the reactor in dependence on

the quantity of water in the active zone (Ak,). X-axis: quantity of
water G in the active zone of the reactor. Y-axis: neuvtron multi-
plication factor increment. Curve 1 corresponds to the cold conditions
(20°C). Curve 2 to the operation temperature Akoo — 0 corresponds
to a cold reactor with a normal content of water (G = 100 kg)

The diagrams show that the stability of the re-
actor during heating in the case selected for the
power station, is higher than at the point of max-
imum.

As these arc the cases involved in the run away of
the reactor, the highly negative temperature co-
efficient is very useful for the stabilization of the
chain reaction. The part of the curve to the right of
the working point, corresponding to an increase of
the water content in the reactor, has a smaller slope.
It is more important, however, that the cooling of
the rcactor is a slow process.

Rapid filling of the reactor with water, in casc of
leakage in the channel, is prevented by special meas-
ures (drainage and automatic cut-out of the leaking
channel). Hence, the reactivity changes to the right
of the working point cannot he rapid. It should be
noted also that the reactivity increase in the appa-
ratus due to the cooling of the water partially com-
pensates the reactivity loss owing to xenon accumu-
lation (the so-called “iodine pit”) in the reactor after

AKgp
0.10

-0.05

Figure 5. Changes in the reactivity of the reactor after shut-down
X-axis: time after shut-down. Y-axis: neutron multiplication factor
increment (Ak,). Curve 1 shows the reactor reactivity caused by
the temperature effect and by the formation of xenon from iodine
(the “lodine pit”). Curve 2 is the same in the imagined absence
of a temperature effect. In this case the “iodine pit” is deeper

shut-down. The curve in Fig. 5 is typical of the
reactivity change in the reactor in time, after shut-
down. The figure shows a temporary rise in the re-
activity as a result of the water cooling, followed by
a decline, due to the accumulation of xenon and then
a slow rise owing to the decay of the latter.

Another curve in the same figure shows the change
in reactivity if the temperature effect is not taken
into consideration.

In the process of cooling the temperature effect
partially compensates the ‘“iodine pit,” making it
possible to operate with smaller initial excess re-
activity.

Thus, selection of the working point to the left of
the maximum guarantees high stability of the chain
reaction with respect to changes in the water con-
tent in the reactor.

The chain reaction in the atomic power station
reactor is characterized by a rather high specific ura-
nium heat removal. The heat flow from the surface
of uranium is about 1.5 X 10° kcal/m?/hr.

The high specific heat removal and the large heat
flow as well as the considerable intensity of the neu-
tron field lead to rigid requirements for the endur-
ance of the uranium fuel clements. Therefore, the
problem of producing reliable fuel elements was one
of the most important tasks in the whole project
of the atomic power station.

In this reactor the burnout of uranium-235 is 15
per cent. Owing to the low resonance capture the
production of plutonium from uranium-238 is low
and equals only 0.32. Fast neutron multiplication
is practically absent.

Thus, the reactor of the atomic station described
operates almost exclusively by burning uranium-235,
the degree of enrichment decreasing during the oper-
ation of the reactor from 5 to 4.2 per cent.

CHOICE OF MATERIALS FOR THE POWER
STATION REACTOR

Proper sclection of materials is a basic require-
ment for the reliability of the atomic power station.
In this connection, mechanical strength, corrosion,
thermal expansion, fatigue and other factors well
known to designers had to be supplemented by
knowledge of the effects of prolonged neutron irradi-
ations on the properties of the materials used.

The problem of huilding the reactor for the atomic
power station could be solved successfully only
through the preliminary work in studying the be-
havior of materials in a neutron field carried out in
various institutes of the USSR.

The most important components used in the atomic
power station reactor are graphite, used as the mod-
erator, and uranium enriched in the U235 which is the
fuel. Therefore the behavior of these materials in a
neutron field had to be ascertained.

As to graphite, it was established that graphite ex-
pands under the action of neutron irradiation due to
crystal lattice distortion, the relative change of its
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dimensions depending on the integral dose of fast
neutron irradiation. Operation of the graphite at
high temperatures counteracts this phenomenon. It
is important to note that the increase in the dimen-
sions of graphite is very anisotropic owing to the
peculiarities of its crystal structure and texture.

Therefore, in order to secure stability of the
graphite brickwork and to make it possible to ex-
tract the channel from the reactor whenever desired,
clearances had to be provided which, on the one
hand, had to he small enough to guarantee good
heat conductivity in the brickwork as a whole, and,
on the other hand, had to compensate not only for
the thermal expansion of the graphite, but for its
possible swelling under the action of the neutrons
as well.

The second important phenomenon established for
graphite was a decrease in its thermal conductivity.
This decrease is a function of the integral dose of
irradiation and the temperature, and is also aniso-
tropic. Wherever graphite is subjected to hombard-
ment by fast neutrons, i.c., in the immediate vicinity
of the uranium rods, its thermal conductivity may
fall to a value several times smaller than its usual
magnitude.*

This must be taken into consideration in the heat
transfer calculation of the reactor.,

As a structural clement uranium is in manv re-
spects even more troublesome than graphite. Three
modifications of uranium are known: the rhombic,
the tetragonal and the cubice, the transition points be-
ing 660°C and R00°C, respectively. Special investiga-
tions® have shown that repeated heating from 20°C
to 500°C, followed by cooling causes substantial
changes in the dimensions of the uranium rods.

This phenomenon is evidently connected with the
anisotropic growth of the uranium grains during re-
crystallization. X-ray analysis has shown that it is
accompaniced by relief of internal stresses.

Neutron irradiation and fisson fragments cause
similar changes in the dimensions of the uranium
rods,

It has been demonstrated by special experiments
that irradiation increases the plasticity of uranium
by almost two orders of magnitude, Under irradi-
ation the surface of uranium becomes globular in
structure, as shown in the photographs in Fig. 6.
The photographs were taken with the aid of an
clectron microscope under a magnification of 15,000.
These properties of uranium make the manufacture
of fuel elements a difficult problem, which has been
solved successfully in several ways after diverse in-
vestigations.

It was required to find a strong and corrosion-
resistant material for the tubes through which the
high-pressure cooling water was to circulate; more-
over, the material had to be stable under neutron
bombardment. These requirements are met satis-
factorily by stainless steel.

A study of the behavior of this steel in a neutron

Figure 6. The surface of irradiated uranium (photographed with
an electron microscope, magnification 15,000 times)

field showed that the austenite in it does not decom-
pose to form the ferrite constituent.

Certain mechanical properties of the steel improve
under neutron bombardment (the ultimate strength
and hardness increase).

The clongation decreases considerably, hut remains
within tolerable limits.

These peculiarities of steel made it cligible as a
reliable material for the high-pressure water tubes.

Since steel is a strong absorber of neutrons, all the
tubes inside the reactor had to be thin-walled, which,
by the way, led to smaller thermal stresses.

The most important parts of the reactor are its
fuel clements. The heat transfer from uranium to
water through the walls of a steel tube was studied
on special test stands (see photograph, Fig. 7), where
the heat production was imitated by means of elec-
tricitv. The same test stands were employed subse-
quently for inspection of fuel clements manufactured
by production methods.

IHowever, the most important tests of the fuel ele-
ments were those carried out in the water loops of
the reactor of the Academy of Sciences of the USSR.
These tests made it possible not only to check the heat
production but also to establish the stability of the
fuel elements under the influence of an intense neu-
tron field, and, hence, with the fission process going
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Figure 7. Stand for ing heat tr from ur to water.
The figure shows a column with windows permitting observation of
the external surface of a fuel element

on in the uranium at the temperature in the future
atomic station reactor.

The degree of enrichment was intentionally in-
creased in the experimental specimens in order to re-
produce fully the conditions that would exist in the
ADPS reactor. The experiments lasted thousands of
hours, after which the fuel elements were studied? in
the “hot” laburatory of the Academy of Sciences of
the USSR, These tests enabled the selection of the
most reliable and stable type of fuel element.

The fuel elements are formed hy the annular space
between the inside steel water circulation tube of the
first circuit and the thin-walled outside tube which
keeps the fission fragments from penetrating into the
cooling water for the reactor. The annular space con-
tains enriched uranium in the form of a special alloy,
which guarantees good thermal contact and stability
in the neutron field.

ATOMIC POWER STATION REACTOR

The principal fecatures of the reactor design were
determined by the properties of the materials chosen.

A general idea of the design is given in Iig. &,
The reactor is encased in a hermetically scaled cylin-
drical steel jacket mounted on a concrete foundation.
The jacket is filled with graphite brickwork having
proper clearance. To avoid burnout of the graphite
the jacket is filled with helium (or nitrogen).

A total of 128 fuel channels pierce the central part
of the graphite brickwork. Each fuel channel is a long
graphite cylinder containing thin-walled steel tubes
carrying the primary circuit water. The water enters
through the upper end of the channel connected with
the inlet and outlet headers, then runs down through
the tubes and returns, flowing up over the surface
of the uranium fuel elements.

The uranium fuel elements form the cylindrical
active zone of the reactor, 150 ¢m in diameter and
170 em high, enclosed by a graphite reflector. In Fig.
8, the active zone is indicated by a dotted line.

Figure 9 shows the arrangement of the channels.
The cover of the upper part of the reactor is removed.

The flow and temperature of the water are re-
corded for cach channel. The indicating instruments
are located on the central panel and are connected
with the safety rods which stop the chain reaction
when the water flow exceeds the prescribed limits
or when the temperature rises above the allowed
level,

At a pressure of 100 atmospheres water hoils at
300°C. If the temperature of the water in a channel
reached this level, its hoiling would cause a sharp
heat-removal decrease and, consequently, overheat-
ing and possible destruction of the fuel element.

It is, therefure, very important to control the
outlet temperature of the water since this reflects
the conditions in the channel. In practice, this is cf-
fected by means of a scanning light signal indicating
the channels where the temperature of the water is
above the prescribed limit. There is, in addition, a
separate plug panel for measuring the absolute tem-
perature of the water in any desired channel.

Temperature measurement is supplemented by wa-
ter flow measurement. The latter is effected by flow-
meters mounted on a separate board. The warning
light signals which indicate that the water flow has
exceeded the prescribed limit are sent to the central
panel. \ decrease in the flow of water in a channel
leads to a rise in the outlet temperature. An increase
in the water flow in a channel indicates a rupture
in tubes of the channel or its ~onnections.

All these deviations are dangerous and lead to a
shutdown of the reactor (termination of the chain
reaction) by means of the safety rods.

To prevent the rapid filling of the reactor with
water in case of a rupture of channel tubes, which
would lead to a rapid rise in reactivity, cach channel
is equipped with a cutoff device and a non-return
valve to interrupt the flow of water from the header.
A small water flow remains to remove the residual
heat produced by radioactive decay of the fission
products.
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Figure 8. Atomic power station reactor: 1.

Graphite brickwork.
2. Lower plate. 3. Upper plate. 4. Fuel channel. 5. Safety rod chan-
nel. 6. Automatic control rod. 7. lonization chamber 8. Side shield-

The radioactivity of the water and gas in the re-
actor is measured constantly so that any rupture in
the fuel clements would be indicated by a rise in
activity. By drawing off the gas near the channel it is
possible to determine, by measuring the moisture
content, which channel is ruptured if the leak is not
big enough for the flowmeters to record it.

In addition to channel flowmeters the central panel
has indicators showing the total flow of water through
the reactor, its pressure and temperature in the inlet
and outlet headers.

To compensate for the excessive activity of the
reactor, 18 boron carbide rods are installed in the
reactor, 6 near its center and 12 at the extremities
of the active zone. These rods move in special water-
cooled channels with a separate cooling system, There
is a separate cooling system also for the graphite
reflector.

By means of wire ropes and servomotors these
rods are moved vertically. Their position is registered
at the central panel on a special board. Special pre-
cautions have been taken to prevent the operator
from accidentally lifting these rods too quickly. With
these rods it is possible to regulate the outlet tem-
perature of the water in the fuel channels.

The total submerged length of all the shim rods,

ing (water). 9. Refrigerator. 10. Refrigerator. 11. Distribution (inlet)
header. 12. Outlet header. 13. Top shielding (cast iron). 14. Cooled
reflector stand

in the reactor at any one time, indicates the total
excess reactivity, and consequently, the total excess
of atomic fuel available.

Therefore, the fuel quantity may be cxpressed in
linear centimeters. A special graduated scale indicates
the value of each centimeter of rod with regard to its
influence on the reactor reactivity.

Besides the shim rods there are four automatic
regulating rods located in the reflector. Their position
is changed automatically by the servomotors activated
by ionization chambers.

If the chain reaction increases the automatic regu-
lation rods fall; if it decreases they rise. One pair
of rods works at a time, while the other pair is held
in reserve.

These regulators maintain the chain reaction at a
prescribed level to within 3 per cent accuracy. Finally,
there are two safety rods with servomotors installed
directly over the reactor’s upper shield, to insure
prompt action. In case of an emergency these rods
fall freely into the active zone of the reactor and
thereby stop the chain reaction. In all, there are 12
different emergency signals. The most important of
these are: signals indicating a 20 per cent rise above
the prescribed power level, a signal indicating a too
rapid increase of the chain reaction, a signal indi-
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cating the shut-off of electric current to the main
circulation pumps, signals of changes in the tflow and
temperature of the water in the fuel channels.

The reactor has a number of devices for physical
investigations and tests of materials.

There are in the reactor six curved channels, ex-
tending through the reflector into the houndary of
the active region, for studying the behavior of sam-
ples of various materials under conditions of inten-
sive neutron flux

(2-8 > 10" n/cm?/sec)

and high temperature, and three straight horizontal
channels. One of the latter running to the center of
the reactor, permits the study of the radial neatron
density distribution. Beam intensity at the outlet from
the straight channels reaches 107 and 10" n/em?#/sec.
The channels are designed for nuclear rescarch. Fi-
nally, there is a graphite thermal column adjacent to
the reflector, The thermal neutron flux m this column
is appronimately  10* n/em?/sec. The columm is
equipped with remote-controlled plugs, so that in-
struments, and the materials under investigation, may
be changed without interrupting the operation of the
reactor,

Biological shiclding is insured by a side water
shicld 100 ¢m thick and 2 conerete wall 300 em thick.
In the upper part of the reactor, biological shielding
is insurcd by inereasing the thickness of the graphite
reflector, Ly the upper stel cover of the apparatus
and by a cast-iron plate. The shielding attenuates
both the tast neutrons which escape from the reflector
and the gamma radiation from the radioactive frag-
ments and the thermal neutron capture in the struc-
tural iron, Since the shield is only calculated approsi-
mately, special attention in designing the reactor was
devoted to avoiding any possibility for the channel-
ling of neutrons or gnmma-rays.

‘ast neutron inclastic scattering at a large angle
in the steel jacket of the reactor caused an almost
vertical neutron heam. An additional conerete shield
wis set up in the way of this heam.

Figure 10 gives a view of the reactor in operation,
showing the top shiclding plate and two servomotors
of the automatic safety rods.

PHYSICAL DESIGNING AND EXPERIMENTAL STUDY

Considerably greater quantities of uranium have
heen loaded into the reactor of the atomic power
station than is necessary to obtain the critical mass
which makes the chain reaction possible. The chain
reaction in this reactor was started for the first time
on 9 May 1954, Tt was established that the critical
mass is reached with only 60 uranium rods. The com-
plete operating loading consists of 128 uranium rods.
The 18 compensating boron carbide rods mentioned
above absorb the excess reactivity of the reactor.

When the reactor reaches a sufficient power level
its reactivity will drop considerably due to the heating

Figure 9. Upper part of reactor without cover showing the servo-
motors of the safety rods and their cables. The water connexions
can be seen below

of the water. Moreover, xenon with its tremendous
resonance absorption is formed which also leads to a
drop in its reactivity (senon “poisoning™).

Lastly, 1ts reactivity drops slowly during the oper-
ation due to the burning out of the uranium-235 and
the formation of the fission products absorhing the
neutrons

Allthese effects make it imperative that the quantity
of uranium should considerably exceed the eritical
mass of the cold reactor. )

One of the most important tasks in making a phys-
ical caleulation of the reactor was to establish the
value of the critical mass of the reactor and that of
the additional load of uranium, which was essential to
ensure its prolonged operation and to compensate
temperature and xenon poisoning effects.

The second task was to caleulate the compensating
capacity of the horon carbide rods. Account had to he
taken of the fact that horon rods with the chosen diam-
cters could absorh completely only the neutrons of
energies less than 10-20 ev, The boron carbide rod is
partly transparent for the neutrons of greater energy.
It would be advisable to take account of the fact that
the compensating capacity of these rods depends on
the temperature of the neutron gas.,

A third group of tasks was connected with the
caleulation  of non-stationary  states and  probable

Figure 10, Upper part of reactor in operation, showing top shielding
plate and safety rod servomotors
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Table I. Rated and Measured Values of Reactivity of the Reactor. The Reactivity Is Given
in Kerr = a Ky, where a Is Neutron Leakage Coefficient

Calculated Measured

Critical mass (number of fuel channels) ~ 59 ~ 60

Total reactivity excess 0.13 0.11 = 0.005
Reactivity excess compensating the temperature effect 0.029 0.025 =+ 0.002
Reactivity excess compensating the poisoning 0.039 0.40 = 0.003
Reactivity excess compensating the burn-up 0.068 0.045 =+ 0.004
Compensating ability of one rod of the internal circle 0.012 0.013 += 0.001
Compensating ability of one rod of the external circle 0.007 0.007 == 0.001
Compensating ability of two safety rods 0.020 0.018 = 0.002

emergency states of the reactor. These tasks called for a
simultaneous calculation of the criticality and thermal
states of both the apparatus and the entire primary
circuit.

The general principles of the physical calculation
of the heterogeneous reactors, the calculation of the
resonance absorption of neutrons as well as the calcu-
lation of the partly transparent (“grey”) absorbing
rods have been outlined in a number of reports sub-
mitted to the International Conference on the Peace-
ful Uses of Atomic Energy.28.

It turned out that it was possible, without making
gross errors, to use a simple two-group model accord-
ing to which the neutrons are divided into two groups:
thermal necutrons and epithermal neutrons. At the
same time it is important to formulate boundary con-
ditions on the interface hetween the active zone and
the reflector.

Calculations were made also on the basis of the
precise neutron slowing down equation with the use
of the finite differences method which is more con-
sistent and less laborious.1?

The resonance absorption of neutrons was calcu-
lated on the basis of the previously evolved
theory, 111218 According to this theory the effective
breadth of the energy interval AE within the limits
of which the resonance neutrons are strongly ab-
sorbed is proportional to the square root of the thick-
ness of the uranium slug.

The calculated value of the coefficient of resonance
absorption is 0.87. The experimental data, prelimi-
nary as they arc, point to a somewhat greater value.

Both calculation methods were checked with the
experimental reactor RPT, which was already in op-
eration during the designing of the atomic power sta-
tion, and also with a special graphite-water physical
reactor which was a more or less exact replica of the
reactor of the atomic power station.

It turned out that the results of calculations of the
critical mass and neutron distribution were in good
agreement with the experiment in the case of no water
being present in the calculated reactor. In the presence
of water the agreement is less precise due to the heter-
ogeneous effect of water, i.e., the spatial dependence
of the influence of water on the chain reaction.

Owing to the presence of water, the application of
the age approximation in calculating the reactor cell

gave rise to serious doubts. That is why a separate cell
of the reactor consisting of a fuel channel and sur-
rounding graphite moderator was calculated on the
basis of a kinetic equation which makes it possible to
take into account the non-age character of the neu-
tron slowing down in water. This calculation showed
that the age approximation was justified in the case of
the reactor of the atomic power station. The same
calculation proved to be helpful in finding the effective
constants (range and capture length of the neutrons)
for an equivalent homogeneous reactor.

The comparison of the results obtained in the vari-
ous calculations leads to the conclusion that the critical
mass of a graphite-water reactor can be calculated with
an accuracy of 15 per cent. Actually, however, the
theoretical valuc of the critical mass (59 channels)
coincided with the experimental value (60 channels)
more precisely.

Table I gives both theoretical and experimental
values of the temperature effect, xenon poisoning ef-
fect and the compensating capacity of the boron car-
bide rods expressed in terms of the effective multipli-
cation factor.

As regards the excess reactivity intended for burn-
up and fission products poisoning, it proved to be
sufficient to insure the reactor working at full power
for two and a half months which is considered quite
satisfactory.
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Figure 11. Axial distribution of thermal neutrons density: 1. Ex-
perimental curve, made with absorbing rods of the internal circle
lowered and rods of the outer circle raised. 2. Theoretical curve,
determined on the assumption that the substance of the absorbing
rods is uniformly distributed in the active zone of the reactor. 3.
Boundaries of the active zone and of the lower reflector. 4. Same
for the upper reflector. 5. The active zone.
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Figure 12, Radial distribution of thermal neutron density. 1. Experi-
mental curve; the absorbing rods of the internal circle raised, the
rods of the outer circle lowered. 2. Theoretical curve, determined
on the assumption that the materials of the absorbing rods are
uniformly distributed in the active zone. 3. Experimental curve; the
absorbing rods of the outer ring lowered. 4. Absorbing rods (internal
circle). 5. Absorbing rods (outer circle). 6. Boundaries of the active zone
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Figure 13. Distribution of resonance neutrons n v according to an
Av indicator (E: — 4.9 ev) and radial distribution of the cadmium
ratio R.4. Circular points are calculation (for uniform distribution
of the substance of the absorbing rod); triangular points are experi-
ment (with absorbing rods of the internal circle lowered)
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Figure 14. Decrease of reactor power after shut-down. N is power

level, ¢ time. 1. Theoretical curve. 2. Experimental curve, recorded

by oscillograph. 3. Time of the emergency signal. The decrease in
power to one-half takes about 0.90 seconds
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Figure 15. Changes in the water flow and reactor power after
shutting off the electric supply of the circulating pump motors.
X-axis: time; Y-axis: relative ch ir. ption of water (1)
and the relative power N/No

The comparison of the theoretical and experimental
data for the axial distribution of neutron density in
the reactor is made in Fig. 11, and for the radial
distribution in Fig. 12, In the latter case the theoreti-
cal calculation is made on the assumption that the ab-
sorbing substance of the compensating rods is dis-
tributed homogeneously in the reactor.

The theoretical and experimental data on the spa-
tial distribution of the resonance neutrons and on
cadmium ratio are compared in Fig. 13.

To illustrate the transient response, I'ig. 14 shows
the curves (theoretical and experimental) of the
power of the reactor on the decrease when the emer-
gency protection rods have fallen.

If the emergency system shuts down the reactor
upon recciving a signal that the main circulating
pumps are cut off from their current supply, the pres-
ence of the remaining radioactive heat could result
in the water boiling in the reactor. Figure 15 shows
the curve of heat production after the safety rods are
put in and the curve of the decreasing mass velocity
of water after the pumps are cut off.

The comparison of these curves shows that the
former falls more steeply than the latter, except for
a very short period of time. The momentum gained
by the water will maintain the mass velocity of water
at a level sufficient for heat removal for dozens of
sceconds. This is more than enough time for the cir-
culating pumps to he connected to the storage battery,
which is done automatically.

It has been mentioned above that the reactivity
of the reactor rises when the water content is in-
creased. Therefore, the reactivity of the reactor will
rise in the case of a leak occurring in the fuel channel,
and the level of chain reaction will rise.

If the regulators do not cope with this rise the
safety rods shut down the reactor.

To illustrate the kinetics of this process the curves
showing the changes in the power of the reactor for
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Figure 16. Changes in the power of the reactor N/N, and in the
enthalpy of the water i in fuel channels at different velocities of
the supply of water to the graphite brickwork of the reactor. X-axis:
time t; Y-axis: enthalpy i, relative power N/N,. The horizontal
line at the top shows the enthalpy value (saturation) at 100 atm

two vclocities of water supply are given in Fig. 16.
Time is along the abscissa, while the power of the
reactor is plotted along the ordinate. The power in-
creases at first because of water entering the graph-
ite brickwork and then drops owing to the action
of the safety rods. The curves showing the changes
in the amount of heat contained in the water in the
fuel channels during this process are drawn in the
same figure.

It follows from these curves that water in the fuel
channels will boil if it is supplied to the graphite
brickwork at a speed of ten liters per second. Special
experiments have shown, however, that the speed
of water supply in the reactor will not exceed two
liters per second even in the case of the complete
rupture of the tube of a fuel channel. The cut-off de-
vices in the fuel channel will bring this figure down
to 0.1 liters per second.

The calculations of the rise in reactivity have been
made on the assumption that water supplied to the
reactor is distributed uniformly throughout the graph-
ite brickwork. However, it should be expected that
the cffect will depend on the location of the water
concentration to a considerable extent.

If surplus water concentrates close to the uranium
the rise in reactivity will be greater than in the case
of water concentrating far from the uranium, say,
in the graphite, where it may cven have a negative
effect. Consequently, the calculations mentioned above
give only a rough picture of the actual process. This
prompted the carrying out of special experiments in
order to measure the influence of water on the re-
activity of the reactor.

To this end a special fuel channel was made with

greater holdup of water, and water channels (without ~

uranium) were made too. These channels helped to

confirm the heterogeneous character of the action of
water and made it possible to establish that the theo-
retical calculations based on the assumption that
water is distributed evenly overestimate its influence
a bit. Although measures had been taken to prevent
any possible flooding of the apparatus with water
(drainage and switching off systems), it was, never-
theless, important to determine experimentally the
possible rise of reactivity when the reactor is filled
with water.

For this purpose measurements were made of the
rise of reactivity in the reactor without water, one of
its channels being filled with the normal quantity of
water at first and later with the surplus quantity.

The dependence of the radial effect on the location
of the channel was also measured.

This experiment was repeated in the reactor with
the fuel channels filled with the normal quantity of
water.

By using the data obtained in the previous experi-
ments we can evaluate the reactivity of the fuel chan-
nel in the reactor filled with surplus water, and conse-
quently estimate the internal reactivity excess of the
reactor completely flooded with water because of a
breakdown.

The measurements have shown that the possible
rise in reactivity of the reactor will not exceed 0.01
(in Ak/k), which can always he compensated for by
the available reserve of the shim and safety rods.

The comparison of the calculations and the results
of the experimental study of the reactor shows that
calculation and experiment agree with each other to
a reasonable degree of precision. Consequently, these
calculational methods can be taken as a sufficiently
reliable basis for designing more powerful reactors of
the same kind.

A DESCRIPTION OF THE TECHNOLOGICAL FLOW
SHEET OF THE ATOMIC POWER STATION

As has already been mentioned the most character-
istic feature of the station scheme is the two-circuit
system,

The heat-transfer medium is water which circu-
lates in the primary circuit under high pressure. This
water transfers the heat from the reactor to the water
of the secondary circuit. In the stcam generators the
water is converted into steam which goes to the tur-
bine. The entire primary circuit is made of stainless
steel and is situated behind the biological shiclding.

The water of the primary circuit is heated in the
reactor channels to a temperature of 260-270°C and
passes to the steam generators from the header (see
Fig. 17). There are eight such steam generators
coupled in pairs in the shielded boxes (see Fig. 18).
At peak power output, three pairs of steam generators
are in operation and the fourth pair is in reserve.
Each steam generator consists of a water heater, a
water evaporator and a steam-superheater. The water
of the primary and secondary circuits in the steam



Figure 17. Technological flow-sheet of the atomic power station.
1. Reactor. 2. Steam generator. 3. Turbogenerator. 4. Turbine con-
denser. 5. Starting condenser. 6. Deaerator. 7. Supplementary water
tank. 8. Volume compensator. 9. Primary circuit circulation pump.
10. Secondary circuit feed pump. 11. Condensate pump. 12. Cooling
water pump. 13. Feed pump of the primary circuit. A is primary
circuit water (100 atm). B is steam (125 atm). C is secondary circuit
condensate. D is compressed air. E is cooling water

generators moves according to the countercurrent
principle.

The water of the primary circuit leaves the steam
generators at a temperature of about 10°C and en-
ters the inlet pipe of the main circulating pumps., A
general view of a main circulating pump is given in
Fig. 19 There are four such pumps. Three are in
operation at peak power output, insuring water con-
sumption of about 300 tons per hr; the fourth pump
is in reserve.

There are special feed pumps for adding fresh
water to the primary circuit. Figure 20 shows a photo-
graph of a group of such pumps. These same pumps,
with the aid of an antomatic device, feed the water
to scals of the main circulating pumps in such a way
that the pressure of this water is always 0.5 atmo-
spheres above the water pressure in the pump. This
insures a hydraulic seal which prevents the radio-
active water in the main pumps from penetrating
along the shaft.

It should be noted that as the water of the primary
circuit moves away from the reactor, its activity grad-
ually falls. The activity of the water coming out of
the reactor is due to oxygen (0.2 curie/liter) with a
short decay period (7 sec), whercas at the inlet of the
reactor the activity of the water (2 X 107 curic/
liter) is due basically to activity of impurities.

To insure compensation for changes in water vol-
ume during heating or cooling and to maintain for
a certain period of time the pressure in the circuit
in the case of a leak, the cooling circuit is supplied
with volume compensators, which are circular tanks
connected with cylinders of compressed gas.

A change in the volume of water in the primary
circuit is compensated by cither a fall or rise in water
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Figure 18. Part of the steam generator corridor. The open door of
one of the four steam gencrator shielded boxes can be seen. At the
top is the steam pipeline

Figure 20. A group of primary circuit feed pumps

level in the volume compensators. The level reading
is shown at the central control panel and is connected
with the safety rods.

Along the primary circuit line, on the bypass, there
are contact units for burning the explosive mixture
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which may arise through water decomposition due
to neutron irradiation.

From the pressure line of the main pumps, the
water enters the input collector of the apparatus, from
which it is fed to the apparatus channels,

The water of the secondary circuit might become
radioactive only as a result of mechanical mixing with
the water of the primary cireuit, for example, as a
result of cracks in the tubes of the steam generators.
However, this is highlv improbable. Therefore the
equipment of the secondary cireuit is of the conven-
tional type.

The water of the secondary cireuit ( the condensate)
is fed by feed pumps 1o the heater of the steam
generator; it then enters the evaporator, m which
the level is maintained constant by @ special antomatic
device; from the evaporator the steam enters the
steam superheater. Mt peak power output of the sta-
tion, the three operating groups of steam generators
produce 10 tons of steam per hour at a pressure
of 125 atmospheres and at a temperature of 255-
2007

This steam is directed along the main steam line
to the turbogenerators (g, 21). From the turhine
condenser the water returns to the steim generators,

An atomice reactor may also operate without pro-
ducmg steam (a water-water cyele). In this ease, hot
water, the heat ot which is removed by ordinary re-
frigerators is produced in the steam generators. This
scheme is used during the startup period onlv and for
special experimental work,

The station is provided with varions components
of clectric equipment, including a storage battery
capable of feeding the electric motors of the main
circulation pumps at low speed for several hours,
which might he needed in an emergency (shutting
ofl the clectric supply ). The sole purpose of the equip-
ment is to insure a reliable source of electricity for
the control instruments of the reactor and the main
circulating pumps. .\ slight circulation of water in
the reactor is needed even when the chain reaction is
stopped in order to remove the heat due to decay of
long-lived radioactive fission products.

Figure 21. The turbogenerator of the atomic power station

All the station equipment is controlled from a cen-
tral panel (Iig. 22). The central control panel gives
the following important readings : the position of the
shim and control rods, the temperature of the water
at channel outlet, water consumption in the primary
circuit and water pressure, the power of the reactor,
the quantity and quality of the steam produced, ete.

Figure 22. Central control panel. The simplified flow sheet is in the
center of the panel. The switchbourd is in the center of the picture

For safeguarding personnel from irradiation all
rooms in the station are equipped with ionization
chambers for measuring gamma radiation and with
air-intake lines for controlling the radioactivity of
the air,

In case the activity of gamma radiation or the
activity of the air in any room is above normal the
man on duty at the central dosimetric panel ( Fig. 23)
is warned by a light and sound signal. This same
signal is also given in the room where the activity
has exceeded the normal level. A1l rooms at the sta-
tion are well-ventilated and the air escapes through
a high chinmey (Fig. 1). When the station is work-
ing normally, a slight amount of radioactivity is in-
evitable due to the argon of the air near the reactor,

Radioactive water (which results when the water
is let out of the primary circuit) is discharged to
storage tanks where its activity is reduced to a safety
level by dilution and by decay.

ATOMIC POWER STATION OPERATION EXPERIENCE

Since the atomie power station was started up on
27 June, 1954, it has heen tested in various operating
conditions and has produced about 15 million kwh
of electric energy. This uperational experience has
made possible the following important conclusions :

1. During operation of the station there has not
been a single case of a fuel element failing. ‘This proves
that the heat-transfer from the uranium clements to
the water proceeds regularly without disturbances,
and that the stainless steel selected for the tubes is a
reliable material for work in the active zone of the
reactor. Despite the fact that preliminary tests of the
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Figure 23. Part of the central dosimetr ¢ panel

fuel clements permmtted us to expeet such a result,
still a bulk test, in the reactor of the station, of these
most important parts might have produced undesir-
able results. The durability of the fuel elements in-
sured reliable operation of the electric power station
as a whole,

In view of the changes that graphite undergoes in
a neutron field, it might have heen feared that the
holes in the graphic brickwork would hecome clogged
with fuel clements.

LExperience in channel replacement shows that the
fuel channels are easily removable.

The temperature of the graphite proved to he ahove
the rated temperature and at the hottest points reached
650-700°C.

Water flow through the fuel channels of the reactor
was stable during operation. Figure 24 shows the
radial distribution of power, temperature and water
flow. As may be seen, it is possible to reduce the
spread of water outlet temperatures in the channels
to =+7° by controlling the water flow and equalizing
the neutron density along the radius of the reactor.

Operational experience has shown that control
makes it possible to insure rated power of the appa-
ratus for a long period (from loading to loading).

Once the temperature and steam pressure are fixed
the operation is characterized by a high degree of
stability and the parameters may he maintained with-
out requiring attention from the personnel of the
station.

The autumatic control system and the breakdown
protection system of the reactor worked without a
mishap.

Given definite operation conditions the activities
of the station personnel consist in taking instrument
readings and observing sigmals.,

A startup of the reactor from zero to the rated
power takes approximately half an hour and is the
most important operation, especially: when the reac-
tivity of the reactor is not precisely known. .\t pres.
ent, work is proceedimg on an auntomatic  startup
project.

Unloadimg the uranium fuel elements from  the
reactor is done by sections with a view to economizing
atomic fuel, The reactor is simultaneously loaded up
with fresh heat generating clements, and the less
burned up peripheral clements are moved to the
center of the core, “This results in eatendmy the ex-
posure of the fuel elements and inercasmg the burn-up
of U39 40 20 per cent.,

The elements are replaced onee every two months,
requiting two to three davs,

2. The mam tochnological equipment of the station
(mam arculating pumps, booster pumps, steam gen-
erators, voluise compensators, ete.) worked without
fatlure: This 15 due, to a considerable estent, to the
fact that during installation of the high pressure pipe
lines, great attention was pand to the quality of weld-
ing. It shoutd he noted that the total number of welded
joints is several thousand. Therefore the quality of
the welded seams was carefully checked. Samples of
welded jomts were studied to check for the absence
of envstallite corrosion. The welding was done by
highly -skilled workers.

During the operating period of the station there
were only i few cases of cracks and pits arising.

[igh purity of the water of the primary cireuit is
necessiry for suecessful operation of the reactor. Bi-
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Figure 24. Radial distribution of power of the fuel channels, the flow
and temperature of the water in the channel outlet. Circles are
channel power. Triangles are outlet temperature; crosses are flow of
water In the channel
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distillate, with which the primary circuit is filled, has
a dry residue of less than 1 mg/liter. In the primary
circuit, the content of dry residue is maintained at a
level of 3 mg/liter by constant removal of the primary-
circuit water and by adding up to 300 liters/hr of
fresh bi-distillate. An increase in the dry residue
is probably caused by washing away of copper gas-
kets and ashestos-graphite seals in the valves.

Experience shows that the presence of this residue
in the primary circuit does not lead to the formation
of scales in the fuel channels to the extent of influ-
encing heat transfer. Nevertheless, the station per-
sonnel consider a further reduction of impurities in
the water of the primary circuit to be desirable. This
would also make unnecessary the constant removal
of water from the primary circuit.

Preliminary experiments' established the fact that
at the temperature and pressure most common in the
primary circuit, we find the reverse process of ion
recombination which practically eliminates the forma-
tion of a detonating mixture in the water. This con-
clusion was completely confirmed during operation
and made it possible to dispense with a contact ap-
paratus for burning the detonating mixture.

3. The equipment of the secondary circuit is of
conventional type, but it was important to know how
flexible the control of the whole scheme of the station
was. At first, there was a little uncertainty in the con-
trollability of the whole reactor—steam generator—
turbine setup, especially in transient operating con-
ditions. No study was made of the startup system of
the turbine, permissible heating-up speeds of the
steam generators, and speeds of steam pressure rise.

As an example, mention may be made of the hy-
draulic shocks that occurred in the steam generators
when they were heated during the first startups. It

Figure 25. Inlet steam temperature

later became clear that this was due to steam gener-
ation in the water heater. It was due to an excess
heating speed and to low steam pressure in the steam
generator.

A study of startup conditions established the fact
that startup from a cold state, for example, after
repairs, may be carried out in 1.5 to 2 hours; and
the steam in the first period is delivered to the startup
condenser. After operating parameters have been at-
tained steam is fed to the turbine. Such a startup
system has proved to be convenient in operation.

The automatic setup of steam generator control is
so stable in operation that the steam parameters are
quite constant. As a result, the turhogencrator is ab-
solutely stable in operation. Figures 25 and 26 show
graphs of steam temperature and pressure before
the turbine.

Station operating conditions were studied in the
case of various loads on the turbogenerators. The
station was also tested for a steam cycle used for the
heating of building. The station was entirely stable
for all of these conditions.

The station personnel succeeded in switching over
to the reserve steam gencrators and circulating pumps
without any loss in the power of the turbogenerator,
which is very important for insuring normal oper-
ation of the station.

The time loss for repair work conducted during the
year was small, since it consisted mostly in examina-
tion, revision of equipment, and various slight repairs.

4. During operation of the station, a detailed study
was made of the efficiency of the designed biological
protection. It turned out that the gamma radiation
intensity in the main hall, at nominal reactor power,
did not exceed 0.1 pr/sec, which is considerably less
than the biological tolerance dose. When the appa-

Figure 26. Inlet steam pressure
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ratus is being unloaded the shielding walls of the hall
safeguard completely work in the surrounding rooms.
Shielding of the rooms containing the steam gener-
ators, the pumps and pipelines of the primary circuit
likewise safeguards the service rooms from radiation.

For a limited period of time one may also enter the
halls where this equipment is located (radiation does
not exceed 6 ur/sec).

Gas activity is not observed in the main hall of the
station and in the other rooms, which points to a
satisfactory system of exhaust ventilation.

The activity of the gas passing into the ventilating
funnel was due basically to the activity of the argon
of the air. Measurements show that the selected
height of the stack is sufficient insurance of safe con-
ditions for the surrounding population.

The activity of the water drained out of the primary
circuit is 10-® curie/liter due to Na and Mn. After
its retention in storage tanks and after dilution with
pure distilled water, the activity of the drained water
is easily brought down to the biologically safe level.

In the case of rupture in a channel, the presence
of intermediate reservoirs excludes the possibility of
fission fragment activity getting into the water.

Operational experience of the station showed that
the system of local and central warnings signals of
elevated gamma and gas activity works without a
hitch.

During the time the station has becn operating
there has not been a single case of over-irradiation
of personnel.

LEach worker at the station has control dosimetric
photo plate-holders and undergoes periodic medical
examinations. No harmful influence of the work of
the station on the health of the workers has been
observed.

It should be noted that the most important means
of combatting irradiation of the workers, is strict dis-
cipline in observance of operating and safety regula-
tions.

A general conclusion after a year’s experience in
operating the station is that an atomic electric power
station having as its source of energy an atomic re-
actor similar to the one described above will be ex-
tremely stable and reliable in operation.

A COMPARISON OF AN ATOMIC AND A COAL
ELECTRIC POWER STATION

The operation of the 5000 kw industrial atomic
power station of the USSR for nearly a year gives
much data for designing and building large atomic
power stations and makes it possible to evaluate eco-
nomic factors on the basis of actual technical experi-
ence.

The cost of one kilowatt hour of electric energy pro-
duced by the first atomic power station exceeds con-
siderably the average cost of one kwh in large ther-
mal stations in the USSR. In 1953, the cost of elec-
tricity in the thermal power stations of the Ministry

of Electric Power Stations was 10 kopeks per kilo-
watt hour,1®

However, the cost of a kilowatt hour in the atomic
station is comparable in cost with that of a similar-
type low-power thermal power station (1-5-thous-
and kw).

An analysis of the cost of one kilowatt hour of
cnergy produced by the first atomic station shows
that its high cost is due first of all to the small size
of the station, to the large outlay for manufacture of
fuel elements, to greater relative consumption of ura-
nium-235 hecause of the small size of the atomic re-
actor, and also to a number of peculiarities in the
design of the station aimed at creating greater reli-
ability of operation. Expcricnce shows that these
peculiarities may be dispensed with.

Consideration has been given to an atomic power
station with 100,000 kw useful power equipped with
two reactors of the same type as those of the first
atomic station of the USSR, cach of them having a
thermal rating of 200,000 kw.

An analysis of the cost of one kilowatt hour of
clectric energy has heen carried out for the case of
an atomic station of 100,000 kw taking account of
expected improvements. These calculations show that
the cost of electric energy is considerably reduced for
this case.

An increase in the reactor size will permit a de-
crease in the enrichment of the uranium loaded into
the reactor. Calculations show that for the two re-
actors of this large station 20 tons of uranium a year
will be required. The uranium will have to be en-
riched to 2.5 per cent in the uranium isotope 235
instead of the 5 per cent enrichment used at the
first atomic power station.

Reduction of enrichment lowers considerably the
fuel component of the cost of one kilowatt hour of
encrgy produced by the first atomic power station.

The economics of the improved 100,000 kw atomic
power station were compared with those of a modern
thermal power station of the same capacity working
on medium-grade coal burned in a powdered state.

It turned out that the fuel cost per kilowatt hour
at the atomic station was greater but still comparable
to the cost of the fuel component of one kilowatt hour
at the coal-fired station of the same capacity working
on low-quality coal.

It may be expected that the number of workers
operating the atomic reactor and the steam generators
will be two to three times less than in the boiler room
and in the auxiliary structures of a coal station of
the same capacity.

Energy consumption for the needs of such an atom-
ic power station itself is less than in the case of a
coal-fired station,

These favorable circumstances improve the tech-
nical and operational factors of the atomic power sta-
tion and simplify its operation, thereby compensat-
ing for the nccessity of installing equipment for the
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Table Il. Comparative Data for 100,000-kw Atomic and Coal Power Stations
Atomic
Coal power power
Features compared Units tati. tati
1. Weight of machinery and mechanisms tons 2700 700
2. Weight of metal structurcs . tons 1250 900
3. Weight of pipelines and armature tons 300 200
4. Weight of refractory masonry (graphite brickwork
for atomic station) tons 1500 500
5. Weight of mechanisms of coal storage tons 2500 —_
6. Weight of rolling stock tons 300 —
7. Volume of concrete members m® 4000 9000
8. Volume of buildings (without turbine room and
electric equipment) m® 75,000 50,000
9. Size of site hectares 15 5
10. Inner power needs kw 8000 5000

removal and storage of used radioactive fuel ele-
ments, radioactive gases and drained waters.

A comparison of the quantity of equipment, ma-
terials and maintenance required in the building of
a 100,000 kw power station with atomic reactors of
the type used in the first atomic power station of the
USSR shows that the material outlay in the con-
struction of the power station changes considerably
and is more favorable for the atomic power station.

Table II shows the weights of the machines, mech-
anisms, and metal structures, as well as the volume
of iron and concrete work plus some other data for
the building of one type of the 100,000 kw atomic
power station in comparison with a coal-fired power
station of the same capacity. The figures relating to
the turbine portion and its electrical auxiliaries are
not given in the table since they are the same for
both types of stations.

As may be seen from Table II, the expenditures for
the construction of an atomic power station are less
in many respects than for the construction of a coal
station ; this is due to the absence of large fuel stor-
age space, fuel delivery systems, coal-grinding mills,
ash removal equipment and other cumbersome struc-
tures that are common at coal-fired power stations.

Figure 27 shows an atomic and a coal-fired power
station with capacities of 100,000 kw.

The coal station is equipped with two steam boil-
ers, each with a capacity of 200 to 240 tons of steamn
per hour and two steam turbines of the condenser
type, 50,000 kw each with a steam pressure of 30 to
35 atmospheres. The steam generators of the atomic
station are rated for the same steam parameters.

A comparison of the size of the buildings of two
such power stations shows that the atomic station
is more compact.

A comparison of possible characteristics of an
atomic and coal power station of 100,000 kw capacity
shows the possibilities and future of atomic stations,
similar to the first industrial atomic power station
of the USSR, and the system of heat transfer from
atomic reactors with the aid of water under pressure
is a reasonable technical procedure, which may be
widely used in atomic power engineering.

Depending on local conditions, for example the
cost of electric energy in a given region and the volume
of work required for mining and enriching the ura-
nium, the capital operating costs of an atomic power
station may vary widely.

The over-all cost of onc kilowatt hour of electric
energy produced by an improved larger atomic elec-
tric station of any given type will not be much more
than the cost of the clectric energy produced at a
good coal-fired power station.

An atomic power station is now already more
profitable than either a coal station in regions situ-
ated far from coal mines or coal stations opecrating
on low quality fuel.

This opens up possibilities for atomic power sta-
tions to meet the growing clectrical energy require-
ments of both industry and agriculture. An atomic
power station may also be used for heating buildings
in cities,

At present, in the USSR, various-type atomic
power stations with a capacity of 50-100-thousand
kw and more are being designed, including the above
type station. Economic calculations show the possi-
bility of producing clectric cnergy at such stations at
a cost of between 10 and 20 kopeks per kwh.

PROSPECTS OF ATOMIC POWER DEVELOPMENT

Conditions already exist, not only in large and
rapidly developing countries such as the USSR, but
also in many other countries, both large and small,
which make it appropriate to build atomic power
stations in specific areas remote from other sources
of power.

It must not, however, be assumed that new atomic
power stations must necessarily be built on the de-
sign of the first atomic power station of the USSR.
The first station which was built on the basis of the
most highly-developed methods and materials showed
that economically efficient results could be obtained on
those lines. At present, however, we are still at the
beginning of atomic power development and accord-
ingly there are many paths to be trod in setting up
atomic power plants based on different types of
reactors.
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Figure 27. 100 Mw atomic power station: 1. Building.
2. AK-50 turbogenerator. 3. Reactor. 4. Overhead
crane. 5. Overhead crane. 6. Condenser. 7. Steam
generators. 8. Circulation pump. 9. Regenerative heat-
er. 10. Turbogenerator switchboard. 11. Condensate
pump. 12. Feed pump. 13. Start-up condenser.
14. Feed pump. 15. Humidity indicators. 16. Volume
compensators. 17. Ventilators. 18. Ventilation stack.
19. Storage for fuel channels. 20. Electric switch-
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board. 21. Tank for radioactive water. 22, Main
control panel of the station. 23. Servomotors of con-
trol rods. 24. Railway track. 25. Assembling floors.
26. Mechanics shop
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From the physical point of view, the possible types
of reactor must be classified mainly according to the
energy spectrum of the neutrons which cause the
fission of uranium or of other fissionable materials.
On this basis, reactors can be classified into thermal-,
intermediate- and fast-neutron reactors. Thermal-
neutron and intermediate-neutron reactors must
have a neutron moderator. The substance used as a
moderator is a further criterion for classifying re-
actors, The fissionable material may be distributed
in the moderator homogeneously or in slugs. IHence,
reactors may be subdivided into heterogeneous and
homogeneous reactors. Reactor types may be further
distinguished by the choice of coolant and, finally, by
the structural features of the reactors.

We shall consider, therefore, the comparative
features of a number of reactors which may scrve
as the heat sources for atomic power stations.

First, we shall consider heterogeneous, thermal-
neutron, graphite-moderated reactors.

1. Water Cooling

If the heat is removed from the reactor by pressur-
ized water, as is the case in the atomic power station
reactor described in this paper, the temperature of
the coolant is too low to obtain high working-stcam
parameters in the turbo-generator which is a great
drawback of this type of reactor.

Thus, for instance, to obtain stcam at a temper-
ature of 375°C the pressure in the primary circuit
must exceed 225 atmospheres. To achieve this, a
considerable quantity of structural material, most
probably steel, would have to be introduced into the
reactor, which would make it necessary to increase
the uranium-235 enrichment very greatly, thus caus-
ing an increase in the cost of the atomic fuel used
which will not be compensated by an improvement
in the coefficient of thermal efficiency of the power
station. Nevertheless, as was said above, atomic
power stations based on reactors of this type can he
built to work quite efficiently.

2. Gas Cooling

In the case of gas-cooling, this interdependence be-
tween the temperature and the pressurc of the cool-
ant does not exist. This represents an advantage of
gas-cooling as against water-cooling. It may be used
at higher temperatures. From the point of view of
heat capacity, however, gas cannot compete with
water and gas blowers of high power are essential
to maintain a high rate of heat removal.

Gas-cooled systems may occasionally prove prac-
ticable. Hence British physicists and engineers have
chosen for the immediate future to build graphite-
moderated power reactors with gas-cooling. This
choice makes it possible to utilize the experience
gained from reactors already developed in Britain
and at the same time to find a practical solution of
the problem of setting up a nuclear power system on
a considerable scale in a short time. In France too,

apparently, the lines on which atomic power research
is proceeding are explained by similar considerations.

3. Lliquid-Metal Cooling

This combines the advantages of gas and water
cooling. The high boiling point of molten metals
means that high pressures in the primary circuit can
be avoided and the considerable heat capacity of
molten metals compared with gases eliminates the
need to pump large quantities of coolant through the
reactor. Sodium is the most acceptable coolant of
this type.

The chief difference between sodium and water
from the point of view of their effect on the chain
reaction is that water is a far better moderator,
Hence, in a water-cooled reactor in which the pro-
portions of water and graphite are such that the
water plays practically no part in neutron moderation
but acts as a neutron absorber, water may be re-
placed by sodium. In these circumstances, the tem-
perature in the primary circuit at low coolant pres-
sures (5-10 atmospheres ), can be raised considerably,
thereby increasing the working-steam parameters.
It is quite possible to achieve an efficiency exceeding
30 per cent. When the system is large in size, slightly
enriched uranium (less than 1 per cent) can be used,
and if zirconium or very thin steel is used for clad-
ding the uranium slugs, it is even possible to oper-
ate on natural uranium. Thus, graphite-sodium re-
actors seem to be promising and probably economic
as power reactors.

A disadvantage of sodium cooling is the high radio-
activity of sodium, which decays relatively slowly
(the half-life is 14 hours). This fact makes a sodium
circuit difficult to handle. The heat-exchange system
is also complicated by the need to pre-heat the
sodium and to take a number of precautions to avoid
contact between the water and the sodium.

Research on liquid-metal-cooled reactors is pro-
ceeding in many countries, including the USSR.

4. Water-Water Reactors

Another type of atomic power reactor is the re-
actor in which ordinary water acts as both moderator
and coolant. Water has a number of distinctive
features as a moderator: both the slowing-down
length and the scattering free path are exceptionally
short (5.7 cm and 2.8 cm respectively). Its most in-
teresting peculiarity, however, is the dependence of
its neutron scattering cross-section on the neutron
energy; the cross-section is small for high energies
and large for low energies. If the uranium slugs are
distributed in a close lattice, some of the neutrons
will penetrate neighboring uranium slugs where
they may cause additional fission of uranium-238,
which can only be done by fast neutrons. As a result
of this, the multiplication factor is increased, so that
some increase may be permitted in resonance absorp-
tion of neutrons as they slow down. Experiments and
calculations carried out in the USSR indicate that
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for certain lattice geometries a fast-neutron multipli-
cation of as much as 15 per cent can be obtained.

Greater resonance absorption means that more plu-
tonium is accumulated in this reactor than in thermal-
neutron reactors using other moderators. This is the
most important property to be found in reactors of
this type.®

Exposures _of varying length can be obtained, de-
pending on the structure of the reactor. Physical cal-
culations indicate that the length of the exposure may
be cxtremely long. Whether the fuel elements can
withstand a long exposure without substantial dam-
age is another question, which can be answered only
by experiment. If long exposurcs prove feasible, a
system of this type will be an exceedingly economic
source of atomic cnergy.

For that rcason, the diverse studies necessary for
building water-water reactors are being carricd out
in the USSR. Research workers in the United States
are also paying a good deal of attention to this type
of reactor, for the same reasons, of course, It is in-
teresting to note that atomic power development in
the USA and in the USSR is proceeding on very
similar lines. The great expanses of land and the
diversified economic areas which are characteristic
of both countries call for the fullest possible consid-
eration of the various types of atomic pr wer station
available to our countries on the basis of their scien-
tific and engincering resources.

We would observe in conclusion that the disad-
vantage of water-water reactors is the difficulty of
compensating for temperature and other effects due
to the slow neutron-absorbing capacity of the rods
and the short scattering path and slowing-down
length which are characteristic of water. A factor
which requires special attention is the action of
radiation produced by the reactor on the material
of the casing, which has to withstand the high pres-
sure of the water,

5. The Heavy-Water Reactor

The efficiency of thermal-neutron reactors may
also be improved by reducing neutron absorption by
the moderator. Ileavy water is a moderator which is
an extremely weak neutron absorber and therefore
suitable for this purpose? Tf the heat in a reactor
of this type could be transferred without the use of
strongly neutron-absorbing structural materials and
if, in addition, a heat-transfer fluid with a low ab-
sorption power could be chosen, such a reactor could
operate on natural uranium, which must certainly be
regarded as a distinct advantage in a reactor of this
type. For this reason, gas-cooled and heavy-water
moderated systems are undoubtedly suitable from the
point of view of neutron economy. Power develop-
ment on this basis is, however, tied to the use of large
quantities of expensive heavy water and complicated
gas-blower systems, and this is the disadvantage of
the type of reactor under consideration,

6. Homogeneous Reactors

The reactors which we have been considering so
far have been heterogeneous reactors. The uranium
in them is arranged in slug form in a spaced lattice
of one sort or another. These reactors have low res-
onance capture. Another possible course is that of
having the uranium evenly distributed in the moder-
ator, either in solution or in suspension. Resonance
capture in such a reactor will be high, but the re-
sulting reduction in the multiplication factor may be
offset by the possibility of removing the xenon, which
inhibits any reactor operating on thermal neutrons,
from the reactor core. Unless this is done, a sub-
stantial increase in uranium-235 enrichment is neces-
sary. A reactor of this type has no fuel elements,
which always present a definite problem. The chem-
ical preparation of the fissionable material is also
simplified in this type of reactor.

In one of the papers presented to this conference
by the USSR!® a design for a boiling homogeneous
reactor is described ; in this connexion, an exceed-
ingly important result of the investigations carried out
in our country is evidence that it is possible to elim-
inate radioactivity from the steam from the boiling
reactor to a very high degree of decontamination. Al-
though many questions remain to be cleared up in
connexion with the development of boiling homo-
gencous reactors, it is reasonable to believe that the
difficulties we are encountering can be overcome com-
pletely.

The reactors described above have the defect that
the energy they develop is derived almost exclusively
from the hurn-up of uranium-235, which occurs in
nature 140 times less frequently than uranium-238.

In thermal-neutron reactors, uranium-238 is only
partially used by conversion under radiative capture
and subsequent radioactive decay into plutonium-239,
which is also fissionable by thermal neutrons, like
uranium-235. The conversion factor for plutonium
from uranium-238, i.c., the number of plutonium
atoms derived from a single split atom of uranium-
235, is not greater than unity in thermal-neutron
systems, according to all calculations and experi-
mental data. It is, therefore, doubtful whether the
problem of the complete utilization of natural sup-
plies of fissionable materials can be solved solely by
building reactors operating on thermal ncutrons.

One of the fissionable isotopes of uranium is ura-
nium-233, which does not occur in natural uranium.
This isotope can be obtained artificially from thorium-
232 by neutron capture. By the use of this isotope, it
is possible to design a thermal-neutron reactor which
will produce uranium-233 from thorium with a con-
version factor somewhat greater than unity (1.1).
Hence, a reactor of this type will not only produce
energy but will also create the fissionable isotope
uranium-233 from thorium. It is essential that the
losses in the chemical treatment of the thorium
should be considerably less than 10 per cent. In one
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of its alternative designs, the above-mentioned boil-
ing homogeneous reactor is based on this particular
technique. This renders it possible to use thorium
as raw material for atomic fuel. Thorium occurs
fairly widely in nature, so that a “thorium cycle”
of this sort is one of the interesting possibilities in
the field of atomic power.

It is highly probable that countries having large
supplies of thorium will find it advantageous to con-
centrate on the development of homogeneous heavy-
water reactors with extensive uranium-233 breeding.
The use of atomic fuel in a fuel cycle, as described
in one of the papers by Canadian scientists, should be
investigated further and may represent a substantial
economy in the consumption of natural supplies of
fissionable material. We note that uranium-233 may
prove to be a very suitable fissionable material for
intermediate-neutron systems. We shall not, how-
ever, deal with reactors of this type in greater de-
tail, since in their physical characteristics they are
intermediate between thermal-neutron reactors and
fast-neutron reactors, so that their features are not
so sharply defined as those of the extreme types. The
main feature of these reactors is that they can be
built in moderate sizes, which may be advantageous
in some instances,

7. Fast-Neutron Reactors

There is no moderator in fast-neutron reactors.
The fissionable material (uranium-235 or plutonium)
is only slightly diluted with the coolant which is to
carry away the heat. The core of a reactor of this
type may be extremely small, and any increase in its
size would be needed only to accommodate the heat-
transfer system.

The coolant must be as poor a neutron moderator
as possible, so that liquid mectals are the natural
coolants to choose for these reactors. The reactor
reflector must also be made of material which does
not slow down neutrons. Fast-neutron reactors have
a number of physical characteristics which distin-
guish them radically from thermal-neutron reactors.

Firstly, with fast neutrons it is possible ‘to cause
fission in the main isotope uranium-238 (fission
threshold 1 Mev). The process competing for neu-
trons with fission will be inclastic scattering in both
the uranium and the various structural materials.
Inelastic scattering softens the neutron spectrum and
brings the neutrons into the region below the fission
threshold. It is therefore desirable to minimize the
part it plays in the chain reaction.

Secondly, the non-productive capture cross-sec-
tions of the materials decrease with increasing neu-
tron energy more rapidly than the fission cross-sec-
tions of uranium-235 and plutonium. Thus, the ratio
between fission and radiative capture for fast neu-
trons changes in favour of fission. Because of this,
and the substantial reduction of the poisoning ef-
fects which are characteristic of thermal systems, a
considerable proportion of the fission neutrons can

be used for absorption in uranium-238 and subse-
quent conversion of uranium-238 into fissionable
plutonium. This conversion may take place both in
the reactor core and in the reflector, which is of
course made of natural or even depleted uranium.

Experimental data were lacking at the outset of
our rescarch, and our estimates gave a reproduction
factor of about 1.3-1.4. In fact, however, our expecta-
tions were exceeded. Experiments extending over
two years on a plutonium research reactor and meas-
urements obtained by other methods indicated that
we could reckon on achieving plutonium-uranium
systems with a reproduction factor of up to 2, or not
less than 1.5 after allowing for all losses. Qur experi-
ments showed that for the hardest spectrum measured
v = 2.72, for neutrons of 900 kev., v = 2.9, and for
neutrons of 250 kev energy, v = 2.6. Our measure-
ments of the contribution of uranium-238 fission to
the reproduction factor indicated that it might he
about 0.5.

The results obtained at the Argonne Laboratory
on the EBR-1 reactor and published at this Confer-
ence and also the work done at ITarwell agree with
our own findings.

The data available in the USSR indicate that
despite the need to load the reactors with large
quantitics of active materials, they may still have
an extremely bright future, particularly when allow-
ance is made for the fact that the thermal-neutron
power reactors planned and under construction may
in the future produce the necessary quantities of
plutonium.

The development of fast-neutron rcactors presents
new and difficult technological problems, such as, for
instance, the behaviour of structural and fissile mate-
rials in a flux of the order of 10!'® neutrons per cm?
per sec and a total flux-time of the order of 10*% ncu-
trons per cm? per exposure. This means that in the
course of an exposure almost all of the atoms of the
structural materials would be knocked out of place.

Since experience so far has been limited to ex-
posures thousands of times smaller than this, it is
difficult on the basis of this experience to predict
how the materials in fast-neutron reactors will be-
have. The hurn-up of active materials will also con-
siderably -exceed the limits with which we are fa-
miliar in practice.

We anticipate that a certain percentage of the
total uranium and plutonium charge will be converted
into fragments. It is still difficult at present to pre-
dict what effect that will have on heat conductivity,
volume and shape, and consequently on the working
capacity of the fuel elements. Finally, the problem
of extracting a very large quantity of power from
the small volume of the core is not a simple one.

If it proves technically possible to produce fuel
elements which will operate in conditions of high
thermal stress and in intense neutron fluxes for as
long as a year or more, and also to eliminate high
losses in chemical processing, such reactors will not
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only produce power but will also convert the main
isotope of uranium, uranium-238, into the fission-
able material, plutonium.

Thus, fast-neutron reactors afford the possibility
of completely utilizing the natural supplies of all
uranium, and not simply of uranium-235.

The actual economic conditions in each country
call for an individual approach to the solution of the
problems facing that particular country.

It is very difficult to predict at present which line
of development will prove to be most appropriate
for various times and various conditions, and be-
cause of this it is necessary to carry on the work on
a broad front. The scale of atomic power develop-
ment work is so great that cvery country has a vital
interest in the experience and achievements of other
countries.

Because of this, international co-operation in the
field of atomic power will be of particular value in
the development of this new and fascinating field of
human activity.
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Design and Operating Experience of a
Prototype Boiling Water Power Reactor

By J. R. Dietrich, H. V. Lichtenberger and W. H. Zinn,* USA

The development of a nuclear reactor in which
stcam is generated directly in the reactor vesscl has
involved theoretical and experimental studies on the
boiling phenomenon and some experience with sev-
eral test reactors. In order to gain experience under
conditions of an operating power plant, a test facil-
ity, consisting of a reactor, whose heat rating is
approximately 15,000 kw, and the associated control
equipment nccessary for continuous operation, was
constructed at the National Reactor Testing Station
by Argonne National Laboratory. Steam generated
by the reactor cither is vented to the atmosphere or
is delivered to a turbine generator unit of 3500-kw
electrical rating.

Since the problems connected with fuel clement
life and fuel element fabrication are adequately under
investigation in connection with other projects, the
fuel elements for this reactor were made of materials
which allowed the easiest construction. This is an
important consideration, because many of the prob-
lems under investigation in this test facility require
a change in the dimensions of the fuel elements.
Fuel elements which can be fabricated rapidly and
cheaply and reprocessed are therefore an important
item in the operation of the facility.

The material of construction of the fuel elements
was aluminum. Corrosion experiments by Draley!
and his co-workers have demonstrated that aluminum
can have an adequately long life for reactor use in
temperatures well over 200°C. For this boiling- re-
actor test facility, an opecrating pressure of 300 psi
was chosen, leading to a fuel element surface tem-
perature of 215°C. Experience at higher pressures is
highly desirable. The pressure chosen for the test
facility was a compromise to permit fairly rapid and
inexpensive construction.

The uranium used was enriched in U238 to about
90 per cent and was incorporated in plates to provide
the heating surfaces.

The basic variables available in the design of a
boiling reactor using enriched fuel are as follows:
(1) U2 per unit volume of reactor core; (2) ratio

*Argonne National Laboratory. Including work by S. A.
Bernsen, R. A. Cameron, J. J. Dickson, R. O. Haroldsen, J.
M. Harrer, W. C. Lipinski, F. D. McGinnis, M. Novick,
R. L. Ramp, O. A. Schulze, J. A. Thie, G. K. Whitham,
Argonne National Laboratory, and C. B. Zitek, Common-
wealth Edison Company.
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of water to fuel element metal in the core; (3) plate
spacing. The choices made for these quantities deter-
mine the geometric buckling of the reactor through
the criticality relation. The shape and size of the re-
actor must then be chosen to be consistent with this
geometric buckling.

FUEL ELEMENT

In the design of a fuel element for an enriched
boiling reactor, not only must the quantity of U238
required for criticality be known, but the physical
size of the reactor core must be specified. In such a
reactor, leakage of neutrons to the exterior of the core
is the mechanism by which the reduction in reactivity
of the reactor and the amount of void in the core due
to steam are connected. Therefore, the physical size
of the core becomes an important factor in the design.
Tn arriving at the dimensions of the fuel element for
the test facility reactor, the following points have
been taken into consideration:

1. The condition is imposed that the void coeffi-
cient must never be positive, including the case of
the moderator being subcooled to room temperature.
The void coefficient is defined as the fractional
change in reactivity divided by the fraction of water
volume occupied by steam.

2. The area of a diametral plane of the reactor
tank is arbitrarily divided into two parts. The cen-
tral area to be occupied by the fuel elements, called
the core, is chosen as large as possiblc; the remain-
ing annylar arca is just sufficiently large to provide
for the downflow of water. This arbitrary division of
the area of the reactor vesscl is only necessary when
natural circulation is employed. Of coursc, the an-
nular water space also serves as a ncutron reflector
for the core.

3. The diameter of the core being determined,
the condition that at room temperature the void
coefficient is to be close to zero is used to determine
the length of the reactor core. Too long a core does
not give sufficient leakage to yield a negative void
coefficient; too short a core will give too large a
void coefficient at elevated temperatures.

4, Considerations of the flow of a mixture of water
and steam through channels of height as determined
above are used to specify the plate spacing. The plate
spacing being determined, the concentration of ura-
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nium in the plates follows directly from the critical
size (mass of U of the reactor.

In the following, a description of a typical fuel
clement subassembly is given. In the work which has
been done with the test facility, the plate spacing and
length have been varied. Each plate consists of a core
of uranium-aluminum alloy jacketed on two sides
with aluminum. Figure 1 gives the dimensions of the
plates and indicates the manner in which 2+4 of them
are assembled into a box-type fuel element subassem-
blv. Because the formation of steam in the channels
eaerts considerable force on the plates, the unsup-
ported span of the plate must be made fairly short. A
cooling channel is 0.204 inch thick, 1.27 inches wide,
and 20.8 inches long. In order to fit into the core
support structure, the subassembly shown is fitted
with a bottom extension and a top section as illus-
tratedd in Fig. 1. By changing the length of the top
extension, the heated length of plate can be changed
without affecting the clamping arrangement of the
core structure. Also, it provides above the heated
fuel plates a tube which, in operation, is filled with a
mixture of steam and water and, therefore, tends to
increase the circulation rate of water through the
core. Iigure 2 is a photograph of the partially assem-

hled h (W]

Figure 2. Partially as y

bled subassembly. Several concentrations of uranium
in the fuel plates are available. The lowest concentra-
tion provides 137 grams of U per subassembly,
the highest, 233 grams of U3 per subassembly.

The heavily loaded fuel elements are used to adjust
the void coefficient of the reactor. Placing heavily
loaded elements at the periphery of the reactor in-
creases the leakage and, therefore, can increase the
negative void cocflicient. In order to determine the
void coefficient, it is necessary to carry out transient
experiments of the kind discussed in the paper by
J. R. Dietrich, ef al®

REACTOR CORE ASSEMBLY

Since this is a test facility, it was necessary to make
arrangements to permit complete change of not only
the fuel clements, but of the whole reactor core as-
sembly, including the control rods. The reactor ves-
sel is a stainless steel tank, 15 ft 114 in. high and

5215 in. internal diameter, constructed of stainless
steel plate, 34 in. thick, conforming to the code for
unfired pressure vessels. The core assembly is car-
ried on a framework which is supported in the re-
actor vessel from a fixture which is bolted to the
reactor vessel at the top, just below the flat lid clos-
ure. This construction permits removing the whole
core assembly even after the reactor has been oper-
ated and core materials have been activated. Figure
3 is an illustration of the arrangement of the core
assembly in the reactor vessel. Ifigure 4 is a cross
section through the core, giving the dimensions of
the four blade-type control rods and the central
cross control rad. Cadmium, horon, and hafnium are
the absorbing materials in the control rods. Lfigure
5 is a photograph of the core assembly hefore installa-
tion in the reactor.

The control rod drives are sitnated above the
dense concerete shield plug which is rolled over the
top of the reactor. In order to change fuel in the re-
actor, it is necessary to disconnect the control rod
drive rods, roll back the shield plug and remove the
lid of the reactor vessel. To make this possible, the
reactor vessel and the pit in which it stands are
fHooded with water. The insulation on the outside of
the reactor vessel is of a type which does not de-
teriorate due to immersion in water,

Figure 0 is a schematic diagram of a single control
rod drive. These drives are so arranged that a control
rod at any time can hecome a rapidly operating shut-
down rod. A control rad which is driven by a shaft
sealed through the wall of a pressure vessel, such as
this, has two severe difficulties. First, the internal
pressure acts to lift the control rod out of the core,
and, secondly, the friction of the packing gland op-
pouses any motion of the rod. In the present design,
the lifting force due to the steam pressure in the re-
actor vessel is balanced out with a steam cylinder
and piston in which the drive rod terminates. Steam
for the balancing cylinder is supplied from the re-
actor vessel.

A large force for moving the control rod is sup-
plied by a pneumatic piston which exerts a force of
800 pounds to drive the rod. This is much larger
than any friction force in the packing gland. When
the rod is in use as a regulating rod, the pneumatic
cylinder holds a stop on the drive shaft in contact
with a large nut which straddles two lead screws,
which are driven in synchronism. Driving the nut
up or down imparts the same motion to the cuntrol
rod. Rapid insertion of the control rod is achieved
when the air pressure is switched to the side of the
pneumatic cylinder which drives the rod down.

PLANT LAYOUT

Figure 7 is a flow diagram for the whole plant.
Three principal circuits are indicated.

The power circuit consists of a feed water pump
which can pump into the reactor cither condensate
returned from the condenser or freshly de-ionized
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Figure 3. Core assembly in reactor vessel

water from the makeup system. The feed water is
discharged into the annular downcomer of the re-
actor. This helps to cool the downcomer water and
promotes the natural circulation in the reactor vessel.
A large volume in the upper part of the reactor
vessel contains only steam. This large volume pro-
motes the separation of steam and water and acts
as a cushion, preventing rapid pressure changes.
Steam from the reactor vessel is carried by a six-
inch line cither to the turbine or to a vent to the

atmosphere. Valves suitable for these operations are
shown. The condensate from the condenser is
pumped to the feed water supply tank.

The sccond circuit consists of a pump and elec-
trical heaters. This permits pressurizing the reactor
vessel without operation of the reactor. Tt 1s useful
for testing for leaks and also is used to raise the
temperature so that the reactor will not have to be
run with the control rods inserted most of their
length.
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The third circuit is the cleanup circuit and con-
sists of filters and ion exchange columns. In operation
these will become quite radioactive; consequently
they are installed in the fuel element storage canal
so that the water of the canal will provide the neces-
sary shielding. Figures 8 and 9 give the general ar-
rangement of the equipment in the plant.

INSTRUMENTATION

Since this facility is also used for transient testing
of reactor cores, the control room is situated some
distance from the reactor itself. All indication of op-
erating conditions, therefore, must be made by elec-
trical means. The level of the water in the reactor,
which normally is about 4 feet above the active
core, is closely controlled. Instruments for record-
ing the level of the water are installed in a standpipe
exterior to the reactor vessel and in the shielded pit
which contains the pumps and other auxiliary equip-

through reactor core

ment. Level control is by means of a float-type level
controller installed at the operating level. A tele-
vision camera is arranged so that by means of it the
level in a sight glass can be read directly. The tele-
vision camera also can be used to read directly a
Bourdon-type pressure gauge which measures the
steam pressure in the reactor vessel. In the control
room the rate of flow of feed water as well as the
steam flow are recorded.

Ionization chambers recording neutron flux are
installed in tubes which extend close to the core,
but outside the reactor vessel. Gamma-ray intensity
at the top of the reactor vessel is recorded. The neu-
tron intensity is measured by three types of instru-
ments differing in their time constants. For normal
operation, an amplifier recorder system having a
response time of 0.05 second is used. In order to ob-
serve transient effects, a Brush amplifier recorder
with a time constant of 0.002 second, or a Heiland
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galvanometer-oscillograph with a time constant of
0.0004 second, is used for neutron intensity.,

STEADY OPERATION

It has heen possible to operate the reactor under
conditions which are stable for all pressures from at-
mospheric to 300 psi. A necessary requirement for
reasonably smooth operation is that the amount of

Figure 5. Core assembly before installation in reactor

reactivity  corresponding to the steam void not be
excessive, In all aperations, however, the power level
is subject to rapid variations. These clearly are con-
nected with the turbulence ereated by the formation
of steam. The degree of roughness of the power is
direetly related to the excess reactivity which has
been subtracted by the formation of the steam voids
and replaced by withdrawal of the control rods,

A\ series of experiments has been performed to
determine the relationship between the excess re-
activity in voids and the power density, and this
has heen done for a number of pressures. Tt has been
observed that for any given pressure the degree of
roughness of the power varies with the excess re-
activity in steam voids. If the excess reactivity is
raised to too high a figure, oscillations in the power
become apparent, and further increases in excess re-
activity in stcam may bring small excursions in the
reactor power,

IFigure 10 contains curves of power density versus
cxcess reactivity in steam for two different reactors
(TT and I[I). Reactor I1I was that illustrated by
Figs. 4 and §, whereas reactor 11, although it used
the same vessel, was considerably smaller and had

Figure 6. Diagram of control rod drive. (1) Control switch; (2) Drive

motor; (3) Compressed air; (4) Balancing cylinder; (5) Travelling

nut; (6) Pneumatic cylinder and piston; (7) Shield plug; (8) Pack-
ing gland; and (9) Control rod

a higher (ncgative) steam coefficient of reactivity.
Consequently, a given reactivity in reactor 111 cor-
responds to a higher steam content per unit volume
than the same reactivity in reactor [, and the power
density of reactor Il is correspondingly higher.
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Figures 11a and 11b are reproductions of sections
of the power traces of reactors II and III, as ob-
tained by a neutron-sensitive ion chamber and fast
recorder. Both reactors were operating at 300 psig
and at roughly the same power density (about 22
kilowatts/liter). This power density corresponded
to 2.6 per cent reactivity in steam for reactor II, and
about 1.5 per cent for reactor III. The short-period
power fluctuations, which amount to as much as
about 15 per cent for reactor II, are not greater than
4 per cent for reactor III. In neither case did these
power fluctuations produce detectable variations in
reactor pressure or steam flow.

The curve for reactor II in Fig. 10 includes points
at several operating pressurcs. There is no great
variation with pressure in the power density attain-
able from a given addition of reactivity, at least within
the pressure range investigated. This insensitivity to
pressure is qualitatively consistent with the results
of laboratory hoiling experiments.3 Although the en-
ergy content per unit volume of the steam increases
almost lincarly with pressure, the velocity of slip of
the steam past the water in the fuel element decreases
with pressure. The steadiness of operation of the re-
actor increases markedly with pressure, however, and
it is therefore feasible to operate the reactor with
more reactivity in steam voids and consequently at
higher power at high pressure. In Fig. 10, the highest

plotted points for the 75 psi and the 150 psi condi-
tions represent approximately the upper limits of
satisfactory operation at these pressures. At 200, 250,
and 300 psi, however, the maximum reactivity added
was limited by the amount available in the reactor;
at these higher pressures the curve could have been
extended to somewhat higher power density if addi-
tional reactivity had been available,

Table 1 summarizes the results of power density
studies which have been obtained for three reactor
cores which differed in size, plate spacing, and the
U2 Joading of the plates.

Item 1 in the table shows that the second reactor
had the plate spacing increased by 83 per cent with
respect to reactor I. FFrom item 2, it is seen that this
increased the ratio of water to metal in the core by
the factor 1.26. The effective ncutron lifetime is not
changed much, as is indicated in item 4,

As in all water reactors, the temperature coefficient
is sizable and represents a troublesome problem for
control. In item 6, the over-all reactivity loss observed
in heating from shutdown to near operating tempera-
ture is given. It should not be assumed that the
temperaturc coefficient of reactivity is at all constant
over this range of temperature.

In item 7, the calculated void cocfficients for the
reactors are given. A certain fractional void (less
than 10%) was assumed. The corresponding re-
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activity change then was computed and recorded.

In item 8, the power density for per cent reactivity
subtracted by the voids is given. This quantity is
measured by the total power of the operating reactor
and by the amount of reactivity added by the cali-
brated control rods. It would be of great interest to
be able to measure directly the actual steam void in
the operating reactor.

Laboratory experiments have heen done in which
the fractional void in a heated pressurized channel
has been measured as a function of operating power
The void fraction was measured by the attenuation of
y rays passing through the channel. Tt can be said
that the quantity [power density/S6ke, (void)] in
the reactor is not in disagreement with the ahove
experiments and the calculated void coefficients,

The void coefficient of reactivity apparently is the
principal factor affecting the performance of the sev-
eral reactor cores so far studied. Obviously from
the point of view of obtaining the maximum power
density the smallest void coefficient is wanted ; con-
siderations of the degree of inherent self-limitation
for power excursions will play a large part in the

choice of void coefficient for any practical power re-
actor.

It is mteresting to note the power level at which
a typical fuel clement operates. The power density
of 22 kwyliter, which resulted in the power traces of
Figs. 11a and 11h, may he taken as representative.
The active section of the fuel element of reactor 111
has a volume of 6.26 liters, and therefore the average
fuel element delivers 138 kw. Fully loaded, the re-
actor contains 87 fuel elements (one fuel element
position is reserved for the installation of a start-up
source) and hence, at this power density, the total
power is 12,000 kw. The surface area of heated fuel
plate in an element is 12,000 em? The average heat
flux is therefore 3 cal/cm? sec, and the maximum
about 7 cal/cmi® sec. Tt is clear that in boiling reactors
which employ only natural circulation of the water
the heat rates attained are not high: the limiting
factor on power output is the rate of flow of steam
out of the reactor core rather than the heat flux from
the fuel plates. This characteristic is, of course, favor-
able from the standpoint of reactor safety ; at the same
time power densities in the range 20 to 30 kilowatts
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Figure 9. Diagram of complete plant

per liter of core (or 30 to 40 kilowatts per liter of
water in the core-—see Table I), which have been
experimentally attained, are sufficiently large for
many power reactor applications.

The actual loading of the reactor is complicated
by the fact that, for the experimental program on at-
tainable power densities, core sizes less than the
maximum must be used because the extra fuel allow-
ance required for burnup in continuous operation is
not wanted. It also is complicated by the fact that
the experiments must be performed cither without
appreciable xenon poison or with saturated xenon
poison. Great care in loading has heen used to avoid
arriving at erroneous conclusions, because in one ¢x-
periment the full height of the reactor was used
whereas in another the effective height was reduced
by operating with the control rods partially inserted.

For continuous operation, where burnup will
steadily reduce the available excess reactivity, burnup
plates which incorporate a certain amount of horon
are affixed to the subassembly of Fig. 1. The time
interval between successive additions of fuel can be
substantially increased by the usc of such burnable
poison plates.
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Figure 10. Effect of reactivity on power density

STABILITY UNDER VARIOUS OPERATING
CONDITIONS

As was indicated earlier, reactivity can be added
safely to this boiling rcactor in amounts which are
dependent upon the pressure of operation. Experi-
ments to date indicate that at 300 psi with a water
channel width of 0.324 inch, steady power opera-
tion is obtained even with 3.2% reactivity subtracted
by the steam voids. Experiments at lower pressures
clearly indicate that there is an amount of excess re-
activity above which instability sets in. This is not a
matter of great concern, because as more and more
reactivity is added the instability manifests itself by
oscillations in the power level. These oscillations have
a period of about 0.4 second and as successive
amounts of reactivity are taken up by the steam voids,
the amplitude grows. There is a considerable region
of added excess reactivity where these oscillations

Table I. Characteristics of Two Boiling Reactors
Item Reactor 1 Reactor I1 Reactor 111
1. Plate spacing in subassembly  0.177 in 0.324 in 0.324 in
Volume of Metal |
2. Volume of H,O M core 0.63 0.49 0.36
3. Number of fucl plates per
subassembly 18* 10* 24
4. Effective neutron lifetime 6.5 X 107 sec 7.5 % 10°® sec 7 %X 107 sec
93.4 gm 137 gm
5. U™ per subassembly 138.6 gm 157.3 gm 233 gm
6. Temperature coefficient of 3.5% Fkerr 1.16% ketr 0.8% ketr

reactivity, 27° to 182°C

7. Void coefficient (calculated)
Power density

Per cent kor (void)

—0.24% kaerr/% steam
4.1 kw/liter/% k

—0.07% kett/% steam
13 kw/liter/% k

—0.10% Fkert/% steam
8.6 kwy/liter/% k

*These subassemblies were of a different de-
sign than that shown in Fig. 1. The width of

the box was less, which accounts for the small-
er number of plates.
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Figure 11. Reproductions of typical power records from two different

are stable and can be made to increase in amplitude
only by a further increase in reactivity.

LExperiments have been performed in which re-
activity has been added at a fixed rate by the with-
drawal of the control rods. In FFig. 12 the amount of
excess reactivity added by the rods is plotted versus
time, For the more or less straight portion of this
curve, the rate of addition was 0.075% k/sec. In
Fig. 13, the behavior of the reactor as shown by the
neutron power trace is shown. At the start of the
withdrawal of the control rods, the power level was
485 kw and the reactor pressure was 300 psi. In
approximately 40 seconds, 2.5% cxces reactivity
was added. The power level rose with an approxi-
mately 6.5-second period and leveled oft at 5400 kw
without any indication of unstable operation.

Tn a second experiment, the addition of reactivity
took the form shown in Fig. 14. An excess reactivity
of 2.6% was added in a time of 160 seconds. In this
case, the pressure was 300 psi and the power of the
reactor at the beginning of the experiment was only
1.2 kw; in other words, the amount of void volume
in the reactor due to steam formation was essentially
zero, Reactivity addition was at the rate of 0.016% &/
sec. The reactor power increased with an approximate
period of 3.3 seconds, as is shown in Fig. 15. The
power leveled off at 4300 kw.

For a boiling reactor which is producing steam at
an appreciable rate, there has been considerable con-
jecture as to the consequences of a sudden closure
of the steam exit line. A boiling reactor connected
to a turbine would experience this if the trip throttle
valve of the turbine should close. For a boiling re-
actor, sudden closure of the steam delivery line is not
possible if a trip valve is arranged to bypass the
steam to the condenser in all cases when the trip
throttle valve to the turbine closes. Nevertheless, it
was thought worthwhile to perform experiments in
which the steam delivery line suddenly was closed.
Figure 16 indicates what happens. In this case, the
reactor was operating at 150 psi and at a power level
of 1400 kw. Under these circumstances, 2% reactiv-
ity had been subtracted by steam voids. Closing the
valve initiated an increase in power which then
leveled off at a little over 3000 kw. Figure 17 is a
replot of this same experiment showing the behavior
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boiling reactors: Figure 11a. reactor Il. Figure 11b. Reactor I}

of the steam pressure in the reactor vessel. As was
expected, the pressure rose steadily. But no insta-
bility was introduced in the power by the sudden
closure of the valve in the steam delivery line. This
experiment was repeated a number of times and indi-
cated that there is no particular hazard connected
with this circumstance,

The behavior of the reactor under circumstances
where the pressure for some reason is allowed to rise
until the safety valves open has been investigated.
Normal safety valves open at a pre-determined pres-
sure and close again when the pressure has fallen by
a pre-determined amount. The safety relief valves
in use for this experiment were set to open at slightly
over 250 psi and closed again when the pressure had
dropped approximately 20 psi. This caused no diffi-
culty at all in operation. The relief valve would open,
the pressure would fall with a small corresponding fall
in reactor power, and then when the relief valve
closed the reactor power would readjust itself to ap-
proximately its initial value.

[t is clear, however, that if a relief valve is opened
and allowed to remain open a considerable length
of time, resulting in a large drop in pressure, the
reactor power will also fall by a large amount. The
volume of the steam voids in the vessel will increase
materially and, as the temperature of the reactor water
falls, the amount of excess reactivity subtracted by
the void will steadily increase. This eventually should
lead to unstable operation according to the earlier
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description of the behavior when an excessive amount
of reactivity is subtracted by the steam voids. Figure
18 is a power trace of an experiment of this tvpe.
The reactor was operating at 2900 kw and at a pres-
sure of 265 psi. Reactivity amounting to 1.8¢% had
been subtracted by the steam voids. A control valve
in the steam line suddenly was opened to the atmos-
phere. The reactor power fell rather rapidly to a few
hundred kilowatts. The reactor pressure decreased
steadily and, when it had fallen to 190 psi, the control
ralve was closed rapidly. The reactor now had appre-
ciably more reactivity to be subtracted by steam voids
than it had initially. The power rose rapidly to a
value in the neighborhood of 3000 kw, a value cor-
responding to the new void situation. Tt should be
noted that the additional reactivity which was re-
quired to he subtracted by the steam voids had been
acquired hecause the temperature of the reactor had
fallen. The reactor now stabilized at this new power
level, but it was clear that it was not far from the
power oscillation situation described carlier. In other
experiments, with a more vigorous blowdown of the
reactor, the oscillation region actually was entered.
These experiments indicate that in a hoiling reactor
any situation which causes a rapid decrease in reactor
pressure should call for the immediate insertion of
the shutdown rods. The shutdown does not nave to be
very fast because the flashing into steam of the moder-
ator and the cooling of the reactor cannot he a very
rapid event. It should, however, be a normal oper-
ating procedure to shut off the 1eactor whenever there
is more than a pre-determined decrease in reactor
steam pressure,

The operation of a boiling reactor differs in a very
marked manner from the operation of non-hoiling
reactors. In non-boiling reactors, the motion of the
control rod ordinarily results in a change of power
of the reactor with an exponential period. The amount
of reactivity added by the motion of the rods must
he judged carefully in order to prevent short power
periods which rather easily can produce temperature
effects of a deleterious nature in the reactor. For the
boiling reactor, addition of reactivity by the with-
drawal of rods does not result in an exponential in-
crease to another power level. The amounts of re-
activity which can be added without undue concern
for the boiling reactor are considerably greater than
the amounts which can he treated in a similar way
for a non-hoiling reactor. Tt is only necessary to regu-
late the changes so that the region of oscillating in-
stahility is avoided. This it has been very easy to do
during many hours of power operation.

In practice, once the conditions of operation for the
reactor have been established, the startup of the re-
actor is as follows. In order to avoid a situation
where reactor power changes are introduced when the
moderator is subcooled to room temperature, clectric
heaters are employed to raise the pressure in the
reactor vessel to an arhitrary value, say 40 psig. Use
of auxiliary heating is not necessary ; it merely avoids

using the reactor in a non-builing manner as a water
heater. ‘The reactor is then made critical and im-
mediately brought to a power level of approximately
a thousand kilowatts., This is high enough so that
boiling takes place in the channels of the core. The
energy produced heats the water moderator while the
steam hubbles in the core are condensed, probably
in the cooling channels. Meanwhile, the pressure in
the reactor vessel rises steadily, but the power level
remains constant and smooth. As the temperature
and pressure rise, it is necessary to slowly withdraw
the control rods in order to add the reactivity lost
because of the increased temperature. When the re-
actor pressure approaches the operating point, the
control rods are further withdrawn to cause the addi-
tion of the vperating amount of reactivity which then
is subtracted by the formation of steam voids. The
power rises accordingly but is smooth all the while,
When the operating power level and pressure are
reached, the steam dehvery valve is opened and the
machine is in normal opeiating condition. Figure 19
is a photograph of the reactor delivering steam to
the atmosphere when operating at 8000 kw. For such
venting to the atinosphere, it is necessary to feed de-
ionized water to the reactor at the required rate.
Noattempt has heen made to deliver the feed water
at any particular temperature to the reactor. Lower-
ing the temperature of the feed water, of course,

Figure 19. Reactor delivering st to the atmosphere

raises the reactor power. Turning the feed water
pump on and off hrings a corresponding increase and
decrease in reactor power, hut the reactor accommo-
dates itsell to these changes in a completely stable
manner. Stopping the feed water flow while keeping
the reactor at power lowers the level of water in the
reactor vessel. Boiling off most of the upper reflector,
keeping the control rods in a fixed position, reduces
the power to a very low value.

STEAM QUALITY

A boiling reactor will deliver wet steam to the
turbine. Steam scparators must be used. The large
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steam volume in the top of the reactor vessel itself
acts in a very effective way to cut down the entrain-
ment of water. Measurements on the quality of the
steam issuing from this reactor with a steam calorim-
eter show a value of 98% or better. The radioactivity
of the steam due to entrained particulate matter is
also very low. Laboratory experiments show that
steam issuing from a vessel under the conditions of
this reactor will show a separation of 10° for par-
ticulate radioactive materials. In a qualitative way
measurements of the radioactivity of the steam from
the reactor after the short-lived nitrogen activity has
decayed verify these lahoratory observations. It will
take long continued operation to establish the mag-
nitude of the radioactive maintenance problem cn-
countered in the turbine where steam directly from
the reactor is employed.

COST ANALYSIS

The test facility has been constructed, having in
mind that its useful life will be only a few years.
Actually, however, the reactor and its auxiliary equip-
ment and the power conversion equipment do not
differ in any material way from standard construction.
The savings in cost are mostly in the buildings which
house the equipment. These buildings, while utili-
tarian, are fully equipped and would be entirely suit-
able for a power plant constructed in a remote area
or in connection with mining or manufacturing oper-
ations. For these reasons, there is an incentive to
analyze the cost for the plant and to come to a con-
clusion as to what would be the cost of power from
a power plant constructed along these lines and oper-
ated with enriched uranium as fuel.

The total cost of the facility is $550,000. More than
half of this is in the power conversion equipment and
the cooling facilities. With an 80% load factor and an
efficiency of 209, the total electrical cnergy produced
per year is 1.4 X 107 kwh. If the capital charge is
written off at a rate of 15% per annum, the contribu-
tion of the capital investment to the cost of the power
is 5.9 mills/kwh.

Fully loaded, the reactor requires 11.8 kg of U235,
This is sufficient to provide reactivity for the loss due
to the temperature coefficient and the operating xenon
with a margin of about 2 kg for burnup. Assuming
that all of the fuel must be changed when 2 kg have
been consumed, 1.8 fuel charges will be required per
year and 3.6 kg of U2 will be consumed per year.,

In order to allow for radioactive decay of dis-
charged fuel, about 1.5 reactor charges will be com-
mitted to the plant at all times. The following costs
are computed for prices of U230 ranging from $15 per
gm to $30 per gm.

At $15 per gm and 4% the inventory cost is $10,600
per year. At $30 per gm and 4% the inventory cost is
$21,200 per year. The corresponding contributions

to the power cost are 0.76 mill/kwh and 1.52 mills/
kwh. The 3.6 kg of U?%® which are burned in a year
represent a charge to the power cost of 3.85 mills/
kwh at $15 per gm and a charge of 7.70 mills/kwh
at $30 per gm. Each fuel element costs $425 to fabri-
cate. Fabrication of the 1.8 fuel charges per year
adds 4.7 mills/kwh to the power cost.

In order to recover the unburned U3 and make it
available for reuse, chemical processing is required.
Various estimates indicate that this would be entirely
practical at the present time at $5 per gram and that,
if any considerable volume were available, this figure
could be reduced. At $5 per gram, the processing
charge adds 6.2 mills/kwh to the power cost.

Experience to date in operating this plant indicates
that a staff of about twelve is required. Operating
costs consequently add another 8.6 mills/kwh to the
power cost.

The following table summarizes these various costs :

17235 pyice

$15/am $30/qm
Capital charge 5.9 5.9
Inventory 0.76 1.52
Burnup 3.85 7.70
Ifabrication 4.70 4.70
Processing 6.20 6.20
Operation 8.60 8.60

30mills/kwh ~34.6 mills/kwh

Almost half of this cost is due to the capital invest-
ment and the operation cost. It is doubtful that for a
small size plant these can he improved very much.
Of the fuel costs, the major part is for fabrication
and processing. For both of these considerable im-
provement is possible.

The experience acquired with this facility strongly
suggests that where a new type of reactor is to be
investigated a test facility such as here described is
of great usefulness. It is helieved that results have
been obtained which would have been difficult or
impossible to achicve by cither calculation or experi-
ments with other reactors. More important, however,
is the conviction that the results have been obtained
in a shorter time and with the use of fewer reactor
technologists than otherwise would have been pos-
sible,
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PROGRAMME
P/615 The first atomic power station in the USSR and
the prospects of atomic power production ......
DiscussioN
P/851 Design and operating experience of a prototype

boiling water power reactor
DiscussioN

Mr. D. I. BLokHINTSEV (USSR) presented paper
P/615.

DISCUSSION OF P/615

Mr. Lewis (Canada) : In one respect the reactor
described [in P/615] is similar to the NRX reactor
in that it has very many monitoring devices. Our ex-
perience with the NRX reactor has shown that about
half the shut-downs that occur are attribu’able to the
statistical fault rate of these many monitoring instru-
ments. I would like to hear what has Leen the cx-
perience in the USSR with these many monitoring
instruments.

Mr. BrokuiNTsEv (USSR) : Irregularities in the
operation of the electronic equipment occurred only
during the early days of operation (during the first
and second months). Since then, over an extended
period of time, we have had no instances of reactor
shut-downs due to defects or errors in the electronic
cquipment. We have taken a number of steps. Sev-
eral instruments which particularly interfered with
the working of the reactor have been replaced or
placed under the control of others. This has made
the emcrgency precautions system function more
regularly.

Mr. Lieey (USA): This very interesting and
competent paper [P/615] has raised a number of
questions, one of which I would like to put at this
point. Most of the United States’ program to ob-
tain economic atomic power is based upon high con-
version ratios. We note with interest that the USSR
atomic power plant has a low conversion ratio. In
essence the plant burns costly separated uranium-
235. Do you plan in your large plants to have con-
version ratios nearer unity? If so, how do you plan
to alter your fuel elements to obtain these?

Mr. BLokHINTSEV (USSR) : Your observation is
perfectly correct. This reactor does in fact have a low
conversion factor, We intend in the larger model to
make a number of changes in the structural design
of the reactor and in the materials. We want to use
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alloys we did not employ originally. By so doing we
shall reduce neutron absorption and increase plu-
tonium breeding from uranium-238. We think we
can bring the uranium-235 enrichment factor in a
design of this kind down to, say, 1.5 per cent. This
will increase the conversion factor from 0.3 to 0.5.
In systems of this kind, however, it is hardly pos-
sible to improve the conversion factor much further,
and we of course consider systems that yield a higher
conversion factor to be unquestionably more useful.
Tt is important to establish that an alternative type
working with a conversion factor of 0.5 can also be
suitable. We in the USSR are also considering sys-
tems which yield an even higher conversion factor.

Mr. WeNT (Netherlands) : I should like to put
one technical question about your most interesting
power reactor. You are using a special uranium alloy.
Might it be that you are using molybdenum for metal-
lurgical reasons?

Mr. BrokuINTSEV (USSR): An alternative ma-
terial of that kind undoubtedly could be used.

The CuralrmMAN: Mr. Blokhintsev will also reply
to questions submitted in writing by Mr. Dunworth.

Mr. Brokuintsev (USSR): Yes, I have Mr.
Dunworth’s questions in written form. I shall read
them out:

1. Do you in Russia intend to build a large num-
ber of 5000 kw reactors of the type you have de-
scribed here, or are you considering building re-
actors of some other type?

My reply to this question is that we do not pro-
pose to build any 5000 kw stations. We are, how-
ever, planning to build stations of this type with
higher capacities, incorporating a number of tech-
nical improvements.

2. It was recently stated by Mr. Malenkov that
Russia is building a 100 mw reactor. Is this correct?
Are you planning to build other types still, and how
do you consider that the Russian reactor-building
programme compares with ours?

My reply to this question is that Mr. Malenkov’s
statement was correct. A reactor of that kind is being
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built and will probably be put into operation in a
year’s time. I did not include any data on this reactor
in my paper.

With regard to comparing power reactor pro-
grammes, my view is that our conference will bring
about a more complete exchange of information
about our work in future, and this is evidently the
only way in which we can compare the results of our
work and gain useful and valuable experience from
each other.

Mr. SuankAr (India): Is there much decompo-
sition of water in the primary circuit due to intense
radiation? If so, how is it taken care of ?

Mr. Brokuintsevy (USSR): At low pressures
and temperatures, large quantities of electrolytic gas
arc in fact evolved in the powerful neutron flux, but
experiments carried out in the Soviet Union show
that electrolytic gas should not be formed at a pres-
sure of 100 atmospheres and a temperature of 300°C.
A paper on this subject by Messrs. Dolin and Ershler
is to be presented at this Conference.

Mr. WeINBERG (USN\) : T have two questions to
put to Mr. Blokhintsev.

The first is this: If T properly understand the
description of the fuel element, that element is cooled
only internally. That would imply a tendency for
the fuel element to be unstable, since the fuel would
heat up to a greater extent than the jacket. How do
you cope with this instability in the fuel element?

Mr. Broknintsev (USSR): You're quite right,
Mr. Weinberg, you have understood me corrcctly ;
the cooling takes place internally only. Outside there
is only a thin jacket. The materials, details of which
were not given in the paper, are flexible, so that in
this case it would be wrong to proceed from the
idea of coefficients of expansion: since the materials
are flexible, no rupture occurs between the jackets
and the fuel.

Mr. WeinBere (UUSA) : Does that mean that the
jacket is not bonded to the fuel?

Mr. Broxmintsev (USSR): No, there is no
bonding.

Mr. WEINBERG (USA) : The second question has
to do with the very interesting and significant com-
ments that were made on the fast breeding cycles.
The conversion ratios, if I understood Professor
Blokhintsev’s remarks correctly, that were found in
the Soviet Union were of the order of 2.6. Now, this
I take it was with a system in which the U238 to 286
ratio was low, and therefore the neutron spectrum
was high. Would you venture to guess what neutron
spectrum and what conversion ratio you might ex-
pect in the actually operating fast neutron chain
reactor ?

Mr. BLokHINTSEV (USSR): Evidently there is
some misunderstanding with the interpretation here.
We have never observed a conversion factor greater
than 2. I introduced a figure relating to the number

of neutrons per fission, what is called “v,,”. This
figure was 2.72 for the hardest spectrum and 2.9 for
neutrons of 900 kev energy, while for neutrons of 250
key energy, the figure for 7, was 2.6.

The CuamrmaN: Well, I think that brings us to
the end of this very interesting discussion which I
am sure could have gone on for a long time, and I
hope it will be continued in smaller private discus-
sions.

Mr. W. H. ZinN (USA) presented paper P/851
as follows: Mr. Chairman and delegates to the
Conference: it is my privilege to describe to you
the first atomic power plant in which steam formed
directly in the reactor core is used to propel a
turbine, It is my purpose to relate to you our oper-
ating experience and to state some of the advantages
and the difficulties of operating a heterogeneous
nuclear reactor as a water boiler.

The mechanical and other complexities of most
power reactors readily can be appreciated by an in-
spection of the many fine models on display in this
building. You will note that a single reactor can
have primary and secondary cooling systems, gas-
handling systems, emergency power systems and a
whole complex of control apparatus. Such complex-
ity is costly. In the United States, the fact that
mechanical energy and clectricity can be generated
successfully with an atomic reactor is accepted. The
goal is to generate electricity at a cost entirely com-
petitive to the cost of electricity from coal. Natural
resources and technical advances have combined—
T could even say conspired—in the United States to
make the cost of electric power from coal remarkably
small, It is the task of our reactor technology to
cqual this low cost and to improve on it. The boiling
water reactor dispenses with much of the complex-
ity in design, and as a result is expected to be ad-
vantageous with respect to both the capital invest-
ment and the cost of operation. There are numerous
reasons why the boiling reactor improves the situ-
ation with respect to competitive power.

The reactor pressure vessel and the temperature
of the fucl elements are two points of major impor-
tance. It is assumed that in order to produce econom-
ically useful power the reactor must operate with a
high conversion ratio, in other words, it is not ac-
ceptable to burn only uranium-235. This means that,
insofar as possible, neutron-absorbing material must
be eliminated from the core of the reactor. In a
water reactor, moderated and cooled with water,
this most readily is done by pressurizing the whole
core, including the fuel elements and the moderator.
This calls for the construction of a pressure vessel
of large dimensions. This is a difficult technical prob-
lem and may be very costly. In a pressurized water
reactor—that is, one cooled with solid water—the
vessel may be required to operate at a pressure of
100 atmospheres. Because of the loss of temperature
in raising steam with this pressurized water, it is
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feasible to produce steam for the turbine at a pressure
no greater than 20 atmospheres.

The first point on which the boiling reactor is
distinctly superior is that, in producing 20 atmos-
pheres pressure steam for the turbine, a reactor ves-
sel of only 20 atmospheres operating pressure is
used. The over-pressure which water reactors have
required to prevent boiling is not needed. This re-
duction of pressure in the reactor vessel permits
sizeable cost reduction and, indeed, makes feasible
the construction of pressure vessels for reactors of
very large heat rating.

The second point on which the boiling reactor
presents a subtle but very important advantage con-
cerns the temperature of the fuel element. Water re-
actors of high conversion ratio probably will have as
the base fuel a metal—either uranium or thorium.
These materials are very corrosion-sensitive in hot
water and must be protected with materials of low
neutron absorption. Aluminum and zirconium most
likely are the metals for the protective jackets. These
metals also are subject to corrosion, which is temper-
ature sensitive. There is then a real advantage in
keeping the temperature of the fuel element low. In
the boiling reactor where the steam from the reactor
is used directly in the turbine, the temperature and
pressure losses that an intermediate steam boiler de-
mands are eliminated. In cffect, this lowers the oper-
ating temperature of the fuel element.

These two reasons alone are sufficient justification
for pursuing the development of direct cycle boiling
reactors. In addition, there arc simplifications in the
circulating system and in the controls. For two
years, experiments in the boiling reactor have heen
under way. A great many of these experiments have
decalt with the inherent safety characteristics of such
a reactor. It is not my purpose today to give details
of such experiments. You are referred to a paper
which is to be given at session 6.2 tomorrow by my
colleague, Dr. J. R. Dietrich, As had been predicted
by S. Untermyer, the boiling reactor has a relatively
favourable performance with respect to safety.

A number of reactor cores have been examined.
The one which is referred to in my paper as reactor
IIT has been operated at a thermal power of 15,000
kilowatts, and has been used with the turbo-gener-
ator unit to produce electric power of 2300 kilowatts.
Many of the problems raised by the use of reactor
steam in a turbine can only be answercd by actual
experience, and some perhaps only by prolonged ex-
perience. The turbo-generator has been in operation
for only a short time but it has received more than
3 million kilowatt-hours of energy as steam, and ex-
perience in operating the whole plant is being ac-
quired steadily.

As mentioned earlier, the fuel element material for
a power reactor should be mostly uranium or tho-
rium, Such fuel elements clad with zirconium have
been developed and are on display in the United
States exhibit in this building. For the test plant

described here it has been convenient to use a fuel
element the construction of which is both easy and
cheap. This is so because experiments in the prop-
erties of a boiling reactor require changes in the
physical dimensions of the fuel element, and ease of
construction is of primary consideration.

This reactor is operated at a pressure of 300
pounds per square inch. Its fuel elements operate at
215°C. This permits the use of aluminum as a con-
struction material. The basic heat-producing element
is a plate of aluminum uranium alloy clad with alu-
minum, The uranium is enriched to about 90 per cent.

Slide 1 is a photograph of a partially assembled
fuel element (Fig. 2 of P/&51). You sec that it is
made up of 24 plates which are spot-welded into a
square structure having a dimension along this sec-
tion of 10 centimeters. The space hetween the fuel
plates is half a centimeter and is the space which is
filled with water and stcam. The length of the part
of the fuel element which contains uranium is 65
centimeters. In actual use the fuel element has ex-
tensions fastened to it on both ends.

In operation, each fuel element must produce on
an average 170 kilowatts of heat, and due to the peak-
ing of the neutron flux those at the center of the re-
actor must produce in the neighborhood of 250 kilo-
watts of heat.

T will now show a series of slides illustrating the
construction of the reactor,

Slide 2 is a cross section of the reactor vessel (Fig.
4 of P/851). This is the rcactor vessel with its in-
sulation on the outside. The diameter of the vessel is
1.3 meters, and it contains 88 of the fuel elements
just illustrated. There are five control rods. Four of
these are blade type rods being half an inch thick,
made of compressed boron, and about one foot wide.
The fifth one is in the form of a cross and contains
cadmium. Water and steam formed in the channel
shown here hetween the active plates pass upwards,
and water passes downwards in this space which sur-
rounds the core.

Slide 3 is a photograph of the core assembly (Fig.
5 of P/&51). Here is one fuel element supported
bottom and top. It is firmly held by this stainless steel
plate here and a similar stainless steel plate below.
The channels shown here with the holes cut into them
provide spaces for the control blades to slide up and
down.

Slide 4 (Fig. 3 of P/851) shows the reactor core
installed in the pressure vessel. The core assembly
which we have just seen in Slide 3 is suspended from
the top of the reactor vessel on stainless steel bars.
It is arranged in this way so that it is possible to
remove the whole structure and replace it by one of
a different design. The active section is shown here
in red. Water enters the bottom of one of these fuel
elements and is first heated, thus forming steam.
The steam and water rise in this chimney which
stands above the active part of the fuel element. This
chimney of reduced density promotes the natural
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circulation of water down the outside of the core and
the mixture of steam and water through the core.
The control rods are actuated by shafts which go
through the flat lid of the reactor vessel and through
a shickd block which is above the reactor vessel. The
large space above the water level in the reactor vessel
acts as i steam chest or steam dome. Steam rises,
and water droplets fall out of the steam, so that the
steam emitted from this exit pipe is relatively free
of entrained water,

Slide 5 (Fig 7 of P/8&531) shows the flow diagram
ol the whole plant. It is clear in looking at this flow
diagram that the boiling reactor has produced major
simpliications. In red we have the steam line which
goes to the turbine  IFirst we have a safety valve or
relief valve: then a back pressure regulating valve,
a valve which permits the venting of the steam to the
atmosphere if it is desired, then a steam separator
for further dryving the steam; then the conventional
trip throttle valve of the turbine. This valve leading
to the condenser is a back pressure regulator which
takes that steam which is produced by the reactor
and which is not demanded at the moment by the
turbine. The third valve leading directly to the con-
denser is interlocked with a trip throttle valve of the
turbine so that in the event of the loss of load on the
generator causing this trip throttle valve to close
quickly this one will just as quickly open and let the
steam proceed to the condenser. In this way the re-
actor does not know that the path of the steam has
been altered.

The condensate is sent by a pump back to the reac-
tor via a feed-water tank and an injection pump, or a
feed-water pump, which puts the water back into
the reactor. On the way it is used to cool the water
leaving the reactor, which is destined to pass through
the filter and ion exchange column required to clean
the water, which is then returned to the feed-water
tank. The third water circuit is an auxiliary one,
which consists merely of a pump and some electrical
heaters which circulates water in the reactor vessel
and permits bringing the reactor to some temperature
by cleetrical means rather than using the nuclear
means. It is a circuit which could casily he dispensed
with.

Slide 6 (Ig. 8 of P/851) is a diagram of the
whole reactor arrangement. First, we note that the
main components are helow ground. The reactor ves-
sel, which is some 10 feet tall, is installed in a pit
shiclded on all sides by conerete and earth. The con-
trol rod drive mechanism is housed in this case above.
This shield, when the reactor is to be unloaded, can
be rolled to one side, after first disconnecting the
control rod drives and flooding this whole pit with
wiater for shielding purposes. At that moment the
reactor vessel top can be removed and the fuel ele-
ments, one by one, can be drawn into a coffin and
carried by the crane to a storage basin at this point.
In this second pit there is all of the machinery which
was shown on the flow diagram. Here is the feed-

water tank; here is the feed-water pump; here is the
circulating pump and, ahove. the electrical heaters.,
The steam line then proceeds to the turbine.
Slide 7 is a photograph of the reactor vessel in its
pit, and you can see here the support ring on which
the whole reactor core is supported.

Slide 7. Photograph of top of reactor vessel

Slide 8 is a photograph of the machinery pit, and
vou can see directly below, in the foreground, the
feed-water pump having a motor of 50 horsepower
capacity and the flow capacity maximum of 90 gallons
per minute,

It is one of the features of a hoilmg reactor that
the auxiliary machinery is small and does not require
a great deal of electric power, The tank is the feed-
water tank. The vertical colunm in parallel with the
reactor vessel carries all of the devices for measuring
the level of the water in the reactor vessel. This is
the one quantity which it is most important to know
accurately at all times, and numerous devices for
measuring the level and recording it, and using it to
control pumps are shown on this column.

Slide 9 is a general view of the reactor. The con-
trol rod housing contains some auxiliary shielding
which is required above the moveable shield, The
pipe in front of the housing delivers reactor steam to
a part of the control mechanism. I will refer to this
in a moment. In the foreground we have the cover
over the machinery pit.

Slide 10 is a view of the control rod equipment
inside the housing 1 just mentioned. You can see
that it is quite crowded hecause one must have the
cquipment to move five control rods packed in a very
small space. In order to overcome the internal pres-
sure of the reactor vessel which would tend to lift
the control rods out of the reactor the upper ends of
the control drive rods terminate in steam pistons
which are fed with steam from the reactor vessel, thus
balancing out the force of the steam.

Slide 11 gives us a close-up of the operating panel,
showing all of the instruments required to control
the neutron reaction of the reactor. The five center
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dials are the indicators for the five control rods. This
recorder records the neutron intensity, as does this
one. .\t the right we see a television camera showing
the pressure on a gauge fastened to that stand-pipe
in the machinery pit, and we see that it reads the
pressure of the reactor at three hundred pounds per
squire inch. The control knobs are all that are re-
quired to operate the reactor.

Slide 12 is a general view of the control area show-
ing all of the instruments required to operate the
plant. The control panel | just referred to is in the
background. On this control panel at the left we have
steam flow, steam temperature, water temperature,
radioactivity of the steam and temperatures in all
parts of the reactor system.

Slide 13 is a general view of the turbo-generator
which has a rating of somewhat over three thousand
kilowatts. Presently it is generating something around
two thousand kilowatts of electricity. We can see the
turbine here, the generator and the condenser below,

Slide 14 is a general view of the buildings, with
the reactors housed in one and the turbo-generator
m the other. They are connected by an overhead
steam iine and in the foreground there is the cooling
tower These buildings, of course, are of utilitarian
construction since it is not expected that this plant
will be operated for a long time.

Now that we have seen something of the construc-
tion and, I hope, something of the simplicity of this
power reactor, 1 wish to state something about the
operation. It has heen possible to operate the reactor
under conditions which are stable for all pressures
from atmospheric to 300 psic .\ necessary requirement
for reasonably smooth operation is that the amount
of reactivity corresponding to the steam void not he
excessive. In all operations, however, the power level
is subject to small rapid variations. These clearly
are connected  with the turbulence created by the
formation of steam. The degree of roughness of the
power is directly related to the excess reactivity which
has heen subtracted by the formation of the steam
voids and which has been replaced by withdrawal
of the control rods.,

A series of experiments has heen performed to de-
termine the relationship between the excess reactivity
in voids and the power density, and this has heen
done for a number of pressures. It has been observed
that for any given pressure the degree of roughness
of the power varies with the excess reactivity in
steam voids. If the excess reactivity is raised to too
high a figure, oscillations in the power become ap-
parent, and further increases in excess reactivity in
steam may bring small excursions in the reactor
power.

Slide 15 (Fig. 10 of P/851) contains curves of
power density versus excess reactivity in steam for
two ditferent reactors labelled LI and TIT. Reactor 111
was that illustrated carlier, whereas reactor 1, al-
though it used the same vessel, was considerably
smaller and had a higher (negative) steam coefficient
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Slide 12. Photograph of interior of control room

of reactivity. T might say that the steam coeflicient
of reactivity is defined as the fractional volume of
the core occupied by steam hubbles, divided by the
fractional change in reactivity caused by that void.
Consequently, a given reactivity in reactor 1 cor-
responds to a higher steam content per unit volume
than does the same reactivity in reactor 11, and the
power density of reactor 111 is correspondingly
higher.

In other words, the steam void coefticient is smaller
in I11 than in 1T. That is why we get a higher power
rating. \ertically, there is plotted the power density
in kilowatts per litre of the core and horizontally
there is plotted the excess reactivity in steam in per
cent,

The curve for reactor [ includes points at several
operating pressures, There is no great variation with
pressure in the power density attainable from a given
addition of reactivity, at least within the pressure
range investigated. The points we refer to are these
here showing that you do not gain power density by
increasing the pressure, This corresponds to certain
laboratory experiments which have been done.

Slide 16 (Fig. 11 of P/851) reproduces the power
traces of reactors T and ITT obtained with an ioniza-

Slide 14. View of reactor and turbine buildings

tion chamber and a rapid recorder. In reactor 1T,
which was the small reactor, with 2.0 per cent excess
reactivity in steam voids the trace has this form.
Again, plotted vertically is the power on a relative
scale and horizontally the time. Ilere the reactor was
operating at 5200 kilowatts hut, hecause of the greater
stecam coefficient, one has a considerable degree of
roughness which may amount to as much as 15 per
cent. In reactor ITI, where we have for 12,000 kilo-
watts of operation 114 per cent in steam voids, the
roughness is very considerably less, and we see that
the variations amount to at the most 4 per cent in
power. This small rouglmess in the power is some-
thing to which one rapidly becomes accustomed, hut
of course is a new thing when one has been looking
at the power tracers of more conventional reactors.

Slide 17 is a photograph of the steam pressure,
in this case at the turbine. The pressure at the turbine
is 290 and this a record for 24 hours. You will
sce that there are very few major fluctuations in the
steam pressure.

Slide 18 is a photograph of the trace of steam flow,
in this case at 39,000 pounds per hour, again for 24
hours, and you see that there is very little difficulty
in getting a uniform and cven steam flow. I could



RECORD OF SESSION _ ‘ 75

comment that, in getting one of these curves, the
control rods are hardly moved at all after the xenon
has come to equilibrium.

Slide 19 (Table I of P/851) summarizes the re-
sults of power density studies which have been ob-
tained for three reactor cores which differed in size
of plate spacing and the U®3 loading of the plates.
We see in the first item the spacing of the plates, that
is to say, the thickness of the water channel plus the
fuel element. The aluminum-clad fuel element plate
is 1.5 mm thick. In the second line we see that the
ratio of volume of metal to the volume of water has
been successively decreased from reactors 1, II to III,
The third item shows that the number of plates in a
fuel box was varied, but this is unimportant since
the design of the fuel hox was also changed. The
cffective neutron lifetime has not altered very much
in changing ratios by the amount indicated. Item 5
shows the amount of U2* in each fuel hox and what
can be noted is that for reactors IT and III we have
two weights of uranium available. This is done so
that we can use some of the heavier loaded plates to
adjust the void coefficient, the steam coefficient. By
placing some of the heavier loaded plates nearer to
the periphery of the reactor, leakage can be increased,
and of course it is the leakage which determines the
void coefficient. As in all water reactors the tempera-
ture coefficient is sizeable, and it becomes smaller as
the amount of metal is decreased from reactor to
reactor. This is the over-all temperature cocfficient
from room temperature to operating temperature.
It must not be assumed that this coefficient is uniform
over this whole range. Item 7 shows the void coeffi-
cient, which has to be calculated since we have no
way of actually measuring the fraction of the volume
which is steam, and this shows that the void coeffi-
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Slide 17. Steam pressure record

cient becomes successively smaller as the reactor is
changed. In the eighth item is shown the power den-
sity per per cent reactivity in voids. This, of course,
is the critical number for the reactor and is a number
which one would like to have as large as possible.
It was increased successively as is shown here. But,
however, it should be noted that it was done at the
expense of a smaller and smaller void coefficient. Here
the reactor designer must choose hetween how much
inherent safety he wishes in the reactor and how great
a power density he wishes to have. Tt is clear that, as
this coefficient becomes smaller the inherent safety sit-
uation is deteriorated a bit, and this is done by getting
a higher power density. The void coefficient of re-
activity apparently is the principal factor affecting
the performance of the reactor core so far studied.
It is clear that without a careful study of the excur-
sion characteristics of the reactor it would not be
possible to make a cogent decision on the magnitude
of void coefficient in the design of the power reactor.
The average heat flux for a fuel plate is between 3
and 4 calories per em?® per second, while the maxi-
mum is 7 calories per cm? per second. It is clear
that in boiling reactors which employ only natural
circulation of the water the heat rates attained are
not high: the limiting factor on power output is the
rate of flow of steam out of the reactor core rather
than the heat flux from the fuel plates. As was indi-
cated earlier, reactivity can be added safely to this
boiling reactor in amounts which are dependent on
the pressure of operation. Experiments to date indi-
cate that at 300 psi with a water channel width of 0.5
cm steady power operation is obtained even with 3.2
per cent reactivity subtracted by the steam voids.
Experiments at lower pressures clearly indicate that
there is an amount of cexcess reactivity above which
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instability sets in. This is not a matter of great con-
cern because as more and more reactivity is added the
instability manifests itself by oscillations in the power
level. These oscillations have a period of about four-
tenths of a second and as successive amounts of re-
activity are taken up by the steam voids, the ampli-
tude grows. There is a considerable region of added
excess reactivity where these oscillations are stable
and can be made to increase in amplitude only by a
further increase in reactivity. Experiments have been
performed in which reactivity has been added at a
fixed rate by the withdrawal of the control rods.

Slide 20 (Fig. 12 of P/851) shows the amount of
excess reactivity added by the rods as a function of
time. In the vertical direction is plotted the reactivity
added—1, 2 and 3 per cent—and in the horizontal
direction the time in seconds. We see that the rod
was steadily withdrawn from here to here; in roughly
four seconds an amount of reactivity of 2.6 per cent
was added. This gave the results shown in the next
slide.

In Slide 21 (Fig. 13 of P/8&51), the rod withdrawal
was started when the reactor was operating at 485
kilowatts. Seconds are shown horizontally, power
vertically. The power rose with a period of roughly
614 seconds and then stabilized at 5.4 megawatts.
Let me repeat, this is an experiment in which almost
3 per cent excess activity was added in some 40
seconds. The reactor power rose but stabilized de-
spite this rather brutal treatment.

In Slide 22 (Fig. 14 of P/851) is shown an ex-
periment of a similar nature. This time the same
amount of excess reactivity was added, almost 3 per
cent, in a time of 160 seconds, but the difference is
shown in Slide 23 (Fig. 15 or P/851) in that now
the reactor began at only 1.2 kilowatts; in other
words, the water was not hoiling. The reactor power
increased with a period of roughly 3 seconds and
stabilized at 4.3 megawatts, as shown. We have
found it is practically impossible by the manipulation
of the controls to get into any difficulty. One can
manipulate the controls blindly, if one wishes.

For a boiling reactor producing steam at an ap-
preciable rate there has been considerable conjecture
as to the consequences of a sudden closure of the
steam exit line. A boiling reactor connected to a
turbine might experience this if the trip throttle
valve of the turbine should close and if there were
not the by-pass valve which I mentioned earlier.

As shown by Slide 24 (Fig. 17 of P/851), this
experiment has been tried without the by-pass valve.
On the power scale we have the point at which the
valve was suddenly closed when the reactor was
operating at roughly 1900 kilowatts. The power
rose and stabilized, whereas the pressure, which be-
gan at roughly 130 psi—naturally, since it was a
closed vessel in which boiling was taking place—
rose along a fairly straight line. Why did the reactor
power stabilize as indicated? Because the pressure
increased the temperature also had to increase, and

there is a negative coefficient of reactivity, and this
tended to stabilize the power. This action could not
be kept on indefinitely. As a matter of fact, that
experiment has also been tried. The reactor is
equipped with pressure relief valves as safety valves.
The pressure relief valves open up and hold the pres-
sure at whatever pressure the valves are set at.

On several occasions all the electricity supplied to
the plant has been cut off over a period of hours and
quite suddenly at a time when the reactor was at full
power and when no emergency source of power was
supplied. The shut down heating was easily accom-
modated by boiling, and no danger resulted. This
suggests that the boiling reactor requires little or
no source of emergency power or apparatus.

The radioactivity of the fluids supplied to the
turbine is of paramount interest. The radioactivity
of the steam is overwhelmingly due to N1® which
is formed by an (n,p) reaction on O'%, The half-life
is 714 seconds. The following values for the radio-
activity of the steam are characteristic : on the surface
of a 6 inch line carrying 290 psi inch steam, 100 milli-
roentgens per hour; on the surface of the turbine
casing, 20 milliroentgens per hour; on the surface of
the condenser hot well, when the hot well is fille
with water, 150 milliroentgens per hour. These
activities on shut-down of the plant dic out to negli-
gible values except for the hot well where there is
some longer-lived activity in the water.

The reactor water has an activity of 390 micro-
curies per liter. More than 0.8 of this radioactivity
is due to Na2?t, Because of the relatively large activ-
ity due to sodium, the plant was examined to de-
termine the source of sodium. Two sources were
identified. The demincralizer which supplies make-
up water to the plant produces water of about one
part per million sodium. This is much too high for
such a water supply, and is a point which needs to
be and can easily be corrected. Also there is evidence
that there is some leakage in the condenser tubes.
The cooling water for the condenser water is raw
well water having a very high sodium content.
Rather small leaks in the condenser would supply
enough raw water to account for the sodium activity
of the reactor water.

The gases removed from the condenser by the
steam ejectors are radioactive. The principal activity
of course is short-lived N8, There is, however, in
this activity a component which has been identified
as A", This is not surprising since the make-up water
supplied to the reactor is not de-acrated and it is the
argon in this air which is the source of the radioactive
A%, The gas withdrawn from the condenser by the
steam injector contains 1.4 microcuries per liter of
A%, The total A*' vented to the atmosphere per
day is only 240 millicuries.

This plant has been constructed having in mind
that its useful life will be only a few years. Actually,
however, the reactor and its auxiliary equipment and
the power conversion do not differ in any serious
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way from standard construction. The savings in cost
arc mostly in the buildings which house the equip-
ment. These buildings, while utilitarian as 1 men-
tioned, are fully equipped and would be entirely
suitable for a power plant constructed in a remote
area or in connection with mining or manufacturing
operations,

For these reasons there is an incentive to analyze
the cost for the plant and to come to a conclusion as
to what would be the cost of power from a power
plant constructed along these lines and operated with
enriched uranium as fuel.

Slide 25 gives a summary of the costs (see P/&51).
The plant, as so described, cost $550,000 to con-
struct. At a rate of 15 per cent per annum the capital
charge against the power is 5.9 mills. The enriched
uranium has a cost of somewhere hetween $15 and
$30 per gram. Using the two extremes one can
find the total of power cost. Inventory at 4 per cent
amounts to 0.76 mills here and double that value in
the second case. Burn-up is 3.85 mills per kilowatt-
hour, and 7.7 mills per kilowatt-hour. I‘abrication
can be derived because the fabrication costs for these
fuel elements was $425 per fuel element. This adds
4.7 mills. Processing costs are estimated to be $5
per gram, and this amounts to 6.2 mills. It takes
twelve people to operate the plant, and chis is esti-
mated to be 8.6, giving the totals which are shown,
Most of this cost is in the fuel clement.

In conclusion, T would like to say that these power
costs are less than a factor ot 2 greater than the cost
of power from a coal station of comparable size. In
estimating power costs for atomic energy there is a
great temptation to make the calculation for reactors
of very large heat rating because this produces the
most favorable result. For many countries, how-
ever, large capacity power plants are impractical at
the present time. We are greatly encouraged to find
that a small plant has actually been constructed for
which the power cost begins to approach a useful
value.

DISCUSSION OF P/851

The CitaAIRMAN : T will now ask Mr. Kruzhilin, of
the USSR, to ask his question.

Mr. Krozuian (USSR): Professor Zinn's re-
port on the heterogencous boiling-water reactor is of
great technical interest. On the basis of industrial-
scale experiments, the report gives a clear account of
the most difficult problem of the reactor’s stability.
Direct experiments have shown that the use of a
boiling-water reactor to generate power is feasible.
As a result, the alluring prospect of using a reactor
in which steam is raised in the reactor vessel itself
will become a reality.

In connection with this report, I will take the liberty
of dwelling on one purely engineering question, which
in my opinion is of real importance in the case in
point. I refer to the question of keeping the steam free
from droplets of water. One can fully agree with

Professor Zinn and the other authors that in this case
very pure steam can be obtained. What I have in mind
is experience with the operation of steam boilers. We
can reckon that for this purpose it is essential that the
amount of steam raised through the ‘“‘evaporation
mirror™ must not exceed certain limits, According to
the information available to the Academy of Sciences
of the USSR, with pressures of 30 to 40 atmospheres
about 20 tons of steam of the purity indicated can be
raised per hour per square meter of evaporating mir-
ror, since in the case in point we cannot have in mind
a reactor vessel more than 2 meters in diameter.

According to the information available to the
Academy of Sciences of the USSR, not more than 60
tons of stcam per hour can be obtained direct from
the reactor. With a greater load, the amount of mois-
ture entrained in the steam will become appreciable.

If the load on the evaporating mirror is increased
still further, the natural circulation of the water in
the reactor will become unstable. The more correct
conclusion would be that a reactor of the boiling-water
tvpe with natural water-circulation could not be very
powerful. This conclusion can be applied to the
design of Professor Zinn's reactor. The desired
capacity of the reactor is 250 to 500 tons of steam an
hour. Even with the extremely valuable and important
data contained in Professor Zinn's report, the design
of a powerful reactor of the hoiling-water type will
still present theoretical difficulties. T would ask Pro-
fessor Zinn to ponder the question: what capacity is
at present realistic for a reactor of this type? 1 would
like to say that the other engineering problems,
namely the transfer of heat and the circulation of
water in a reactor of the hoiling-water type, are more
or less clear, and that from this point of view the
design of a reactor of this type is interesting.

In the Soviet Union fairly extensive experiments
have heen carried out on heat transfer, and have
shown that for a reactor of this type a flow of heat
amounting to 1,500,000 kilocalories per square meter
per hour may be contemplated. That is a considerable
load. But, as we have learned from Professor Zinn’s
report, the load is not the only crucial factor in the
reactor. In the Soviet Union there is a fairly large
amount of experimental and theoretical data concern-
ing the circulation of water in natural conditions,
which we are putting to successful use in the design
of equipment of this type,

Mr. Zinn (USA) : I shall attempt to answer the
questions the representative of the USSR has posed.

First, on the capacity or size of a boiling water
reactor, we heliecve that there are practical designs
which go up to 1000 megawatts of heat, which ought
to be large enough to satisfy anyone.

It was stated that one cannot expect to make a
pressurc vessel of more than 2-meter diameter. We
certainly expect to be able to do this because, as T
explained, the boiling water reactor does not require
an overpressure. The pressures are modest, and we
can envisage pressure vessels of perhaps as much as
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4 meters in diameter. This, of course, gives a con-
siderable increase in the steam rate.

We agree that the problem which has been pro-
posed, namely the removal of steam from the core, is
more crucial than the heat transfer rate from the fuel
elements.

Secondly, we do not propose for large-scale re-
actors that natural circulation be used. Our experi-
ments in the laboratory on boiling show very clearly
that natural circulation is limited. However, it is very
useful for reactors in the small and intermediate scale.

When one goes to forced circulation, it must be
recalled that the pump required for the forced circula-
tion does not have nearly the strain on it and it does
not require as much power as the pump which is
needed in a circulating solid water reactor. The water
channels in a boiling reactor are naturally wide, and
therefore the pressure head required in the pump is
small, although the capacity will be large.

With forced circulation, we do not see this limita-
tion in the amount of steam that can be obtained from
the core.

I shall point out another feature, which has been
proposed by the General Electric Company, namely
that some of the water can he withdrawn from the
reactor and flashed into steam and used in a further
stage of the turbine; thus increasing the power ob-
tained from the reactor without depreciating its safety
characteristics.

We agree that these points need verification by
actual experiments, and steps along these lines are
under way.

However, we do not agree at all that boiling re-
actors are limited in their size.

I might interpose this remark: that the reactor
which I described, being fuelled with enriched ura-
nium, has size difficulties which are removed when
slightly enriched uranium is used, because then the
leakage of neutrons is into the fuel elements rather
than to the outside of the reactor.

The CrarMAN: I think at this point I will take
five minutes from the Chairman’s remarks on the
next paper. I will now call upon Mr. Goodlet, of the
United Kingdom.

Mr. GoopbLer (UK): I must confess, Mr. Chair-
man, that I have a certain agnosticism about boiling
reactors because there is a fundamental contradiction
which has never yet been resolved for me. If you
wish to obtain a large amount of power from a boiling
reactor you have to make it produce a large amount
of steam. If you produce a large amount of steam you
have a large amount of voidance in the core and you

run into oscillation difficulties which are very well
described in Professor Zinn’s paper. I hope that his
work will result in the resolving of those difficulties
in fact and not only in argument,

Now I have one question to ask on ultimate safety.
It seems to me that if a steam main of a boiling
reactor fractures you let pressures down to something
like atmospheric, and a large amount of flash steam
will form, but the flash operation will also cool what
water remains in the reactor, and you will be left
with a reactor full of water at about 100°C. That will
also happen in pressurized water reactors and from
that point of view as regards ultimate safety and frac-
tures resulting from water and steam I can see very
little difference between these two reactors. Possibly
there is something that Professor Zinn has up his
sleeve.

Mr. ZinN (USA) : Your observation is correct. I
am only sorry that time did not permit me to show
the experiment that we have done. In that case we
actually opened the steam lines which allowed the
reactor to depressurize itself. In these cases we have
found that this is a relatively slow operation for any
steam line that is attached ; it may vary from 20 to 30
to 40 seconds, during which time you can insert your
shut-off rods before you get the temperature down
where the reactor, with the lower temperature, begins
to have excess reactivity due to flashing.

Another experiment has been done, and that is,
steam has been allowed to flow out of a small opening
while the reactor is not shut off, and after a while the
top reflector vanishes, and that, too, acts to shut off
the reactor; so that the situation you mentioned
exists, but it is by no means a hazardous one because
of the long time constants involved.

The CHAIRMAN: I have a written question from
Dr. Dunworth, of the United Kingdom, which I will
now read out in order to save time: “Is there any
evidence for a reaction between water and alumi-
num?”’

Mr. ZINN (USA) : Of course there is no evidence
in our work ; but I would say that wherever one deals
with these fuel elements I think one should bear in
mind the possibility of chemical reactions, since, of
course, these are permitted thermodynamically, and
many experiments have been done on this point.
Where the aluminum had a thickness and condition
similar to those used in a reactor, no reactions were
observed. Where special efforts have been made to
condition the aluminum either by contaminants or by
sub-dividing it in a particular way, then a chemical
reaction has been observed.
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Recovery of the Energy Produced in

Air Cooled Graphite Reactor G1

By P. Chambadal* and M. Pascal,t France

The five year plan which has been carried out under
the authority of the French Atomic Energy Commis-
sion since 1952, includes, among other objectives, the
construction of the first two French graphite moder-
ated reactors. The building of G1l, which started in
May of 1954 at Marcoule, a place in the south, 30 km
to the north of Avignon, is progressing in such a way
that this reactor, the purpose of which is plutonium
production, could start up at the beginning of 1956
and reach full power at the beginning of the second
half of the same year.

G1 REACTOR

It is known that this first reactor will use natural
uranium as a fuel, graphite as a moderator, and air
under a pressure close to that of the atmosphere as a
coolant. The total thermal power expected from the
reactor is approximately 40 Mw for a load of 100 tons
of magnesium clad natural uranium made up of 3.80
m long rods. The uranium is made up into slugs 100
mm long, 26 mm in diameter; the cladding metal is
provided with 8 fins and its outer diameter is 62 mm,
the channels in the graphite having a diameter of
70 mm.

The graphite pile, the general form of which is that
of a cylinder 8.840 m long (with 0.660 m of reflector
material on the average) and 9.600 m in diameter
(with 0.660 m of reflector material on the average), is
pierced in the central section by an 8 mm slit. It is
perforated by 1337 horizontal channels for each half
of the pile, which will receive the uranium.

The cooling air, which is drawn in at the top of a
25 m stack, goes over a set of intake filters which
remove, according to the preliminary tests, 97% of
the dust contained in the atmosphere. The groups of
electro-blowers are on the intake side of the reactor,
immediately following the filtering system. These
blowers driven by 5500 v engines of 2600 kw unit
power, have been designed to deliver 80 m? of air per
second under a pressure of 2500 mm of water. Before
reaching the reactor, the air goes through cooling
towers (thermal exchange air-water—water flowing
over metal plates—water output: 200 m®/hr—filter
at the cooled off air outlet) which brings its tem-
perature down to 18°C at the reactor intake.

Original language: French.
*Electricité de France.
+Industrial Administration, CEA.
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A manifold then takes the cooling fluid to the slit
provided in the reactor. Tests have been carried out
by the Rateau Company on a model, in order to'clieck
on the theoretical distribution per channel.

Under these conditions, the air which has gone
through the reactor comes out at a temperature close
to 220°C. Electricité de France and the Atomic
Energy Commission computed, once the data on the
project were known, that it would be worth while to
design and build a power recovery installation. This,
let it be made very clear, was undertaken well after
the reactor as such was being designed. It can be said
that the whole project is conservative: G1 is the first
French production reactor and its aims are limited;
the power recovery plant is, fundamentally, a proto-
type meant to enable the French technicians to study,
as early as possible, how a power producing installa-
tion which derives its heat from a nuclear source
operates.

POWER RECOVERY

The air which comes out of the reactor goes
through an air-water exchanger, the features of which
are indicated below :

Exchanger surface: 58,000 m?

Pressure rating: 350 kg/cm?

Gas: Temperature at intake: 220°

Temperature at outlet: 80°

Output: 257 kg/sec

Pressure at intake: 300 kg/m?

Average speed of flow through the ex-
changer: 6.95 m/sec

Temperature at intake: 60°

Temperature at outlet: 200°

Output: 61 kg/sec

Pressure at intake: 20 kg/cm?

Speed of water: 1.18 m/sec

Water:

The amount of heat exchange will reach 31,500,000
kcal/hr, with losses of 315,000 kcal/hr on the walls,
for an efficiency of 99%.

Thus, no vaporization takes place in the exchanger,
which rules out the accumulation of salts, inevitable
in an ordinary boiler, with the risk of corrosion and a
reduction of the heat transfer coefficient. In addition
the heat exchanger is very simple, and it can be hoped
that the maintenance and repair operations, which are
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all the more critical since the hot fluid is activated by
going through the reactor, will be greatly reduced.
Finally, the connections between the heat exchanger
and the equipment room (where the boilers and the
turbine are grouped) are limited to a small diameter
pipe, making it possible to set the equipment room as
far from the reactor as needed.

Following heating in the heat exchanger, the water
goes through flash boilers, where simultaneous reduc-
tion in pressure and temperature causes partial vapor-
ization of the liquid, after which that stream gives its
pressure up to a turbine. A study of the thermo-
dynamic cycle made it possible to establish, for a final
temperature of 30°C, some curves which give the
theoretical utilizable energy in kcal/kg, as a function
of the intake temperature and of the number of boilers.

Three series-connected boilers will be provided:
they will supply steam to three stages of a turbine,
the main features of which are given here, for normal
operation :

1. Boiler Circuits
Water Output

Intake, 1st boiler .. 61.2 kg/sec

Intake, 2nd boiler . . . 55.67 kg/sec

Intake, 3rd boiler. .. .. 50.99 kg/sec
Quantity of water vaporized

In 1st boiler. ... ........... 5.53 kg/sec

In 2nd boiler ............. 4.68 kg/sec

In 3rd boiler ........... 3.85 kg/sec

Enthalpy of the water

Intake, 1st boiler ...... ... 203.2 cal/kg

Outlet, 1st boiler........... 156.8 cal/kg
Outlet, 2nd boiler. ... ... .. 112.5 cal/kg
Outlet, 3rd boiler........ .. 69.94 cal/kg
Water pressure
Ist boiler ................. 5.64 kg/cm?abs
2nd hoiler .. . ........... 1.57 kg/cm?abs
3rd boiler .... ........... 0.318 kg/cm2abs
Water temperature
Ist boiler ................. 155.7°C
2nd boiler ... ... ... ... ... 112.2°C
3rd boiler ................ 70°C
2. Temperature of the circulating
water ...... ... 20°C
3. Turbine

Steam output
Intake, 1st group of stages...19,950 kg/hr
Exhaust, 1st group of stages. 19,500 kg/hr
Intake, 2nd group of stages..36,400 kg/hr
Exhaust, 2nd group of stages. 34,380 kg/hr
Intake, 3rd group of stages..48,240 kg/hr
Exhaust to condenser. . ..... 46,140 kg/hr

Titer at exhaust. . .......... 975 kg/hr
Water pressures

Intake, 1st group of stages... 5.64 kg/cm?abs

Intake, 2nd group of stages.. 1.57 kg/cm?abs

Intake, 3rd group of stages.. 0.318 kg/cm?abs

Exhaust to condenser. ..... 0.035 kg/cm?abs

Enthalpies of steam

Intake, 1st group of stages... 657 cal/kg
Intake, 2nd group of stages.. 643 cal/kg
Intake, 3rd group of stages . 627 cal/kg
Exhaust to condenser. ... ... 608.6 cal/kg
4. Condenser
Vacuum .................... 0.035 kg/cm?abs
Temperature of condensed water ~ 27°C
Enthalpy of condensed water . 27 cal/kg

5. Extraction of condensed water in the process of
undergoing a drop
Output of condensed water extracted

1st group of stages.......... 680 kg/hr
2nd group of stages......... 2300 kg/hr
3rd group of stages......... 2100 kg/hr

The alternating current generator, driven at 3000
rpm, develops 5750 kw under normal conditions, with
5500v between terminals. Its efficiency is 96.75%
under a power factor of 0.8.

The turbo-alternator group (Rateau turbine, Als-
thom generator) is of the vertical shaft type, which
makes it easier to dispose of the water condensed in
the various stages of the turbine.

Figure 2 is an over-all schematic of the installa-
tion :

It shows a hot water accumulator which, in case
there is a breakdown in the current supply that might
cause the reactor to shut down, could feed the hoilers
directly. The accumulator and the turbo-alternator
group are so designed that, for an exceptional over-
load time, limited to 30 minutes (time during which
the water needed for the operation of the refrigeration
towers comes from a 2000 m? tank located on a hill
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Figure 1. Variation in the useful energy supplied as a function of
the number of boilers and initial temperature
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close to the site of Marcoule) the average power can
reach 8000 kw. During this time, it is possible to
drive three electro-blowers, and thus to maintain the
reactor at its normal power. With this arrangement,
the power recovery system for the G1 reactor is a
stand-by feeding system which will doubtless make it
possible for current supply breakdowns lasting more
than 30 minutes to occur, in the region considered, at
an average frequency of once a year, considerably
reducing the number of reactor shutdowns due to the
lack of current.

ECONOMICAL ASPECTS

Since it must be remembered that the installation
here described is not guided by any economical feasi-

bility considerations in its first planning stages, it is
stipulated that the investments to which it leads
amount approximately to 676 million francs.

Thus, independent of the value as a stand-by, men-
tioned above, the installation should make it pos-
sible to study, at the time when installations on an
industrial scale are being planned, how to run a power
plant utilizing the heat developed in the coolant used
in a nuclear reactor. The technique thus developed
should find application in the future, whenever the
problem of recovering electrical power from the outlet
side of a large reactor, the main purpose of which
would be to produce fissionable material (and which
thus would operate at moderate temperatures), would
present itself.



Design for a Dual Purpose Reactor (G2)

By P. P. Ailleret,* P. Taranger,t J. Yvon,} France

In order to come, as rapidly as possible to peaceful
applications of atomic energy, namely industrial
power plants, the French Atomic Energy Commission
chose to resort to large natural uranium reactors using
graphite as a moderator and a gas under pressure as
the coolant.

By concentrating France’s efforts in that direction,
namely by avoiding, from the start, their dispersal on
the separation of uranium isotopes or the mass pro-
duction of heavy water, the ground was prepared for
reactor G2 by successively building the Saclay reactor
(P2) and reactor G1, which are described in other
papers from France. In other words, experience in
pressurized gas cooling was acquired in an experi-
mental heavy water reactor while a study on the use
of graphite was being approached by means of a sim-
ple type of air cooled reactor.

The second French graphite reactor, (G2, is now
being built at Marcoule, in the Gard department: it
will be in operation in two years.

We are dealing here with a reactor which uses
natural uranium as a fuel, graphite as a moderator,
and compressed carbon dioxide as a coolant.

The design arrived at is the outcome of studies
carried out jointly by: The French Atomic Energy
Commission (Reactor Planning Department), The
Electricité de France (Nuclear Equipment Subdi-
vision), and French Industry at large (Société Al-
sacienne de Constructions Mécaniques, Société des
Forges et Ateliers du Creusot, Société Rateau, Als-
thom).

ACTIVE CORE

The fuel (100 tons of uranium) is used in the form
of cylindrical slugs 26 millimeters in diameter, 300
millimeters in length, made up of very low aluminum
content binary U-Al alloy. Each slug is clad in a
finned magnesium sheath, to which it is mechanically
bonded.

These slugs rest in horizontal channels 70 milli-
meters in diameter, provided in the graphite for the
purpose : this horizontal arrangement, which may be

Original language: French,

*Member of the Atomic Energy Commission, General
Director of the Planning and Research Department of the
Electricité de France.
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less satisfactory than the vertical system in the mind
of some designers, has been used, in view of the sim-
pler metallurgical problems encountered with respect
to fuel behavior.

The graphite in which the channels are cut has a
specific gravity of 1.7, and a 4 mb capture cross-sec-
tion (for 2200 m/sec neutrons).

It comes in square cross-section blocks. The side
of each square (200 mm) is exactly equal to the
dimension of the lattice,

These graphite blocks are piled up to form a right
prism, the bisector plane of which is vertical. To the
dimensions of the active core (height 8.45 meters,
diameter: 7.80 meters), which correspond to 1200
channels, should be added those of a 0.500 m lateral
peripheral reflector.

Under these conditions, the reactivity available, in-
cluding the reserve needed for full power operation
(temperature effect) and poisoning compensation
(xenon, samarium . . . ), of approximately 3500 X
10, leaves a margin of some thousands of 10-5 units
which will make it possible, in particular, to make
U?# as a thorium by-product, to make use of slightly
depleted uranium, to flatten the neutron flux or to
achieve combinations of these three factors.

CONTROL AND SAFETY

The control and safety devices are those to be found
in any reactor, and are provided in order to make it
possible to measure and adjust the power and reactiv-
ity, to measure temperatures and pressures, the in-
tensity of the radiation, and preventively to detect
cracks in the cladding.

RENEWING FUEL

This is done without any need for a shut down : the
slugs are inserted into the reactor on the outgoing
side of the coolant fluid by means of a movable sealed
chamber. Each fresh slug is automatically pushed into
a channel, where it displaces the slugs loaded earlier
in that same channel.

The warm slugs, as they come out, fall by gravity
on 45 degree sloped chutes: this slope is the factor
which determines the manner in which the graphite
blocks are piled up.

All the chutes lead to a helical arrangement in
which the fall of the slugs is slowed down, making it
possible for them to get outside the sealed vessel at a
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low speed independent of the position they occupied
in the reactor.
These devices are behind the biological shield.

BIOLOGICAL SHIELD: TANK

The whole of the reactor, the fuel renewal and
thermal protection devices must be housed in a gas-
tight pressure resistant vessel (carbon dioxide is used
for cooling under an average pressure of 150 kg/cm?),
in which a great many holes are provided for fuel
loading, gas circulation, control rods, etc.

The fabrication of a cylindrical steel tank, the
height and diameter of which would have consider-
ably to exceed 10 meters in order to meet these con-
ditions, would have raised, quite apart from price and
time considerations, difficult technical problems of
supply and manufacture (welding and annealing in
particular).

On the other hand, it was only natural to attempt to
make use of the positive need for a biological shield
around the reactor to build a gas-tight cement tank.

In this case, however, conventional concrete does
not appear to be suitable, for the paradoxical reason
that the construction problem involved, mechanically
speaking, is too simple : the shape of the structure and
the load conditions are reminiscent of tho<e met in a
power plant pressure pipe line, and do not specifically
call for the essential qualities of conventional concrete.

The solution to which we resorted was prestressed
concrete, in which the whole resistance of the cylindri-
cal core is achieved by the prestressing by means of
shrinking on forms which plays an important part in
the stability of the lower parts of the assembly, and
particularly in assembling them with said cylindrical
tank.

The choice of moderate prestressing makes it pos-
sible to retain one of the advantages of standard con-

crete over a steel tank: that of reducing an explosion
to mere leaks in cases where the wear due to tempera-
ture variation and radiation would not make it pos-
sible to resist a pressure excursion.

Finally, in order to rule out any leak from the
concrete tank, this one is protected internally by a
steel liner. By circulating cold carbon dioxide between
the liner and thermal shield, the cement can be kept
at an acceptable temperature.

COOLING CIRCUIT

The flux in the uranium (2.5 X 103 neutrons per
square centimeter per second at the center of the
reactor) decreases toward its periphery. Two tem-
perature limits, according to whether the center or the
periphery of the reactor are considered, determine the
cooling arrangement: 550°C may not be exceeded in
the center of the uranium, nor 400°C over the mag-
nesium liners.

On the other hand, proper balancing of the two
purposes of the reactor, namely the production of
plutonium and that of energy, requires that a colder
fluid he admitted to the central channels.

Accordingly, the intake side for the carbon dioxide
has been divided into three concentric sectors where
the gas is admitted at different and adjustable temper-
atures. Laminating, by a channel, guarantees fine
adjustment at the outlet.

The gases which come from the three sectors are
mixed at the outlet at an average temperature of more
than 300°C. However, utilization of the peripheral
gas which is warmer, makes it possible to superheat
the steam: it is generated in a system of boiler ex-
changers, and drives an ac generator and carbon
dioxide compressor through conventional turbines. A
small auxiliary boiler is necessary for the start up of
an installation which, at full power, will deliver about
30,000 kw net.



Detection of Breaks in the Cladding in Gas

Phase Cooled Reactors

By Jacques Labeyrie* and André Roguin,} France

INTRODUCTION

In a nuclear reactor using rods or plates cooled by
a gaseous fluid, breaks or cracks may appear in the
cladding which provides gas-tight separation between
the coolant (gas) and fissionable material.

Radioactive fission products may escape through
these breaks, and thus grossly pollute the outlet side
of the reactor. Furthermore, in some instances, the
gas which penetrates through the break may react
with the metal and cause the slugs or plates to swell,
making their removal and subsequent manipulation
difficult. In view of this, it is necessary to detect
breaks at the earliest possible time.

Some of the breaks or cracks remain small, and
thus present no great danger, while others develop

more or less rapidly. Consequently, it is also necessary
that their development as a function of time be
followed.

We shall describe in this paper a device designed
to keep a check on all the fuel channels in a reactor.
In addition, the main features and construction of
such a device are indicated, for the case of a reactor
using natural uranium cooled by air circulation at
approximately atmospheric pressure.

PRINCIPLE

The physical phenomenon utilized for the detection
of the development of a break is the appearance in the
stream of coolant gas, on the outlet or exhaust side,
relative to the slug or plate affected, of dispersed fis-
sion products. The radioactivity of the polluted gases
can readily be used, outside the reactor, to reveal the
formation of the break, or to follow the development
of such a crack. The activity of the gas is sufficient
for the detection of fissures having a size of about a
square millimeter, even if only a fraction of the
coolant is investigated, and if it is observed several
seconds after its passing over the crack.

PRINCIPAL FISSION PRODUCTS FORMED

Table I shows the main products of U238 fission
which may be of interest for this detection, as well as

Original language: French.
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their parent and daughter products, the relevant half
lives, the yields of the various products, and the ener-
gies of the B and y rays which they emit.

DEFINITION OF A CRACK

A crack is an opening in the side of the cladding
placed around the fissionable material. In the rare
instances where the cladding remains in very close
contact with the fissionable material, namely where
there is no contact between the coolant (gas) and the
area of the fissionable material located just at the level
of the break, the only fission products which reach the
coolant are those ejected from the surface of the
fissionable material directly into the gas. The thick-
ness of the layer from which they come is some 4
microns and, accordingly, the number of atoms pro-
duced by each uncovered square millimeter of this
surface will be relatively very limited.

In the general case, the area of fissionable material
which comes into contact with the coolant is much
greater than that of the surface of the break or
crack proper. There is a certain amount of space
between the cladding and the fissionable material
due to their being separated, so that the gascous
fission products emitted by this surface can be scat-
tered toward the crack, and thence to the coolant.
Thus, summing up, a break or crack will cause a
large or small number of radioactive atoms to reach
the coolant, according to whether the cladding, at
this particular point, is in loose or close contact with
the fissionable material.

In the following, when a “1 mm?” crack is men-
tioned, this means that a total area of 1 mm? of fis-
sionable material is caused to come into contact with
the coolant (Figs. 1 and 2).

METHOD USED FOR COLLECTING THE FISSION
PRODUCTS DISPERSED IN THE COOLANT GAS

A fraction f of the gas which goes into the channels
where the fissionable material, covered by its cladding,
is located, is collected by means of tube a and, after a
travel which may vary by a few meters, it goes from
this tube @ on to the radioactivity detector. This
detector includes :

1. a collector ¢ which recovers as large a fraction
as possible of the fission products suspended in the

gas.
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2. a radiation detector d which measures the radia-  as insensitive as possible to the parasitic radioactivity
tion emitted by these products, in as good a yield as  of the coolant created by its irradiation in the reactor,
possible, so as to increase the sensitivity of the detect-  since this always is present, even in the absence of any
ing process. crack in the cladding.

On the other hand, the detector is chosen as to be Following passage through the detector, the cool-

Table I. Main Fission Products of U235 of Interest for the Detection of Cracks in the Clad-
ding: Parents, Daughters, Half-lives, Fission Yield, 8 and y Energies in Mev

Families of the Kr's

\Z Fission
yield
A 35 (Br) 36 (Kr) 37 (Rb) 38 (Sr) 39 (V) %
9
85 dmin B 25 45hr. ou 0.24
B 16
86 19.5d ¥ 1.0 ~ 15
87 SSSecg gg 75minB 4 6 X 10"yr B 0.13 ~ 2
g 25 . B5S
88 16sec B 3hr ~ 0027 18min v 18 ~ 3
89  4Sscc B 3min 5 4 15min & 45 54d B 15 46
9% 33sec ‘; 3.2 2.7min 5 57 20yr 806  O6lhr B 2.2 ~5
01 10sec B 3.6 17min & 46 9.7hr P32 el 3 6
92 3sec B short 8 27hr B 35hr P 33 5
v 0.7
03 2sec B short B 7min B mhe S 3 <6
94 Isec B short B 2min B 17min g f: 5
Families of the Xe Isotopes
Z Fission
A \ 53 (1) 54 (Xe) 55 (Cs) 56 (Ba) 57 (La) y'ryc.f
B 0.6
131 8d v 0.6 28
B 22
132 2.4hr v 0.7 44
B 14 B 0.34
133 21hr v 0.5 5.3d v 0.081 6
. B 16
134 52min v 22 ~ 6
B 10 g 09 "
135 67hrl 13 92hr . g% 3X10%r B 02 7
. B 65 g 03
136 1.8min v 29 13d v 1.2
137 22sec B 0.7 3.5min B 4 37yr B 0.5 6
138  59sc 8  17min B 30min & 29 6
. . 2.27
139 4lsec B 2.1 9.7min 85min f 0.16 6
.02 .
140 16sec 8 6osec 8 12845 0¥ ame P13 g
141 3sec B short B8 18min 52,8 3.7hr 5 ?g 57
142 1min B8 6min B 77min B ~ 55
143 1sec B short 8 0.5min 8 20min B 5.4
144 short B short B short B short B 5.3

145 0.8sec 8 short 8 short B short 8 ~ S5
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A Uranium

~ Uranium

Figure 2. The type of breaks or cracks

ant is ejected to the atmosphere, if it is not costly
(air), or recovered, in order to be returned to the
reactor, if it is a costly gas (CO,).

Collection of the fission products dispersed in the
gas in the vicinity of the detector can be carried out in
various ways: when the detector is not far from the
reactor, the electrical charges carried by the fission
product particles in suspension in the gas can be col-
lected. We show, on Figs. 3 and 4, various collecting
methods in which use is made of these electrical
charges.

Fission particles also can be collected by mechani-
cal filtration, by means of a high yield filter made up
of small diameter fibers about one micron across. We
show, on Fig. 5, the yields given by these collecting
methods.

It is obvious that the mechanical filtration method
is interesting only in such cases as there are fission pro-
ducts in the gas, in the vicinity of the detector, made
up of solid elements such as, for instance, rubidium
or cesium. The ratio of such fission products to those
which are gaseous, such as xenon and krypton, is im-
portant, at the level of the detector, only if the crack
in the cladding enables the fission product atoms to be
projected directly into the gas without striking a wall.
It is a known fact that the distinguishing feature,
whether they appear in an atomic or molecular form,
between the particles of a gas and those of a solid or a
liquid, is that the former can rebound from a wall,
whereas the latter adhere to it on the first impact.

For the solid element particles to reach the detector,
it is further necessary that the distance covered inside
the sampling tube @ be sufficiently short and suffi-
ciently large in diameter, and that this be done suf-
ficiently rapidly that most of the particles present in

the gas do not hit the tube walls (and remain stuck to -

them). For instance, in a tube having an internal
diameter of 1 cm, through which air circulates under

G.M

Figure 3. Collection on a charged window
The type of electrostatic collection

Figure 4. Collection on a charged wire
The type of electrostatic collection

atmospheric pressure at a speed of 10 m/sec, the pro-
portion of the solid particles which disappear due to
this scattering effect is approximately 20% per meter
of tube length.

It should be noted that, besides the solid particles
which come directly through the crack, there are
others which appear in the mass of the gas by dis-
integration of the gas atoms, but their proportion is
small, and using them is not worth while. Collection
of the xenon and krypton atoms is difficult. Although,
in most cases where cracks appear, thcy make up the
bulk of the fission product atoms at the location of the
detector. The simplest method for using them is to
“bell” the sampling tube a at the location of the
detector, in order to form a large volume around it.
Figure 5 gives some interesting values of activities due
to solid particles and gaseous products.

BACKGROUND ACTIVITY OF THE COOLANT GAS

As indicated above, the gas used as a coolant al-
ways shows some activity due to its irradiation in the
reactor. For instance, in the case of air, one liter under
atmospheric pressure, which remains for one second
in the flux of 10'2 n/cm?/sec will acquire an activity,
immediately after irradiation, of approximately 15,000
disintegrations per second, due to A*!, N® and O'?
formed by the capture of thermal neutrons. Table II
gives the properties and nature of the radiation
emitted.

It is difficult to design, from the outset, the best
detector, namely that which would give most contrast
between the normal activity of the coolant and that
due to the presence of fission products, in view of the
great variety of the latter.

For a given reactor construction, sampling tube
length, pressure and output of gas, it is possible to
choose experimentally the optimum radiation detector.
As an example we show, in Table III, the various
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Table Il. Radioactive Gases Found in the Air, following
Passage through a Neutron Flux
Volumetric Composition of the Air
% of volume Specific mass, gm/i
N, 78.03 1.2506
(o 20.99 1.429
A 0.94 1.784
CO, 0.03 1.977
H. 0.01 0.0899
Ne 0.0012 0.9002
He 0.0004 0.177
Kr 0.00009 3.708
Xe 0.00001 5.851
Argon 41 due to the activation of argon-40,
Isotopic abundance of A" 99.6% § =
0.6 barn
T =182 hr B: 124 2.5
v: 13 0.7%

Nitrogen 16 due to the activation of nitrogen-15.
Isotopic abundance of N™ 0.365% & —
0.08 mb.
B:38 43 4.6 10.5
40% 40% 2% 18%
v: 6.2 6.7

duc to the activation of oxygen-18.
O™ isotopic abundance 0.365% 8 = 0.22

T = 7.3 sec

Oxygen 19

mb
T = 29 sec B:29 4.5
70%  30%
v: 1.6
Neon 23 due to the activation of neon-22.
Ne* isotopic abundance 8.8% 8 = 0.04 b
T = 40 sec B: 421 1.18
93% 30%
v: 3

For 1 liter of air which remains for one second in a flux
of 10" neutrons/cm’/sec, the respective activities are approx-
imately the following, immediately after irradiation.

Activity of argon-41................ 14.000 dps

Activity of nitrogen-16............. 1000 dps
Activity of oxygen-19.............. 100 dps
Activity of neon-23................ 400 dps

counting rates obtained with two types of Geiger-
Muller counters of conventional design, one having a
thick wall, the other a thin wall, using, as a coolant,
18 liters per second of air under atmospheric pressure,
a 1/10 sampling fraction, a 40 meter sampling tube
length and a 1.6 liter gas volume, around the counter.
The geometry is shown in Fig. 6.

EXAMPLE OF A LEAKAGE DETECTOR

We describe here, as an example, a device which is
designed for the detection of leaks in an air cooled
reactor having approximately 2600 fuel channels, in
which the fissionable matter is natural uranium, and
the moderator, graphite.

In each of the channels, a tube having a diameter
of 10 mm takes out a fraction of the cooling air which
is approximately 5% of the total volume going
through the channel. The 2600 tubes used are grouped
in bundles of 135 units, which feed a single collector

Table lll. Counting Rates of Two Types of Geiger-Muller
Counters Placed in a Given Volume of Cooling Air

Type of counter 10 B 12 3G3
Wall thickness 26 mg/cm® 500 mg/cm’
Activity due to the air alone:A, 43 20
Activity due to the air loaded

with fission products 110 4.3
As/A, Ratio 2.5 87

The source of fission products was a 9 mm? surface of
uranium metal placed in a neutron flux of 7 X 10" n/cm?/
sec.

The cooling air staycd in this flux for approximately 0.2
seconds, and the time needed by the air to reach the detector
was 2 to 3 seconds.

through 135 electromagnetic valves. The single col-
lector leads to a detector made up of a cylindrical vol-
ume of 1.6 liters, approximately 10 cm in diameter.
A halogen filled Geiger counter, with a 2 mm thick
glass wall, 10‘m long, is placed axially in this volume.
The readings of the counter are fed into an electronic
device which includes an integrating circuit and a
single channel recorder having a band width of 25 cm,
of the quick responding type, namely 3 seconds for
full scale deflection. The 135 electromagnetic valves
send air into the detecting volume, from the 135
sampling tubes in succession. Each valve remains open

Arbitrary

units

— Filter using fibres and a 13 A 7 bell type
100 counter before the filter, in the pipe, in
a 2 liter volume,

90 —

80 —

70 —~

60 —4—— 10 B 12 counter in a 2 liter volume,

50 =~

— 3 G 3 counter in a 2 liter volume,

40 —

30— Electrostatic collection on a thin window,

— followed by analysis by means of a 13 A 17

20 —~ bell counter,
10 B 12 counter outside the channel wall
10 —1— (thickness 0,5 mm Al, diameter 4 cm )
0

Figure 5. Yields. Comparison between the various systems used for

the measurements of activity of fission products. Dist between

the point of activation and the point at which the measurement is
made: 5 metres. Air output: 15 liters. Speed: 13m/sec.
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Figure 6. General schematic. U: clad vranivm bars, Fi: intake,

coolant gas. Fa: output, coolant gas. a: sampling tubes. V: electro-

magnetic valves. D: radioactivity detector. C: Geiger-Mueller count-

er. P: vacuum pump. R: return to stack. I: integrator. E: recorder.
S: selective valve control. T: signaling and alarm panel

for about 20 seconds in order for the air to travel the
length of the sampling tube (some 40 meters). The
time required for a check-up on 135 channels is ap-
proximately 45 minutes. The whole of the reactor is
explored by a set of 20 similar devices. All these oper-
ate constantly, night and day.

When a signal indicating that the activation of the
air from a given channel exceeds a preset threshold, a
contact on the recorder stops sample analysis from the
tube serving that channel. Two situations are pos-
sible: 1, Activation already was substantial at the
time the detector was connected with the cell, namely
the leak offers immediate danger, and the reactor is
shut down; 2, the leak is not very extensive and, in
this case, no reactor shutdown is required. In such a
case, the tube from the channel where the leak is
located is manually connected, by means of a set of
valves, with a special “follower” detector, similar to
the first, and the object of which is to record perma-
nently the activity of the channels in which there is a
leak. For the whole of the reactor, there are four fol-
lower detectors. Once the channel containing a leak
is connected with the follower, continuous check-up
by the normal service detector is started again on the
other 134 cells.

Various electronic warning devices, which make it
possible to insure that the whole device operates prop-
erly, both electronically and as regards the output of
gas in the various tubes, are also provided. Two
vacuum pumps having an output of some 70 m® per
hour aspirate air through the 20 sampling tubes which
operate simultaneously, as well as through the tubes
of the follower detectors.

The whole system is housed in two special rooms
which have a total volume of 300 m3; the general con-

trol panel of the reactor carries only the recorders _

connected with the follower detectors, the leak warn-
ing signal indicators and the signaling devices show-
ing that the equipment, as a whole, is operating prop-
erly.

The sensitivity of the equipment is adequate, allow-
ing for a normal background activity of the cooling
air, to detect a leak having an area of only 5 mm. As
indicated above, in view of the separation which gen-
erally takes place on the edges of a crack and in view,
also, of the porous nature of the uranium oxide
formed, the device actually can detect much smaller
cracks.

Figure 7 shows a sample recording made during
tests carried out on P2 (Saclay) for the development
of the device, under conditions identical to those indi-
cated above. It will be seen, in particular, that the
activity shown with an observation time of 20 seconds
in air coming out of the channel where there is a
crack, is some two thirds of that found following a
very long observation time (5 minutes). It will also
be seen that for a total crack area of 9 mm? activ-
ity of the air coming out of a channel is five times
greater than when there is no leak.

Allowing for the fact that the various channels of the
reactor do not all offer the same signal to noise ratio
(due to variations in air output, in the duration of the
stay of this air and local intensity of the neutron flux),
the detection sensitivity achieved in the course of
industrial operation of the reactor varies between
some 4 and 25 mm? of total “apparent” crack surface.

(m'{lill\?t:s)
27
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Figure 7. Sampling recording. a. At C time: non-active atmospheric

air. b. 0 to 8 period: active air in a cell, no crack in cladding.

c. 8 to 14 period: air from a cell with a break having an area of

9 mm’ (metallic uranium). d. At times 21, 24.5 and 28, aspiration

for 20 seconds from the cell with a crack in the cladding. Neutron
fiux at level of cracki 7 X 10"/em/sec



A Graphite Moderated Nuclear Power Plant Design*

By R. K. Andersen, A. B. Carson and J. E. Love, USA

INTRODUCTION

This paper describes a nuclear power plant of
broad potential application. The reactor concept is
based on extrapolation of technological, engineering,
construction, and operational information gathered
in more than ten years of experience with similar
operating reactors. With the anticipated successful
development of long-exposure fuel element designs,
this plant is capable of producing electrical power at
an economically competitive level in many parts of
the world. The design scope presented is for a
heterogeneous, graphite moderated, high pressure
water cooled reactor of 800 megawatt thermal rating,
combined with a power generation system capable of
producing 223,000 kilowatts of net electric power.
The plant also produces fuel-grade plutorium and

* From work performed by the staff of the Reactor Design
and Development Unit, Kngineering Department, Hanford
Atomic Products Operation, General Electric Company

other isotopes for use in research, medical, and in-
dustrial applications. The concept is presented in
terms of its major subdivisions: (1) reactor and
reactor cooling system, (2) power generation system,
and (3) water treatment and supply system. The
pressurized reactor cooling water is contained in a
forced circulation primary loop; the heat generated
in the reactor is given up in heat exchangers. Steam
is formed in the heat exchangers and is passed to
the turbine in a scparate secondary loop. Water is
supplied for condenser cooling, primary and second-
ary loop make-up, and to other auxiliary uses. The
plant operating and flow diagram is shown in Fig, 1.

REACTOR

The recactor moderator consists of a rectangular
stack of graphite blocks, 18.4 feet wide, 18.7 feet
high, and 24 feet in length. Graphite is of special
interest as a reactor moderator since it combines good

223,000 kw exportable
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Circulating Sub-stations
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control 3 F 12,000 kw to plant
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stora Feed water
e heaters and '
deaerators i
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and emergency ' .60°F
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Filter Primary 6000 kw S gpm Inftial treatment | 400 gpm River
control loop system and — pump
release clean-up — | storage house
system ‘_.—
l Water to auxiliary
plant uses
Administration building,
shops, railroad and utilities,
security, site preparation
Stpck
Figure 1
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nuclear properties with other advantages of nuclear
control, instrumentation, and piping gcometry. In
addition, there is a relatively complete material tech-
nology available in the industry, as well as extensive
operating experience in large scale reactors in the
United States and Great Britain.

The graphite moderator is perforated by 1521
zirconium alloy process tubes spaced in a uniform
rectangular array of 39 tubes square on 4.5 inch
centers. The process tubes have an outside diameter
of 1.38 inches. Longitudinal ribs on the inside sup-
port cylindrical fuel elements and provide a nearly
uniform cooling water annulus of about 0.075 inch.

The lattice geometry is arranged for a fuel require-
ment of 2.9 pounds of slightly enriched uranium per
foot of process tube. Although fuel element perform-
ance under the design operating conditions has not
been demonstrated, this fuel requirement is less
than the maximum attainable density of uranium,
and thus permits considerable flexibility in the choice
of geometry and composition. This flexibility is an
advantage in the application of alternate designs for
optimizing fuel element performance. As one ex-
ample, the fuel material can be pellets of uranium
metal, 0.92 per cent U?**, uniformly distributed in
a magnesium alloy matrix to obtain 65 per cent
uranium and 35 per cent magnesium alloy by volume.
The individual fuel elements, in this case, are exter-
nally cooled hollow rods having an outside diameter
of 0.9 inch, an inside diameter of 0.3 inch and an
overall length of 7.91 inches. Each is clad in a
zirconium alloy jacket with wall and end cap thick-
nesses of 0.020 inch and 0.045 inch respectively.
Thirty fuel elements are centered in each process
tube to obtain an active column length of twenty
feet. The total reactor fuel weight is 45 tons. The
total length of each process tube is 38.6 feet, since
each must extend through the thermal and biological
shielding to connect with the external cooling water
system. The fuel column is centered in the process
tube by means of inert elements of the same external
dimensions as the fuel.

The reactor core is completely surrounded by a
cooled cast iron thermal shield and a heavy aggregate
concrete biological shield. The purpose of the thermal
shield is to reduce the heat load on the biological
shield. The biological shield is designed to provide
adequate shielding for personnel protection in the
immediate reactor area during shutdown periods
and to prevent radioactivation of materials and
equipment adjacent to the reactor during operation.
Personnel access to the immediate reactor area for
any but the shortest periods will not be possible
during operation due to the radioactivity and tem-
perature of the recirculating cooling water. However,
secondary shielding walls are provided in the build-
ing structure to reduce radiation levels to acceptable
limits outside the immediate reactor area at all times. ~
The two sides and the top of the biological shield

consist of structural steel framework filled with heavy
aggregate concrete and are water cooled to control
maximum shield temperature as well as the tempera-
ture differential across the shield. The front and
rear shields are constructed of a more elaborate steel
framework containing accurately positioned sleeves
for each process tube. The space between the tube
sleeves is filled with a dense mortar consisting of
steel shot, magnetite sand, portland cement and
water. The front and rear shiclds are keyed to the
side and top shields for lateral support, but are free
to expand and contract with changes in pile coolant
temperature independently of the sides and top. The
bottom shield, which is the reactor base, is of ordi-
nary concrete.

Outside the biological shield at both the infet and
outlet faces of the reactor are large high pressure
water chambers which encompass the entire process
tube pattern. Thermal expansion of reactor process
piping is accommodated by roller bearings at the
base of these chambers.

An assembly of tube protecting slecve, concentric
shielding rings, gas seal, and cooling water fitting
and connector is provided for each tube at both these
chambers or “water walls.” The process tubes extend
through the water walls and are connected to the
fittings which are anchored to the outside surface
of the water walls. The cooling water enters and
leaves the process tube through individual connectors
between each fitting and the appropriate water wall.
Valves are provided in the inlet face fittings to per-
mit individual tube flow regulation during charging
operations. A perspective view of the reactor block
and process piping is shown in Fig. 2.
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Figure 2

Facilities are provided for charging fuel elements
into the process tube at the inlet face and discharging
them from the outlet face. These include a platform
elevator extending across the inlet face upon which
are mounted hydraulic manual charging machines
with self-contained power units. Sufficient shielding
is provided around the charging machine cab to per-
mit operation in the presence of the radioactivity
expected at the inlet face piping. A platform elevator
is also provided across the outlet face. It is equipped
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with a remotely operated machine for performing the
discharging function and a limited amount of main-
tenance work on the outlet face where radiation con-
ditions will not permit manual operation.

Upon discharge from the outlet end of the process
tubes, the irradiated fuel elements fall directly into
a water filled basin. They are guided by a discharge
chute to an underwater pick-up station which is
separated from the reactor by a shielding wall. The
water depth is 18 feet which provides adequate
shielding for protection of operators located on
platforms immediately above the surface of the
water. The irradiated material is transferred under
water into storage buckets. These buckets are sus-
pended under the water from yokes which travel on
a monorail system and permit movement of the irra-
diated material from the pick-up station to storage
and shipping facilities. The storage basin is provided
with 150 buckets which give a storage capacity of
approximately 75 tons of fuel.

Facilities are provided for maintaining a con-
trolled inert gas atmosphere for the graphite modera-
tor. For this design the reactor atmosphere is helium.
The gas is introduced between the graphite stack
and the thermal shield at the inlet face of the reactor.
A system of baffling provides for uniform distribu-
tion of the gas, which circulates slowly thrcugh small
passages formed at the adjoining edges of individual
blocks in the graphite stack. The effluent gas is
monitored for moisture content and the moisture is
removed by use of a dessicant. In event of a process
tube rupture, large quantities of steam enter the
moderator. The reactor must then be shut down, the
faulty tube replaced, and the bulk of the water re-
moved from the moderator by means of the gas
system. This can be done with the reactor shut down
by recirculating hot water in the primary coolant
system, and educting the steam that is formed to
the exhaust system.

The design incorporates two basic systems of
nuclear control for the reactor, one for regulating
reactor power level during normal operation, and a
second for insuring rapid and positive reactor shut-
down. The power level regulation is accomplished
by a system of 26 water cooled 1.38 inch diameter
aluminum rods, packed with boron carbide. These
rods can be inserted into the reactor core through
horizontal channels extending 16.5 feet into the
moderator from one side of the reactor. The rod
pattern is 6 by 5, without corners, spaced 37 inches
apart front to rear, and 22.5 inches apart top to
bottom. The position of each rod can be varied in-
dividually by means of direct current electric motors
with gear drives. This system has a variable operat-
ing speed from 0.1 inch to 8 inches per second. The
control rod system is connected to the reactor safety
instrumentation so that in an emergency, all rods are
automatically driven into the reactor at maximum
speed. Battery power is provided to the rod drive

system to insure rod operation if the normal power
source fails. The control rod system is capable of
reducing the reactor reactivity by about 4.7 per
cent which is adequate capacity for reactor power
regulation through all normal operating transients.

The safety control system consists of 26 dual
hoppers in the top shield filled with 0.375 inch diam-
eter steel balls containing 1.5 weight per cent boron.
When the hopper gates are released, the balls drop
into and fill 26 vertical slots, 2 by 4 inches, extending
through the reactor moderator. The slot pattern is
6 by 5, without corners, spaced 38 inches apart front
to rear and 31.5 inches apart side to side. To insure
operability, each hopper has two storage bins and
automatic releasing mechanisms so that if one mech-
anism fails to operate, the other will function
approximately 0.25 second later. The safety control
system is capable of reducing reactivity by 7.5 per
cent which is sufficient to shut down the reactor and
hold it subcritical under all credible conditions. The
system is highly reliable, and will function effectively
even though distortion of the moderator may have
occurred as a result of carthquake or other abnormal
condition, The balls are removed from the reactor
by opening valves provided at the bottom of each
slot. Inclined ducts lead the discharged balls into
storage bins located at the basc of the reactor from
which they are subsequently returned to their origi-
nal hoppers in the top shield by means of an electro-
magnetic conveyor and distribution system. The
reserve charge of balls in each hopper is available
for operational use during the time period in which
the first charge is being returned to the top of the
reactor.

Both the reactor and the power generating system
are controlled from a single center, located in the
control building external to the reactor building. All
process information necessary for safe and efficient
operation of the plant is transmitted to the control
center. This information includes : neutron flux level
and distribution within the reactor; radiation levels
in critical zones outside the reactor ; primary coolant
system pressure, temperature, and flow; moderator
temperature and gas atmosphere composition ; steam
generating system temperatures, pressures, and flows ;
and electrical generator loads. Instrumentation is
provided for certain system variables critical to the
safety of operation such that warning is given when
a dangerous condition is approached, and automatic
reactor shutdown is initiated if the variable exceeds
predetermined limits.

REACTOR COOLING SYSTEM

Heat is removed from the reactor by recirculation
of 21,700,000 Ib/hr of high purity water through
the process tubes to heat exchangers. At full power
the reactor outlet water temperature is 585°F and
the pressure is 1860 psia. This pressure is sufficiently
high to prevent boiling in the process tubes under
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conditions of limited power and flow transients. The
heated water is piped to four shell and tube heat
exchangers in which steam is generated in the
secondary loop. The heat exchangers and the entire
cooling system external to the reactor are constructed
of carbon steel. The reactor cooling water leaves
the heat exchangers at 485°F and 1840 psia.

Circulation is maintained by four primary pump-
ing units, each consisting of a pump, a flywheel and
an electric motor. The pumps are operated at a suc-
tion pressure of 1840 psia and a discharge pressure
of 1950 psia. Normal rotation speed is 1800 rpm.
The 1000 horsepower induction type motors are
equipped with two-speed windings to permit reduced
flow operation during reactor shutdown.

If the electric power to the primary pumps is lost,
the reactor is shut down. The flywheels allow the
pump speed to gradually decrease from the 1800
rpm normal speed to the 600 rpm secondary winding
speed at which time the emergency power source
would supply the pump motors to maintain shut-
down flow. The flywheels are sized to provide suffi-
cient energy to maintain adequate reactor cooling
during the shutdown transient period. The primary
pumps are single stage centrifugal pumps, and are
equipped with special shaft seals to minimize leakage
of the radioactive cooling water. Each seal system
consists of a high pressure water chamber bracketed
by carbon disc seals and labyrinth breakage glands.
A separate supply of high purity, non-radioactive
water is fed to the water chambers at a pressure
slightly above the primary loop pump suction. Proper
adjustment of this pressure allows operation with
essentially zero leakage into the primary loop pump,
and less than 5 gpm of non-radioactive water past the
outer disc seal to a low pressure return system.

Three high pressure water make-up pumps arc
provided for the primary cooling loop. Normally,
two of these pumps are in operation to provide 150
gpm to replace water withdrawn for purification,
and approximately 25 gpm to supply the leakage
through all the primary pump seals. The third pump
serves to increase the make-up system capacity to
650 gpm for emergency conditions such as a process
tube rupture or complete breakdown of a primary
pump shaft seal. These pumps are equipped with
wound rotor motors for speed control and throttling
valves for system pressure variation. The water
supply for these pumps comes from a 10,000 gallon
high purity water storage tank. A 500,000 gallon
standby water storage tank is available to supply the
make-up system by means of automatic valving in
the event that the demand on the normal supply tank
becomes excessive due to malfunctioning of the
primary coolant loop.

POWER GENERATION SYSTEM

A single turbine-generator set is used to generate
a gross power of 235,000 kw from the 3,290,000

Ib/hr of saturated steam formed in the four heat
exchangers at rated power. Each heat exchanger
has 2750 square feet of feed water heating surface,
and 15,750 square feet of evaporating surface. The
steam loop water enters at 404°F and lcaves as
saturated steam at a pressure of 555 psia and a
temperature of 478°F. The saturated steam is de-
livered to the turbine throttle, passed through the
turbine, and then to the condenser. The turbine is a
tandem-compound, double flow type, designed to
operate with saturated steam at 530 psia. Five ex-
traction stages are provided for the removal of
moisture and steam for feed water heating. The
condenser is a two-pass unit mounted under the
turbine with a surface area of 185,000 squage feet
and a heat load of 1850 million BTU/hr. The con-
denser is operated at a turbine exhaust pressure of
1.5 inches of mercury absolute with a condenser
cooling water temperature of 60°F. The 168,000
gpm condenser cooling water flow will be taken
directly from the normal water source.

The generator is rated at 278,000 kva at a 0.9
power factor with 45 psia hydrogen pressure. A
14,400/230,000 volt three-phase transformer (water
cooled) and associated switchyard for outgoing
transmission lines are provided. The scope of this
design concept does not extend beyond the trans-
former and switchyard equipment.

During normal reactor operation, two sources of
primary pump power are available; thesc are the
main plant generators and the electrical network
to which the plant output is fed. During shutdown
or while starting up power is provided by a 6000
kw generator driven by an oil-fired gas turbine.

Since the steam loop is not radioactive, the gen-
erating equipment can be altered to include an oil-
fired superheater of conventional design. The overall
heat rate can be improved in this manner and the
unit cost of the power produced may be reduced,
depending on the relative cost of the nuclear and
the chemical fuels.

WATER TREATMENT AND SUPPLY SYSTEM

Water of several different degrees of purity is
supplied for the various plant requirements. Approx-
imately 168,000 gpm of water is required from the
normal water source; the principal requirement is
for condenser cooling. This is supplied by a pumping
station equipped with four low-head pumps which
will deliver 42,000 gpm each. Two 8000 gpm pumps
provide water for emergency reactor and steam loop
cooling, fire fighting, and miscellaneous requirements.

Approximately 400 gpm of water is diverted from
the condenser cooling stream for filtration and treat-
ment in a conventional manner common to the area
of the site location. After filtering, 200 gpm is used
for non-process sanitary water requirements. Process
requirements for filtered water include about 50
gpm interruptible supply for the fuel element storage
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basin and a similar amount for the preparation of
chemical solutions. About 100 gpm of filtered water
is processed through the first stage of demineraliza-
tion to obtain water which has no more than one to
three parts per million total solids content and is
relatively free of silicates. A closed storage tank of
500,000 gallons capacity is provided for water of this
quality. The major portion of this water is used to
make up normal losses in the steam generation system
where high water purity is necessary to insure the high
heat transfer rates called for in the primary loop heat
exchanger design. Filtered water is also used as
make-up supply for the shield and horizontal control
rod recirculating cooling systems. Under normal
conditions about 10 gpm is supplied to the final
mixed bed demineralization system to be used for
primary loop make-up, including pump seal supply.

A mechanical separator system is utilized to sim-
plify the problem of continuous clean-up of the
primary loop system. A 1500 gpm flow is diverted
from the approximately 43,000 gpm discharge of
the primary loop pumps and is fed to a system of
centrifugal separators capable of diverting particles
in the 2 to 20 micron range by way of a 150 gpm
underflow. The cleaned overflow from this system
is returned to the suction side of the primary pumps.
The underflow is cooled to less than 200°]+ by pass-
ing through a regenerative heat exchanger. At this
point the water stream may be diverted to the waste
disposal system if the radioactivity is too great, or
may be sent on to a 500,000 gallon standby storage
tank for radioactivity decay. In addition to its decay
time function, this standby storage serves as an addi-
tional emergency water source for the primary cool-
ant loop and also provides a source of water for
single pass cooling during charging and discharging
operations. About 150 gpm is normally bled from
the standby storage tank to another system of
centrifugal separators, The 5 gpm contaminated
underflow from this system is sent to the waste dis-
posal system while the cleaned overflow is combined
with the primary pump seal leakage water, and
passed through a 200 gpm mixed bed demineralizer.
The demineralizer effluent is pumped to the primary
loop by way of the 10,000 gallon high purity water
storage tank which supplies the loop make-up system,

To discharge irradiated fuel, the reactor is shut
down, the loop pressure reduced, and the outlet
ends of the process tubes opened. Under these
conditions the low, shutdown flow is routed to a
100,000 gallon storage tank from which it is passed
through a heater-deaerator, and returned to the suc-
tion side of the primary pumps. The piping arrange-
ment will also allow direct routing of the entire
shutdown flow to the waste disposal system for
flushing the loop after a fuel element rupture.

All radioactive waste is routed to a 500,000 gallon
retention tank. This includes primary loop clean-up
underflow, control rod and shield loop bleeds, fuel

element storage basin overflow, and miscellaneous
contaminated sewer wastes. After sufficient hold-up
for decay of short-lived activity, controlled release
is made through a 50 gpm ion exchange system to
ground or to the normal water source for dilution
to a safe level of activity. The ion exchange resin
will be removed and buried when exhausted.

PLANT OPERATION

The safety of plant operation and maintenance
is an important consideration in this design. Instru-
mentation, piping arrangements, pumps, and reactor
control and safety systems have been designed. to
minimize the probability of the initiation or continu-
ance of an unusual nuglear incident. However, it is
recognized that some combination of equipment and
human failure could lead to inadequate cooling of
the reactor fue} and emission of radioactive material
from the reactor or from the primary loop. For this
reason, the reactor, all components of the primary
loop system, gortions of the primary loop water
purification equipment, the reactor gas facility, and
the miscellaneous equipment and services housed in
the reactor building are enclosed within a 225 foot
diameter spherical vapor container. A cross-sectional
view of the reactor building and its components,
enclosed in the sphere, is shown in Fig. 3. The sphere
is constructed of carbon steel plate in accordance
with accepted engineering standards for unfired
pressure vessels. The sphere has been designed to
withstand an internal pressure of 45 psia. The bottom
of the sphere is 40 feet below the ground level and
the reactor operating floor level is 20 feet above
the ground level. An accident involving rupture
of the main cooling loop would result in a 4 psi rise
in the internal pressure of the sphere from the cool-
ing water flashing to steam. Available reactor control
is adequate to stop the nuclear reaction, but there
may be additional energy release from the chemical
reaction between molten metals and water if the
continuity of cooling is completely disrupted. The
interior of the sphere is equipped with a 2000 gpm
cooling spray system which will absorb the heat
released by radioactive decay and chemical reactions.
The maximum sphere pressure that would occur
under these conditions is 40 psia.

The control rod system in this design will permit
power changes consistent with typical electrical
demands on large base-load power- stations, as can
be seen from the following table.

Heat Load Variations

Decreasing Elapsed Increasing Elapsed
power level time power level time
min min

800 M/w to600 M/w 8
800 M/w to 400 M/w 16
800 M/w to200 M/w 24

400 M/w to 600 M/w 4
400 M/w to 800 M/w 8

By establishing anticipatory scheduling of output
requirements, manipulation of the steam cycle will
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not be necessary. However, for sudden loss of load
the reactor is shut down immediately and excess
steam is bypassed directly to the condenser.
Periodic infrequent reactor shutdown will be
required for reactor charging and routine mainte-
nance requirements. The exact schedule will depend
on the goal exposure for the fuel elements which in
turn will depend on the market for the products
formed in the irradiated fuel and the attainable
exposure of the particular fuel element design. In
the event of a fuel element rupture, it is planned
to continue to operate until the next scheduled shut-
down. Approximately one-sixth of the total reactor
fuel load can be readily replaced at each shutdown
which results in the following shutdown schedule:

Time between

Exposure limst ;
discharges (days)

(Megawatt-days per ton of uranium)

5000 .o B 45
10,000 ... e e e 90

The plant is designed for 10,000 Mwd/t operation,
but it is intended that advantage be taken of any
possible economic benefit from variations in goal

exposure with proper consideration being given to
continuity of operation.

Shutdown reactivity transients in this reactor are
such that the minimum outage time will be on the
order of 38 hours. This is adequate time for the
complete charging operation as well as routine
maintenance, but still may be fitted into low electri-
cal load periods.

CAPITAL AND OPERATING COSTS

The forecasts which have been made of the costs
and returns for a power plant of this type will be
discussed only briefly, since these factors vary
greatly with project sponsorship, type of contract
rendered, method of financing, construction site,
labor rates, productivity factors, and general cco-
nomic conditions prevalent during the period of
crection.

Based on actual construction experience at the
Hanford production reactor site, it is estimated that
the complete power plant erected at this site would
require a capital expenditure of $65,000,000. In addi-
tion to direct construction costs and contingencies,
this estimate includes typical indirect charges such
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as engineering costs, interest on capital funds, and
general overhead. However, the estimate does not
include any allowance for the overall guarantee risk
to be borne by the gencral design and construction
contractor,

The operating costs of the plant will depend on
the level of performance attained with the fuel
element designs to be developed for these operating
conditions. The existence of relatively efficient facili-

ties for fuel element fabrication and for reprocessing
spent fuel, including recovery of fuel grade pluto-
nium, has been assumed. For predicted levels of
fuel element performance, cost, and recovery value,
the electric power can be marketed at a financial
profit for less than seven mills per kilowatt-hour.
These electric power costs are competitive with con-
ventionally fired steam plants in many parts of the
world.



Sodium Graphite Reactor

75,000 Electrical Kilowatt Power Plant

By Chauncey Starr,* USA

One of the promising approaches to economical
nuclear power is the liquid metal cooled, high tem-
perature, non-pressurized, reactor type. A present
embodiment of this concept is the Sodium Graphite
Reactor (SGR) system. The choice of this approach
to nuclear power as part of the United States Atomic
Energy Commission’s program is based on both its
immediate technical feasibility and confidence that
advances in technology will result in major improve-
ment in performance. The important features of this
system are the following :

1. A high coolant temperature—925°F (~
500°C) at present, 1200°F (650°C) projected—is
possible without requiring pressurization of the re-
actor heat extraction system. This permits good steam
conditions and high thermal efficiency in the power
conversion equipment.

2. The reactor can be adapted to a variety of fuel
elements and operating conditions. Both slightly en-
riched uranium or a Th-U?33 fuel may be used.

3. There are no chemical incompatibilities in the
fuel element, coolant, structure combination.

4. The absence of releasable potential energy from
pressurization or chemical reactions increases the
inherent safety of this reactor system and permits
the plant configuration to be easily arranged to con-
tain radioactivity under all circumstances.

The use of a liquid metal such as sodium as a heat
transfer fluid has many advantages. While solid at
room temperature, it melts at 208°F (97.8°C) and is
therefore easy to keep liquid in a power plant system.
Sodium boils at 1620°F (882°C) and thus permits
adequately high coolant temperatures with the sys-
tem at atmospheric pressure. Because liquid metals,
sodium in particular, have extremely high thermal
conductivity, they are excellent heat transfer media.
The fluid dynamics of liquid sodium is similar to that
of water. A further advantage of sodium is the gen-
eral absence of chemical corrosion in metal systems.
As a result, a wide variety of steels and other alloys
may be utilized as construction materials. Because
of these characteristics of sodium, the engineering de-

* Vice president, Nuclear Engineering & Manufacturing,
North American Aviation, Inc., Los Angeles, California. In-
cluding work by E. F. Weisner, W. M. Sybert, R. Balent,
A. B. Martin, W. E. Abbott, J. O. Henrie, A. M. Stelle,
T. T. Shimazaki, M. P. Heisler, all of North American
Aviation, Inc.

velopment of the Sodium Graphite Reactor and its
heat extraction system may eventually permit (1) the
production of steam temperatures which will be lim-
ited only by turbine performance, and (2) the sim-
plification of the reactor cooling system to an extent
approaching low pressure water systems,

Sodium, however, is not without certain disad-
vantages. It reacts chemically with oxygen and water
and must therefore he isolated from these. Further,
when exposed to neutrons as in a reactor, it becomes
a strong radioactive gamma ray emitter with a half-
life of about 15 hours, and this creates a serious prob-
lem in nuclear power plant applications. For these
reasons (in the present conceptions) the steam hoiler
has been separated from the primary sodium, which
extracts the reactor heat, by a secondary sodium sys-
tem which does not become radioactive—and carries
the heat from the primary system to the boiler. The
vault necessary to contain the radioactive primary
sodium provides the shielding required and also acts
as a container for the inert gas atmosphere which sur-
rounds the primary system.

The choice of graphite as a moderator results from
the fact that graphite is mechanically easy to handle,
as compared to any liquid hydrogenous moderator,
and is considerably less costly than beryllium, which
might also be used. The principal disadvantage of
graphite is associated with its porosity, which causes
it to act as a sponge when in contact with liquid
sodium. For this reason the graphite is contained in
zirconium metal cans in the present design of this
type of plant.

In mid-1954, North American Aviation, Inc. en-
tered into a program with the U.S. Atomic Energy
Commission aimed at expanding the known area of
information on the Sodium Graphite Reactor. The
sodium cooled graphite moderated reactor approach
will be experimentally demonstrated through the con-
struction and operation of a Sodium Reactor Exper-
iment (SRE). This is a 20,000 thermal kilowatt pilot
reactor, incorporating the major design features of
the full scale Sodium Graphite Reactor. An experi-
mental engineering program with the aim of attain-
ing the potential performance of this high temperature,
low pressure reactor system is an important part of
the joint project. This engineering development pro-
gram is now under way. The Sodium Reactor Experi-
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ment will be fully operative in early 1956. Experience
in construction, test, and initial operation will be avail-
able for incorporation into the initial Sodium Graphite
Reactor power plant, which is presently conceived to
be one capable of producing 75,000 kilowatts of net
electrical power.

GENERAL DESCRIPTION

The proposed 75,000 kilowatt central station plant
consists of a reactor core cooled by a primary sodium
loop, intermediate heat exchangers, secondary sodium
coolant loop, steam generators, turbo-generators, con-
densers, transformers, switchgear, and auxiliary
equipment. A schematic flow diagram of the plant is
presented in Fig, 1. Figure 2 shows the arrangement
of the principal components of the plant. Figures 3
and 4 illustrate the arrangement of the equipment in-
side the reactor building.

There are two reactor core designs for this plant.
One is for use with uranium fuel and the second for
use with thorium-base fuel. The two reactors are
identical in all design aspects. They differ only in
type of fuel element employed and certain physical
dimensions, The best choice of reactor design for a
particular application depends on such factors as
the relative costs and availability of urrnium and
thorium fuels, fabrication and processing costs in
each case, and similar considerations.

The reactor core is contained in a large diameter
steel tank located below ground and cooled by liquid
sodium. The sodium coolant is separated into four
independent loops and flows from the reactor by
means of radial discharge pipes to four intermediate
sodium-to-sodium heat exchangers. The loops are
contained in individually shielded vaults located in
four quadrants around the reactor tank and below
ground level. The four individually shielded quadrants
permit maintenance on any one of the four loops
without complete shutdown of the plant.

The secondary, non-radioactive, sodium from each
intermediate heat exchanger is pumped above ground
to the steam generators. The steam generators are
separated into two buildings located on either side
of the main reactor building and are each fed by the
secondary sodium from the two intermediate heat ex-
changers nearest that side of the building. The location
of the steam generators is sufficiently removed from
the main building and the electrical generating equip-
ment to eliminate damage to these units in case of a
tube failure which might result in a sodium-water
reaction, The steam from each exchanger unit is piped
to the turbo-generator located to the rear of the main
building. The location of the electrical transformers,
switchgear enclosure, and cooling tower area are only
shown schematically; the exact location would be
dictated by specific plant location and needs.

The present temperature limitations in these reac-
tor cores are a result of the limited experience with
zirconium and steels in sodium, and also with fuel
elements, at high temperature. The physical properties

of zirconium are known to be affected by trace im-
purities such as oxygen, nitrogen, and hydrogen. The
extent to which such impurities can be controlled in
large sodium systems has not as yet been determined.
Further, the mechanical behavior of zirconium under
practical high temperature conditions for prolonged
times is uncertain. For this reason, the maximum
sodium-zirconium temperature has been held to a
conservative 950°F (510°C) in the present design.

The use of uranium metal fuel elements at high
temperature is complicated by the alpha-beta phase
transition which occurs at about 1220°F (660°C) and
its accompanying volume change. While it may be
possible to operate with a mixed phase situation at
high temperatures, indufficient experience exists. For
this reason, the maximum uranium metal temperature
at the center of the fuel elements has been limited to
1200°F (649°(’) in this design,

In this regatd thorium offers interesting possibil-
ities, since a méximum metal temperature of as much
as 2000°F (1093°C) may possibly be utilized due to
the absence of phase transitions. Here again more ex-
perience under. practical operating conditions is
needed.

URANIUM FUELED REACTOR

The reactor core consists of an array of closely
packed, canned, hexagonal graphite cells contained
within a large steel tank (see Figs. 5 and 6). The
tank is surrounded by a thermal shield and a layer
of thermal insulation. Since the reactor is located en-
tirely below ground level, the concrete foundation
provides adequate biological shielding. The top shield
is composed of several feet of heavy concrete and
could be removed should major repairs to the core
be required.

The reactor has been designed to produce a thermal
power of 250 megawatts with the maximum zirconium
temperature limited to 950°F (510°C), and the max-
imum uranium temperature limited to 1200°F
(649°C). The sodium inlet temperature to the reac-
tor has been selected as 500°F (260°C), so that the
desired steam pressure may be produced. The number
of fuel channels and velocity of coolant through the
core were chosen so that a mean bulk outlet temper-
ature of at least 925°F (496°C) would result while
satisfying the above requirements, Table I presents
the reactor design and performance data.

The lattice spacing was selected as 10 inches (25.4
cm) and the required enrichment as 1.8 per cent on
the basis of a preliminary analysis. Although these
quantities cannot be completely optimized until a
specific application and cost basis are defined, these
values are sufficiently close to an optimum to permit
reasonably accurate estimates to be made of construc-
tion and operating costs.

The fuel elements consist of clusters of 19 rods.
Each rod is made up of ten slightly enriched uranium
fuel slugs 0.455 inch (1.156 cm) in diameter by 12
inches (30.48 ¢cm) long. The rods are contained in a
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Figure 4. Cross section and plan of the reactor system

stainless steel jacket 0.495 inch (1.257 ¢cm) outside
diameter (OD) by 0.010 inch (0.0254 cm) wall (see
Fig. 7). The jacket is sealed at the top and bottom
with a plug and, except for a helium filled expansion
space, is filled with a bonding material (either sodium
or NaK). The average thickness of the bond is 0.010
inch (0.0254 cm). The rods are spaced from each
other by helically wrapped steel wires.

The rods are joined to a common hanger rod by
which they are suspended in the coolant channels
located in the moderator elements. The hanger rod is
supported from the top shield by a shielding plug. On
each assembly there is an orifice plate to throttle the
flow of coolant to each fuel cluster. The size of the
orifice plate is determined by the location of the ele-
ment in the reactor so that the bulk coolant outlet
temperature may be maximized.

The moderator elements are graphite columns con-
tained within sealed zirconium cans having 0.035 inch
(0.0889 cm) wall thickness. There are small gaps be-
tween the zirconium and graphite to allow for thermal
expansion, and clearance for assembly. A nominal
clearance of 0.100 inch (0.254 cm) is provided be-

tween adjacent can walls to permit sodium coolant
to flow between these elements.

A typical canned moderator element is shown in
Fig. 8. The canned reflector elements are similar ex-
cept that they do not contain fuel channels or coolant
tubes.

There are 233 moderator elements forming an ac-
tive core 13.3 feet (4.054 m) in diameter by 10 feet
(3.048 m) high. A 2-foot (61.0 cm) reflector sur-
rounds the core both in the radial and axial directions
resultmg in overall dimensions of 17.3 feet (5.273 m)
in diameter by 14 feet (4.267 m) high.

The core tank is 17.5 feet (5.334 m) msxde diam-
eter (ID) with 2-inch (5.08 cm) walls made from
stainless steel plate. Near the bottom of the tank is a
core support plate which locates and supports the
moderator and reflector elements. Beneath this plate
is a second plate or tube sheet, forming two plenum
chambers, one between the two plates and one be-
tween the lower plate and the bottom of the core
tank. The coolant channels extend through both
plates so that the main sodium flow is from the lower
plenum chamber up through the coolant tubes. The



. Core Nuclear Data

Lattice type

Lattice spacing, in.

Number of cells, total
for fuel
for control and safety

rods

Nominal reflector thickness,
ft

Core diameters (including
reflector), ft

Core height (including
reflector), ft

Core composition, per cent
by volume
Graphite
Sodium
Stainless steel
Uranium
Zirconium
NaK
Void (gas)

U™ content (initial loading),
kg

Lattice constants (initial
loading with equilibrium
poisons) 2% k excess at
600°C. Uranium enrich-
ment 1.8%
e
?
f (for uranium)
7 (for uranium)
keo

Triangular
10.0 (25.4 cm)
233

215

18
2 (61.0cm)
17.3 (5.273 m)
14.0 (4.267 m)

87.05
6.72
0.43
3.57
1.81
0.32
0.10

443

1.026
0.7564
0.8551
1.6878
1.120

Maximum coolant velocity,
ft/sec

Pressure drop across core,
psi

Flow rate, 1b/hr

Maximum heat flux, BTU/
hr-ft?

Maximum fuel temperature,
o
F

Total power, Mw

. Primary Loops

Number of parallel circuits

Inlet temperature to primary
heat exchanger, °F

Outlet temperature from
primary heat exchanger,
°F

Flow rate in each circuit,
1b/hr

Pumps in each circuit

. Secondary Loops

Number of parallel circuits

Inlet temperature to super-
heater, °F

Outlet temperature from
economizer, °F

Flow rate in each circuit,
Ib/hr

Pumps in each circuit
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Table I. Performance and Design Data, Uranium Fuel
A, ReacTor L, cm? 134
1. Reactor Type Thermal heterogeneous 7, cm’ 405
B!, cm™ 205 x 10~*
2. Reactor Operating Data 5. Fuel Element Data
Nominal rated output, Mw Type of fuel element 19-rod cluster
(thermal) 250 Number of elements in
Average specific power, fuel, reactor 215
Mw/ton of metal (1ton= 9.2 Fuel slug material Uranium
2000 1b) Diameter of uranium slugs,
kw/kg of U™ 565 in, 0.455 (1.156 cm)
Average specific power, mod- 3.5 Length of fuel slug, in. 12,0 (30.48 cm)
erator, Mw/ton graphite Initial fraction U™ in fuel,
Average thermal flux in fuel, 2.5 x 10* atom % 1.80
neutrons/sec-cm*® Weight of uranium in reac- .
Peak thermal flux in fuel, tor, kg 24,600 R
neutrons/sec-cm’ 5.4 x 10* Fuel element length, ft 10.0 (3.048 m)
Initial at. % U*™® in the fuel Jacket wall thickness, in.
for 2% k excess 1.80 of SS 0.010 (0.0254 cm)
Bond, in. of NaK 0.010 (0.0254 ¢cm)
. Mat.rials . Control and §afety Rod Data
Fuel Uranium metal, slightly Number of rol rods 10
enriched in U™ Type of rods ' Boron steel rod operating
Moderator and reflector Graphite, each cell can- ‘ inside of steel thimble
ned in 0.035 in. (0.0889 Dian.eter of rods, in. 1.92 (4.88 cm)
cm) zirconium TotalAk in control rods, % ~10
Fuel element cladding 0.010 in. (0.0254 cm) Number of safety rods 8
type 304 stainless steel TotalAk in safety rods, % ~9
Coolant tube 3.250 in, (826 cm) oD B. COOLING SYSTEM DATA
X 0.035 in, (0.0889 1. Reactor
cm) wall zicconium Coolant Sodium
Primary coolant Sodium Temperature in, °F 500 (260°C)
Secondary coolant Sodium Mixed mean outlet tempera-
Thermal shield Mild steel ture, °F ~925 (496°C)
Biological shield Barytes concrete Highest temperature out, °F 950 (510°C)

9 (274 cm/sec)

6 (0.43 kg/cm?’)

65 x 10° (30 x 10°
kg/hr)

350,000 (950,000 kg-cal/
hr-m*)

1200 (649°C)
250

4
925 (496°C)

500 (260°C)

1.625 x 10°
(0.74 X 10° kg/hr)
2

2
895 (479°C)
470 (243°C)

3.25 x 10° (1.48 x 10*
kg/hr)
4 .
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flow between the moderator and reflector elements
is from the upper plenum chamber. Each chamber is
force-fed by separate downcomers located just inside
the core tank wall with the division of flow being
adjustable.

The primary sodium coolant removes heat from
the fuel elements, the moderator and reflector ele-
ments, and the thermal shield. This useful heat repre-
sents more than 98 per cent of the total energy
produced in the reactor. The heat generated in the
neutron shield and losses through the thermal insula-
tion are removed by a separate low temperature cool-

ing system. The low temperature coolant can be an
organic liquid such as toluene, which is chemically
nonreactive with sodium.

The sodium cooling system is divided into primary
and secondary sections so that the radioactive pri-
mary coolant is contained in a small volume and is
separated physically from the steam generator units.
There are four parallel primary loops (see Fig. 1).
The coolant in each loop leaves the core tank through
pipes welded to the tank at a level just above the top
of the moderator and reflector units. The coolant then
flows to the inlet end of a vertically-mounted centrif-
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ugal pump. Two pumps in parallel are provided in
each loop. Frozen seal sodium pumps now being de-
veloped are suitable for application here.

Because of the radioactivity induced in the sodium,
that portion of the primary sodium system not inside
the reactor must be surrounded by a gamma shield.
The sodium-to-sodium heat exchangers, primary sys-
tem piping, and pumps associated with each loop are
located in a vault adjacent to the reactor and below
ground level. There are four such vaults, one for each
loop. Each vault is covered by 6-foot (1.829 m) deep
removable concrete shielding.

The secondary non-radioactive sodium system re-
ceives its heat from the primary system with approx-
imately a 30°F (16.5°C) loss in temperature. There

are two secondary loops with four pumps in parallel
in each loop. The secondary sodium gives up its heat
to steam in the superheaters, evaporators and econ-
omizers.

A total of 18 control and safety elements are pro-
vided. Each operates within a stainless steel thimble,
which extends through the core in regular coolant
channels. .

Each control rod is made up of a stainless steel
tube surrounded by boron rings. The rod size is de-
termined by the amount of heat generated within the
rod, the maximum temperature limits, and heat
transfer consideration. The rod is cooled by conduc-
tion and radiation across a 10-mil (0.0254 cm) he-
lium annulus between the boron steel rings and the
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Figure 7. Nineteen-rod fuel cluster

thimble. The thimble wall is cooled by the primary
sodlium flowing between the process channel and
thimble, The purpose of the thimble is to exclude
sodinm and sodinm vapors from the drive mechan-
isms Tt would he desirable from a nuclear point of
view to avoid the use of the steel thimbles, but the
physical propetties of zirconium at these temper-
atures are not sutticiently known to permit zircon-
ium thimbles to be specitied at this time.

The safety clements are as large in diameter as
the channel dimensions will permit since they nor-
mally must be out of the reactor during upcmli(.m and
therefore do not present the heat transfer problem
encountered in the control rod design. The safety
clements may either be boron steel rods or boron-
containing halls, "Uhe final selection will depend upon
the results of development work now in progress for
the Sadium Reactor Experiment,

The core tank itself actually serves as a partial
thermal shield but is normally not designated as such.
The thermal shield proper is made of mild steel inter-
locking slabs, approximately 6 inches (~ 15.24 cm)
total thickness located adjacent to and just outside
of the core tank. The upper thermal shield is sup-
ported from the top biological concrete shicld. The top
shield is pierced by vertical holes, aligned with the
fucl channels, and normally filled by shield plugs
which support the fuel clement hanger rods.

Thermal insulation is placed between the thermal
shield and the biological shield or foundation walls
to reduce the heat losses. Most of the heat generated
within the thermal shield is radiated or conducted
back into the core tank and removed by the sodium
coolant.

The temperature of the thermal shield will vary
from around 500°F (260°C) below the reactor to
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approximately 1200°F (649°C) in the central por-
tion of the upper thermal shield.

The foundation concrete is lined with a mild
steel plate. Cooling tubes welded to this plate con-
tain an organic liquid which is circulated to remove
the heat conducted across the insulation and gener-
ated in the foundation concrete and steel liner. A
design temperature of 150°F (66°C) has been se-
lected as a maximum for the concrete. Since the re-
actor is entirely below ground, the earth and founda-
tion concrete provide adequate biological shielding.
The foundation material is ordinary reinforced con-
crete. The thickness and reinforcing requirements
will depend on the subgrade conditions at the site.

Instruments monitor the reactor neutron flux dur-
ing start up and operation. Figure 9 is a block dia-
gram of the proposed reactor control system. Three
types of chambers are used to cover the wide range
of neutron flux involved in going from shut down
conditions to full operating power. These are fission
chambers, gamma-compensated ion chambers, and
uncompensated ion chambers. This selection has
been made so as to provide continuous information
over the range of approximately 10 decades which
is attainable with a neutron source.

The fission chamber signals which are amplified
and read on a counting rate meter can provide neu-
tron flux indication over a range of four decades.
The location of these four decades of range with re-
spect to the power level may be altered by remotely

positioning the fission chambers. The gamma-com-
pensated ion chambers each cover a range of approx-
imately six decades. fthey are arranged so as to
overlap each other and also overlap the coverage
provided by the fission chambers. The signal from
this type of chamber is passed through a logarithmic
amplifier and differentiated to obtain an output pro-
portional to reactor period. The amplifier output is
also displayed on a recording instrument with a six
decade strip chart. The output from the uncompen-
sated ion chambers, of the parallel circular plate
type, is used primarily for flux monitoring at power
levels from about one decade below to one-half decade
above full power level. By the use of scale changing
resistors in the amplificr input circut, this range may
be made to fall in any portion of about seven decades
of range from normal full power level downward.
This feature is particularly useful in the initial start
up of the renelqr.

Instrumentation is also provided in each of the
sodium circuits to measure the flow rate, temperature,
and pressure’at several different points. The sodium
level in the reactor and in the surge tanks is continu-
ously measured, The outlet temperature of the so-
dium in each coolant channel is also continuously
monitored.

The sodium service system consists of equipment
required for melting, filtering, and transferring so-
dium to the primary and secondary coolant systems.
An inert gas, either helium or nitrogen, is used
wherever an inert atmosphere is necessary to pre-
vent oxidation of either graphite or sodium.

The fuel handling system replaces the irradiated
fuel elements with new fuel elements while the re-
actor is shut down. In addition, this system is de-
signed to store, inspect, clean, and transport new
and spent fuel elements (see Figs. 3 and 4). While
the reactor is shut down, the fuel transfer cask is
used to transfer new fuel elements to the reactor
and to remove spent fuel elements from the reactor
and then transfer them to a cleaning cell. After re-
actor operation is resumed, the cask is used to trans-
fer the irradiated elements from the cleaning cells
to the storage cells. The design permits making and
breaking gas-tight connections between the cask and
the reactor loading face, the new fuel storage cell,
or the cleaning cells.

The neutron economy which is given in Table II
for the start up conditions is approximately the same
throughout the core life. The initial conversion ratio
is 0.72. The number of loaded channels is 215. This
loading provides an initial excess reactivity of 2 per
cent, which should be sufficient to allow for at least
3000 Mwd/t irradiation.

THORIUM URANIUM-235 FUELED REACTOR

The reactor design discussed in this section differs
in only one major aspect from the design discussed
in the preceding section ; namely, the use of Th-U2s8
fuel elements. The thermal rating of the reactor has
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Table Il. Neutron Economy of Reactor Core, Uranium Fuel

VIRGIN FAST NEUTRONS 100.00
Fast leakage 5.946
U™ resonance captures 22912
Thermal leakage 1412
Moderator captures 1.887
Outer coolant tube captures 0.135
Moderator can captures 0.878
Moderator coolant captures 1.370
Control rod captures 1.857
Fuel element captures 63.603
100.000
FUEL ELEMENT CAPTURES 63.603
U™ captures 10.866
Xe and Sm captures 2.401
Na coolant captures 1.346
SS cladding captures 1.976
NaK bond captures 0.132
U™® fission captures 39.620
U®® non-fission captures 7.262
63.603
- . . 22912 + 10.866 —_
Titial conversion ratio = 26882 =0.720~

Second generation neutrons = 39.620 X 1.026 X 2.46 = 100.000

been taken as 250 megawatts with the maximum zir-
conium temperature limited to 950°F (510°C). The
sodium inlet temperature to the reactor is 500°F
(260°C). The calculated central thoriun tempera-
ture is 1600°F (871°C), but this is not considered
to be limiting. The core size was determined mainly
from nuclear considerations. While the required
amount of power could be removed from a smaller
core, the neutron leakage would be quite high.

The lattice spacing was selected as 8.0 inches
(20.32 cm) and the required atomic fraction U238 in
thorium as 3.70 per cent on the basis of a preliminary
analysis. See Table III for reactor design and per-
formance data.

The fuel elements consist of 7-rod clusters. Each
rod is made up of ten slugs of Th-U2%8 alloy 0.648
inch (1.646 ¢cm) in diameter by 12 inches (30.48 cm)
long. The slugs are contained in a stainless steel
jacket 0.688 inch (1.747 cm) OD by 0.010 inch
(0.0254 cm) wall. The jacket is sealed at the top
and bottom with a plug and, except for a helium filled
expansion space, is filled with a bonding material
(either sodium or NaK). The average thickness of
the bond is 0.010 inch (0.0254 c¢m).

The moderator elements are graphite columns con-
tained within sealed zirconium cans similar to those
used in the uranium fueled reactor except for the
overall dimensions. The can walls and coolant tube
wall thickness are each 0.035 inch (0.089 cm). The
coolant tube inside diameter is 2.493 inches (6.332
cm). There are 203 moderator elements forming an
active core 10 feet in diameter by 10 feet (3.048 m)
high. A 2-foot (61.0 cm) reflector surrounds the
core both in the radial and axial directions resulting
in overall dimensions of 14 feet (4.267 m) in di-
ameter by 14 feet (4.267 m) high.

The core tank is identical to that previously de-

scribed except ‘that the inside diameter is 14.2 feet
(4.328 m). The core cooling system, the control and
safety elements, the thermal shield and insulation,
the foundation, shielding and shield cooling, the
instrumentation, the auxiliary systems, and the re-
actor building are the same as those described for
the uranium fueled core.

The reactor has been rather conservatively de-
signed. The maximum sodium-zirconium temper-
ature has been limited to 950°F (510°C). The size
of the reactor, the fuel element dimensions, and the
lattice spacing were selected from nuclear and eco-
nomic considerations. Since the maximum required
reactor power is 250 megawatts, the center temper-
ature of the thorium wll not exceed 1600°F (871°C)
with a maximum sédium velocity of 16.2 ft/sec
(494 cm/sec) through the central channel. (See
Table IIL),

The nuclea~ characteristics change with burn-up
since the U#® briginally present is replaced by U233,
but not on a ane-to-one basis. The fissionable mate-
rial required for make-up is highly enriched U235,
The neutron economy of the core is given for the first
two complete cycles in Table IV. The conversion
ratio improves from an initial value of 0.675 to 0.782
at the end of the second cycle. The conversion ratio
should ultimately level off at about 0.81. It is assumed
that 40 per cent of the fissionable material is burned
each cycle (this is approximately 10,000 Mwd/t).
The irradiated material is removed from the reactor
after 40 per cent burn-up of the fissionable material
and sent to chemical processing. The fission products
are removed, the Pa?33 allowed to decay to U233, and
sufficient U285 and thorium are added in order to
restore the initial excess reactivity. It is necessary
to change fuel by zones so that the reactor will be
critical at all times.

POWER PLANT CYCLES

The selection of an initial turbine cycle for a
nuclear steam electric plant involves a compromise
between two competing factors. These are (1) max-
imum heat generation from a given reactor, and (2)
maximum conversion of this heat into electric energy,
i.e.,, maximum thermal efficiency.

Heat removal from a reactor fuel element depends
on the temperature drive from the center to the
surface. Due to the excellent heat transfer character-
istics of sodium, the temperature gradient between
the fuel element surface and the sodium coolant is
quite small. Therefore, heat removal from the reactor
depends primarily upon the difference between the
center temperature of each fuel element and the av-
erage temperature of the liquid sodium flowing up
and through each fuel channel. The present state of
metallurgical development sets an upper limit upon
fuel element center temperature. Therefore, an in-
crease in heat generation, at constant sodium velocity,
can only be accomplished by lowering the average
sodium temperature.



Nominal rated output, Mw
(thermal)

Average specific power, fuel,
Mw/ton of metal (1 ton =
2000 1b)
kw/kg of U™

Average specific power, mod-
erator, Mw/ton graphite

Average thermal flux in fuel,
neutrons/sec-cm’

Peak thermal flux in fuel,
neutrons/sec-cm’

Initial at. 9% U™ in the fuel
for 2% k excess

Materials
Fuel

Moderator and reflector

Fuel element cladding

Coolant tube

Primary coolant
Secondary coolant
Thermal shield
Biological shield

Core nuclear data

Lattice type

Lattice spacing, in.

Number of cells, total
for fuel
for control and safety rods

Nominal reflector thickness,
ft

Core diameters (including
reflector), ft

Core height (including re-
flector), ft

Core composition, per cent
by volume
Graphite
Sodium
Stainless steel
Thorium-uranium
Zirconium
NaK
Void (gas)

U™ content (initial load-
ing), kg

Lattice constants (initial
loading with equilibrium
poisons) 2% k excess at
600°C
€
?
f (for uranium)
n (for uranium)

*e

S

250

233
694

6.2
3.1 x 10*
6.7 X 10*
3.70

Thorium-uranium alloy
(highly enriched ura-
nium)

Graphite, each cell can-
ned in 0,035 in. (0.0889
cm) zirconium

0.010 in. (0.0254 cm)
type 304 stainless steel

2.563 in. (6.51 cm) OD
X 0.035 in. (0.0889
cm) wall zirconium

Sodium

Sodium

Mild steel

Barytes concrete

Triangular
8.0 (20.32 cm)
203
185

18

2 (61.0cm)
14.0 (4.267 m)
14.0 (4.267 m)

86.24
6.50
0.43
4.16
225
0.26
0.10

360.4

1.000
0.7936
0.6892

2.0769 -

1.136
95

Type of fuel element

Number of elements in
reactor

Fuel slug material

Diameter of thorium slugs,
in.

Length of fuel slug, in.

Initial fraction U™ in fuel,
atom %

Weight of thorium in reac-
tor, kg

Fuel element length, ft

Jacket wall thickness, in. of
SS

Bond, in. of NaK

6. Control and safety rod data

Number of control rods
Type of rods

Diameter of rods, in.
TotalAk in control rods, %
Number of safety rods
TotalAk in safety rods, %

B. ‘COOLING SYSTEM DATA
1. Reactor

Coolant
Temperature in, °F
Mixed mean outlet tempera-
ture, °F
Highest temperature out, °FF
Maximum coolant velocity,
ft/sec
Pressure drop across
core, psi
Flow rate, Ib/hr

Maximum heat flux,
BTU/hr-ft*

Maximum fuel temperature,
°F
Total power, Mw

. Primary loops

Number of parallel circuits

Inlet temperature to primary
heat exchanger, °F

Outlet temperature from
primary heat exchanger,
°F

Flow rate in each circuit,
1b/hr

Number of pumps in each
circuit

. Secondary loops

Number of parallel circuits
Inlet temperature to super-
heater, °F

“Qutlet temperature from

economizer, °F
Flow rate in each circuit,
1b/hr

Number of pumps in each
circuit
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Table lll. Performance and Design Data, Thorium-U2385 Fyel
A. Reacror 7, cm® 435 .
1. Reactor type Thermal heterogeneous B, cm™ 240 x 10°
. 5. Fuel element data
2. Reactor operating data 7.rod cluster

185
Thorium-uranium alloy

0.648 (1.646 cm)
12.0 (30.48 cm)

3.70

9740
10.0 (3.048 m)

0.010 (0.0254 cm)
0.010 (0.0254 cm)

10

Boronsteel rod operating
inside of steel thimble

1.8 (4.57 cm)

~9

8

~8

Sodium
500 (260°C)

925 (496°C)
950 (510°C)

16.2 (494 cm/sec)

16 (1.1 kg/cm?)

6.5 x 10° (3.0 x 10°
kg/hr)

850,000 (2,300,000 kg-
cal/hr-m*)

1600 (871°C)
250

4
925 (496°C)

500 (260°C)

1.625 x 10° (0.74 x 10°
kg/hr)

2

2
895 (479°C)
470 (243°C)

3.25 x 10° (1.48 x 10°
kg/hr)




SODIUM GRAPHITE REACTOR PLANT 11

The conversion of thermal power to electrical
power (i.e., thermal efficiency) decreases with a
decrease in the average sodium temperature, For a
given heat sink, the efficiency of any heat cycle is
determined by the average temperature of heat addi-
tion to the system. Thus, in order to obtain a high
thermal efficiency, a fairly high average sodium
temperature is required.

As discussed in the previous sections, a reactor
using metallic uranium fuel elements and zirconium-
clad moderator presently has two temperature lim-
itations. The first applies to the uranium metal which
limits the center temperature of the fuel element.
The second limitation pertains to the zirconium metal
which limits the sodium outlet temperature.

Heat generation varies radially from a maximum
for the center fuel elements to a minimum for the
peripheral elements due to the neutron flux distribu-
tion. Equal sodium flow through each channel would
result in a low mixed mean sodium outlet temper-
ature due to the greater number of outer fuel ele-
ments. In this situation only the inner fuel elements
are at the maximum permissible center temperature.
Therefore, the sodium flow through each fuel chan-
nel is adjusted by throttling such that the outer
channels have the least flow. This causes the so-
dium outlet temperature to be a maximuni consistent
with the aforementioned temperature limitation. As
a result, each fuel element operates at a temperature

limit, either in maximum center temperature or so-
dium-zirconium surface temperature.

The non-reheat regenerative steam cycle appears
to be the optimum choice at this time. In conven-
tional fuel fired stations fuel economy can be consid-
erably increased by the use of five or more extraction
feedwater heaters, which raise the temperature of
the feedwater to about 400°F (204°C). In a nuclear
plant, however, a high feedwater temperature has a
detrimental effect. It either lowers the maximum
possible steam pressure with a consequent loss in
cycle efficiency, or it decreases reactor power output.
The decrease in reactor power output does not result
in any significant reduction in either capital expendi-
tures or operating costs, whereas the higher feed-
water temperature is only obtained by the installation
of five or more heaters at a cost of about $50,000
per heater. Previous studies have shown that the
best regenerative feedwater temperature for nuclear
plants is in the range from 250°F (121°C) to
300°F (149°C). The attached “Temperature-Differ-
ence (or Pinchpoint)” diagrams (Figs. 10, 11 and
12) show graphically how higher steam conditions
push up the cold end of the reactor coolant temper-
ature with a consequent decrease in reactor power
for a constant hot end temperature.

In this design the mean temperature of the primary
sodium leaving the reactor has been limited to 925°F
(496°C), and a non-reheat regenerative cycle with

Table IV. Neutron Economy of a Thorium Uranium-235 Fuel Cell

Beginning of End of 1st Beginning of End of 2nd
1st cycle* cycle 2nd cycle cycle
Virgin fast ncutrons 100.000 100.000 100.000 100.000
Fast leakage 8.303 5.955 8.303 6.040
Th®™ resonance captures 18.930 19.202 18.930 19.185
Thermal leakage 1.354 1.084 1.400 1.106
Moderator captures 1.457 1.646 1.513 1.644
Quter coolant tubc captures 0.105 0.118 0.108 0.121
Moderator can captures 0.607 0.632 0.614 0.645
Moderator coolant captures 1.183 1.230 1.19% 1.257
Control rod captures 1.535 0 1.787 0.017
Fucl element captures 66.526 70.133 66.143 69.985
100.000 100.000 100.000 100.000
Fuel element captures 66.526 70.133 66.143 69.985

Th*™ 13.540 16.037 14.268 16.587
Xe and Sm ’ 2.380 2.439 2.382 2.440
Na coolant 0.816 0.958 0.851 0.985
SS cladding 1.611 1.891 1.679 1.945
NaK bond 0.080 0.093 0.083 0.096
U™ fission 40.650 29.328 29.692 20.991
U™ non-fission 7.449 5.376 5.443 3.848
U™ fission 0 10.966 10.614 19.041
U™ non-fission 0 1.069 1.034 1.857
U™ 0 0.076 0.067 0.211
U™ 0 0.033 0.030 0.056
Pa™ 0 0.296 0 0.303
Fission products 0 1.571 0 1.625
66.526 70.133 66.143 69.985

Conversion ratio 0.675 0.754 0.710 0.782

*A cycle represents 10,000 Mwd/ton irradiation,
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Figure 10. Temperature difference (pinchpoint) diagram. Steam
conditions: 800 psig/825°F

800 psig/825°F (5.6 X 107 dynes-cm™2/441°C)
throttle conditions and a feedwater temperature of
300°F (149°C) has been chosen. The choice of 800
psig/825°F (5.6 X 107 dynes-cm™2/441°C) repre-
sents what appears to be the best compromise between
a low cycle heat rate, adequate temperature drives
in the sodium to water heat exchangers, and per-
missible moisture in the turbine exhaust.

A three-stage feedwater-heating arrangement was
selected to obtain a final feedwater temperature of
300°F (149°C). Preliminary heat balance calculations
show a turbine cycle heat rate of 10,050 Btu/kwh
(2532.6 kg-cal/kwh) for a gross electrical output of
80,800 kw. A simplified heat balance for this cycle
is shown in Fig. 13.

In the present reactor design the maximum pri-
mary sodium and zirconium temperature has been
limited to 950°F (510°C) which brings about a
mixed mean sodium outlet temperature of about
925°F (496°C). A 30°F (17°C) temperature dif-
ference in the primary-to-secondary sodium heat ex-
changers results in a secondary sodium temperature
of 895°F (479°C) which, for a 70° approach in the
hot end of the superheater, permits a steam tempera-
ture of 825°F (441°C). These relationships are
shown in the temperature-difference diagram for this
case in Fig. 10.

There exists a reasonable expectation that oper-
ating experience with the SRE and future metallurgi-
cal developments will raise the present temperature
limit. In order to estimate the gains that may result
from the expected improvements in reactor perform-
ance, two successively higher steam conditions have
been examined. The first is the standard steam condi-

tion 850 psig/900°F (5.96 X 107 dynes-cm2/482°C),~
which represents the least departure from the initial ~

design conditions of 800 psig/825°F (5.6 X 107

FRACTION OF HEAT

Figure 11. Temperature difference (pinchpoint) diagram. Steam
conditions: 850 psig/900°F

dynes-cm™2/441°C). Thus, the additional investment
required is probably quite small; yet the net plant
heat rate drops from an estimated 10,800 Btu/kwh
(2721.6 kg-cal/kwh) to 10,500 Btu/kwh (2646.0
kg-cal/kwh), a 2.8 per cent reduction.

The attainment of 850 psig/900°F (5.96 X 107
extension from the basic design. It may be possible
dynes-cm™/482°C) steam requires a relatively modest
at the same time to increase the superheater surface
and decrease the temperature approach from 70°F
(39°C) to 45°F (25°C). If this change should be
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Figure 12. Temperature difference (pinchpoint) diagram. Steam
conditions: 1250 psig/950°F
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Figure 13. Preliminary heat balance

economically justified, then the attainment of 850
psig/900°F (5.96 X 107 dynes-cm™2/482°C) condi-
tions requires a primary sodium outlet temperature
of 975°F (524°C), an increase of only 50°F (28°C)
over the initial condition. This reduction of drive in
the superheater does not cause a significant change
in the pinchpoint. (Pinchpoint is the temperature
difference at the entrance to the evaporator.)

In the same manner, the attainment of the stand-
ard steam condition of 1250 psig/950°F (8.7 X 107

dynes-cm™/510°C) requires a mean sodium outlet
temperature of 1025°F (551°C), an increase of
100°F (56°C) over the outlet temperature of the
present basic design (see Fig. 12). The estimated net
plant heat rate drops to 10,160 Btu/kwh (2560.3
kg-cal/kwh), a decrease of 3.1 per cent from the
first step (850 psig/900°F) (5.96 X 107 dynes-cm™2/
482°C) and a decrease of 5.9 per cent from the initial
heat rate of 10,800 Btu/kwh (2721.6 kg-cal/kwh).
This condition is summarized in Table V.

Table V. Summary of Conditions for Various Turbine Cycles

Basic data
Plant gross generation --
Plant aux power consumption ....
Plant net generation
Condenser pressure ...............
Number of feedwater heaters
Boiler feed temperature

Heat balance assumptions
The following simplifying assumptions have been made:

..........

80,800 kw (approx)
4000 kw (assumed)

76,800 kw (approx)

2 in. (5 cm) Hg abs.

300°F (149°C)

Auxiliary power consumption 5%
Assumed constant for all cases, no allowance has been
made for the extra power requirements of the auxiliary
combustion heater,

Heat losses in reactor and coolant systems .. 2%

Efficiency of auxiliary combustion heater .... 75%

No provision has been made for utilization of the hot
flue gases except for air preheating,

Boiler feed pump work has been neglected.

Performance

Nuclear station with

Nuclear station ousx. combustion heater

Steam conditions, psig/°F 800/825 850/900 1250/950 1450/1000 1450/1000/1000
Cycle heat rate, Btu/kwh 10,050 9785 9465 9145 8860
Net plant heat rate, Btu/kwh 10,800 10,500 10,160 10,130 10,100
Net plant thermal efficiency, % 31.6 32.5 33.6 33.7 338
Improvement in net heat rate, %
(800/825 base) - +28 +59 +6.2 +6.5
Heat supplied by reactor, % 100.0 100.0 100.0 90.0 80.0
Heat supplied by reactor,
thermal megawatts 2430 236.3 228.6 205.2 181.8
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POWER COSTS

The cost of power is made up of (1) capital
charges on the investment in the reactor system,
steam and electrical generating equipment, buildings
and site, and charges against fuel hold-up, and (2)
operating charges for fuel fabrication, chemical de-
contaminations, and re-enrichment and charges for
operating personnel and plant maintenance.

The capital charges for construction in the United
States of the 75,000 kilowatt plant described here
have been estimated to be approximately $165 per in-
stalled kilowatt of electrical capacity for the reactor
portion, $15 per installed kilowatt for the sodium-
steam generator and $120 per installed kilowatt for
the electrical portion of the plant. These three items
total $300 per installed kilowatt for this particular
nuclear plant. As a comparison, the average for simi-
lar sized conventional hydrocarbon fired plants in the
United States is about $200 per kilowatt. Using 15 per
cent annual charges against the capital investment and
assuming an 80 per cent load factor, the contribution
of capital charges to the power costs is 6.5 mills per
kilowatt-hour.

The total fuel costs have been estimated to be 2.0
to 3.2 mills per kilowatt-hour (corresponding to val-
ues of $15 and $30 per gram of U in highly
enriched material) and the fixed operating and main-
tenance charge as 2 mills per kilowatt-hour. Thus,
the total operating charges of the nuclear plant con-
tribute 4 to 5.2 mills per kilowatt-hour for the cost of
power.

The total cost of power from this plant is thus esti-
mated at 10.5 to 11.7 mills per kilowatt-hour. The
corresponding average power cost for this size con-
ventional fueled plant is 6 to 8 mills per kilowatt-
hour.

EXPECTED FUTURE PERFORMANCE

The power costs given in the previous paragraph
are based on (1) conservative design limitations and
(2) cost data extrapolated from experience obtained
in construction of the Sodium Reactor Experiment.
Thus, these power costs indicate what can be ex-
pected from “first generation” sodium-graphite nu-
clear power plants, based upon the present state of
engineering information. Reductions in power costs
from sodium graphite plants will come from improve-
ments in three broad areas; namely, (1) design and
manufacturing simplication, (2) improved utiliza-
tion of nuclear fuels, (3) increased plant thermal con-
version efficiency. The capital costs used in the
previous section reflect laboratory type fabrication
and instrumentation, and unusually rigid specifica-
tions. These present costs will undoubtedly be re-
duced as industrial experience in this field is devel-

oped. Although the extent of such cost reduction is

obviously uncertain, it is not unreasonable to assume
that the capital cost of nuclear plants may eventually
be about the same as present conventional plants.

Improvements in nuclear performance may be more
quantitatively estimated. The steady state conver-
sion ratio of the thorium-uranium reactor described
for the 75,000 kilowatt electrical plant was given as
0.81. This is the internal conversion ratio; that is,
conversions which take place within the core. Exam-
ination of Table IV shows the largest single loss of
neutrons in this design is leakage neutrons from the
core. Approximately 10 per cent of the neutrons
produced are lost by leakage. The use of a blanket of
thorium can substantially reduce the non-productive
leakage loss of neutrons from this type core. A
blanket with a catching efficiency of 65 per cent
would thus yield an external conversion ratio of 0.14,
approximately. Due to the reduced reflector savings
from the use of a blanket, the core diameter would
have to be increased about two feet to maintain
criticality. The total conversion ratio would then be-
come 0.95, provided the nuclear performance is actu-
ally as good as estimated. There is every reason to
believe that a slightly larger reactor with improved
core design and utilizing an effective blanket arrange-
ment will yield conversion ratios about unity. Thus,
with such a design, after the initial fuel loading, the
only feed material to the plant would be thorium
metal,

As mentioned previously, the size of the reactor,
number of elements, etc., were determined from nu-
clear and economic considerations. The reactor is
capable of producing considerably more power than
the amount required to generate 75 megawatts of
electricity. If the center temperature of the thorium
is increased to 2000°F (1093°C) which appears to
be only slightly less conservative than 1600°F
(871°C) and the sodium velocity through the central
channel is increased to 25 feet per second (7.62
m/sec), the capability of the reactor would be nearly
400 megawatts thermal, or approximately 125 mega-
watts electrical, with 950°F (510°C) limit retained
for the maximum sodium temperature. This improve-
ment in performance does not entail the solution of a
basic metallurgical problem as is required to overcome
the uranium alpha-beta phase transformation limita-
tion. The absence of any significant phase trans-
formation in thorium and the generally superior met-
allurgical properties of this material lend confidence
to the belief that the improved performance indicated
above will be readily attained.

The present development program is expected to
raise the 950°F (510°C) limitation on maximum
sodium temperature. Advances in this direction will
permit a further increase in thermal power from the
reactor described here and also will permit improved
steam conditions. In fact, the thorium-base fuel ele-
ment is uniquely capable of taking advantage of
higher sodium temperatures, since very high center
temperatures in the metal can be sustained. Even

-now, if one were willing to sacrifice nuclear perform-
ance for thermal efficiency, stainless steel could be
used instead of zirconium, and a sodium outlet tem-
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perature of 1200°F (649°C) could be obtained from
a thorium fueled reactor.

With the eventual availability of higher sodium
temperature, the use of a reheat-regenerative steam
cycle, or a supercritical pressure cycle will become
desirable. The latter cycle is especially suitable for a
high temperature nuclear steam station. The above
possibilities are summarized in Table VI.

The improved performance indicated is closely as-
sociated with the fact that the sodium cooled graphite

moderated reactor is basically capable of taking ad-
vantage of the higher temperatures and powers which
metallurgical developments in fuel elements and
structures will permit. The history of steam tempera-
tures in conventional stations, over even so short a
period as the last decade, provides a striking illustra-
tion of metallurgical advances permitting ever higher
temperatures. Thus, it would not seem unreasonable
to expect similar advances in reactor technology.

Table VI. Expected Progress of Sodium Graphite Nuclear Power Plants
Present » Future N
Fuel Uranium Thorium, Thorium
Fuel temperature limit (°F) (°C) 1200 1600 2000
(649) (927) (1093)
Sodium-structural T. limit (°F) (°C) 950 950 1200
(510) (510) (649)
Steam conditions (psig/°F) (dynes-cm™/°C) 800/825 800/825 145/1000
(5.6 X 107/441) (5.6 X 107/441) (10 X 107/537.4)
Electrical capability (Mw) 75 100 125
Conversion ratio 0.72 >0.9 1.0
Capital costs (dollars/installed kw)
Reactor system 135 100 80
Cooling system 45 45 20
Electrical generating equipment 120 120 100
Totals: $/kw 300 265 <200
Power costs (mills/kwh) (80% load factor)
Capital costs (15% fixed charges) 6.5 5.5 4.0
Fuels costs 20 - 3.2 1.5 -25 10 -20
Operating and maintenance 20 1.5 1.0
Totals: mills/kwh 10.5 - 11.7 85-95 60 -70




The Design of a Small Scale Prototype of a Homogeneous
Power Reactor Fueled with a Uranium Oxide Suspension

By H. de Bruyn,*} M.E.A. Hermans,{ Th. v. d. Plas, }
B. L. A. v. d. Schee, T and J. J. Went, T The Netherlands

1. INTRODUCTION

The important and valuable properties of liquid
fueled homogeneous thermal reactors are well known.
The simple construction of the reactor vessel proper
without metallic fuel elements, combined with the
large energy output per unit volume, the inherent
temperature safety with respect to temperature due
to a large negative temperature coefficient of the
reactivity, which is connected with the fission process
without any appreciable time lag and the possibility
of a continuous purification are perhaps the most
important characteristics. In our particular homo-
geneous suspension reactor only slightly enriched
fuels will be used. Nevertheless the conversion ratio
will be high. If we are using ThO, suspensions en-
riched with U** in heavy water, combined with a
suitable blanket even a thermal brceder reactor may
be possible. However, up to now only uranium is
available to us in an enriched form and therefore the
first experiments will be carried out with uranium
oxide suspensions.

It is possible to reduce the dimensions of a homo-
geneous reactor considerablyi using enriched fuel
without changing substantially the characteristics
and behaviour of the reactor. One can avoid there-
fore building an expensive large scale high flux and,
consequently, high powered reactor for investigating
the behaviour and properties of such a suspension
reactor. We will therefore start with a small scale
slightly enriched UO, suspension reactor using light
water and a BeO reflector for a rather high neutron
flux (10'*) operating at a temperature of 250°C.

The following properties can be investigated
equally well in a relatively inexpensive small scale
reactor as in a large power reactor.

1. The stability of the reactor, especially if the
concentration of the suspension fluctuates from point
to point or with time.

* Staatsmijnen in Limburg, The Netherlands.

1 F.OM.-KEMA Reactor Development Team, Research
Laboratory of the N. V. KEMA, Arnhem, The Netherlands.

1At least if there exists no severe limitation in the fuel
concentration as might be the case in the U liquid Bi
solution.

116

2. The colloid chemical stability of the suspension
under normal reactor power conditions.

3. The erosion and corrosion of the reactor circuit
under irradiation.

4. The mechanical breakdown of the suspended
particles by attrition or irradiation with fission
products.

5. The decomposition of the water inside the
reactor.

6. Continuous and batch type purification methods
which are possible with a suspension and which are
especially important for the removal of Xe%5, Smt4®
and the long-lived radioactive fission products.

Although all these properties can be investigated
in a small scale reactor, in certain respects the cir-
cumstances are more difficult than in a large one.
For reasons of safety the delayed neutrons must
be liberated inside the reactor. This limits the linear
velocity of the suspension in small reactors to such
a value that the settling velocity of the suspension
particles is of the same order as the water velocity.
Therefore the concentration must be regulated more
carefully and the direction of flow must be upwards
to ensure that the gases resulting from the decompo-
sition can easily be removed from the reactor vessel.

Secondly the tubes of the outer circuit are rela-
tively long in a small reactor, resulting in either a
large outer circuit, or a high flow resistance. To
overcome this resistance easily a rotating pump
must be used instead of a gas lift pump.§

Finally, in a large reactor it is easy to use such a
fuel concentration that the reactivity decreases both
with an increasing and with a decreasing concentra-
tion. However this is not possible in a small scale
reactor fueled with highly enriched material.

Before a description and flow sheet of the small
suspension reactor are given in section 3, a few
remarks are made in section 2 concerning the sus-
pensions used, the possible purification procedures,
the decomposition of the water and the special flow
system inside the reactor vessel.

§We still believe that instead of canned rotor pumps, the
use of multiple gas lift pumps which combine the functions
of the pump and the heat exchanger is desirable. Therefore
extensive research on the stability and efficiency of such
devices is being carried out.
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2, CHEMICAL PROBLEMS

2A. The Suspension

Although many uranium oxides are known, e.g.,
UO,, U0, UO; and UO,, we expect to use UO,
or U;O; for the following reasons.

1. It is rather simple to maintain UQ, in a reduc-
ing atmosphere which oxide cannot easily be reduced
further.

2. The oxides UO; and UO, can be reduced
easily and are therefore not very stable at higher
temperatures.

3. UO; forms several hydrates with water at
elevated temperatures. Therefore the number, dimen-
sions and shapes of the original particles will be
changed when the suspension is heated. UO, X H.O
is already dehydrated under water above 285°C.!

4. UO; and U,;0; behave similarly from the point
of view of colloid chemical stability, so that small
deviations of the oxygen content of UO, (between
UO; and UO; ¢7) seem to be harmless in this respect.
These suspensions are stable between pH 6.3 and
over 10.2

5. The crystal parameter of uranium oxide is
constant between compositions corresponding to
UO;,0 and UO, 2 but increases from UQOg 3 to UO2 67
(= U30s).2 Small changes of the oxygen content
of UO, are therefore harmless from the point of
view of mechanical stability.

6. UQ, is stable in water at 250°C under hydro-
gen pressure.*

7. With UQ, the smallest concentration by volume
can be obtained for a given concentration by weight
(spec. weight is 10.75 compared with 82 for
U.0s).

The size of the uranium oxide particles will be
limited between about 5 and 12 u. For particles with
dimensions smaller than the mean stopping path of
the fission products inside this oxide (about 10u),®
there is a good chance that both fission products of
a uranium fission will leave the original particle of
the fissioning nucleus. If the volume concentration
of the oxide is low as will be the case for the 20%
enriched light water moderated small reactor as well
as for the slightly enriched heavy water moderated
large reactor (always a few vol %), it is to be
expected that the greater part of the fission products
will be stopped in the water and not re-enter the
particles. This means that a part of the fission

Table |.

energy will be transferred immediately to the water
stabilizing the reactor automatically through the
large negative temperature effect of the expanding
water. Furthermore, an automatic separation of
poisoning fission products and fuel will result. If
the particles are not too small, e.g., > 1, the recoils
of the U?*® nuclei transformed into Pu?*® will be too
small to leave the particle. Neutron irradiation
experiments with a UO, suspension have confirmed
these ideas. From thoroughly stirred suspensions
with 4 vol % UQ, in water, irradiated with thermal
neutrons at least 90% of several fission products
(Ba, Mo, Cs and I have been investigated) are
transferred to the water phase. Of course the separ-
ated fission nuclei will be partly readsorbed on:the
surface of the particles. In a pure water suspension
at room temperature the.fraction of iodine adsorbed
on the surface of the particles compared to the
fraction of iodine in the wateir is determined to be
1.3 : 1.0. Therefore even by purifying the water
phase only, part of the iodine can be readily
removed.

As a matter of fact, the adsorbed fission products
can be easily removed as well by the addition of
suitable electrolytes. This, however, makes the clean-
ing process somewhat more complicated.

For this reason it seems to be desirable to make
the surface of the particles as small as possible, which
means that the particles should not be too small
(5-12x) and that also the surface area of the
particles is as small as possible.

We have determined the particle surface area of
several heat-treated particles according to the well
known B.E.T.® method with the following results
(Table I).

When considering the construction of power
reactors, great attention must be given to the elimi-
nation of Xe!*® and Sm'® particularly if a high
conversion factor is desired, as is the case in the
thermal Th breeder. Xe!*®, the most important poison
in a power reactor, can be removed as a gas together
with decomposed water and adsorbed on active char-
coal” or silica. Moreover, it is possible to remove the
mother I'*® which is already from the water phase.
Calculations have shown that for a small gas let off
(< 6%) the removal efficiency of I35, and for a
large let off (> 6%), the removal of Xe!35, is more
efficient. A combination of both methods is of course
most effective. In the small scale prototype reactor

Internal Active Surface of UO? Particles with Different Reduction and Heat

Treatments Determined by Nitrogen Adsorption According to the B.E.T. Method

Reduction temper

ature from Heat treatment Measured sur- Calculated ex-
UsOs to UOs after reduction face/gm ternal surface/gm
§50°C in NH, no 5 m
900°C in H, no 11 m'
900°C in H, 2 hr at 1400°C 03 m* 01 m*

in H:
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(section 3) the possibility of applying both methods
is forescen.

2B. The Decomposition of the Water

It is very difficult to predict from experiments
outside a reactor the amount of decomposition of
the water or heavy water. The small scale reactor
experiment will give us the answer. A few estimates,
however, can be made. The decomposition is mainly
caused by the highly ionising fission particles during
the stopping process in the water. Since on an
average the fission products are passing half of
their mean stopping path through the uranium oxide
the other half of the stopping path in the water, it
is very probable that the decomposition will he about
a factor two smaller than in the homogeneous solu-
tion reactor, There are two more reasons for a
smaller decomposition. Tn the first place practically
no clectrolyte is present in the water and many
electrolvtes especially those with jons which easily
undergo oxidation or reduction promote the forma-
tion of 1T, and O, In the second place an excess of
hydrogen or deuterium gas will be maintained in
the reactor vessel with the result of decreasing the
IT. and O, formation®

Figure la. Model of the small-scale reactor vessel. The side tubes
are only present for experimental purposes

2C. The Reactor Vessel

In the reactor vessel a constant concentration and
sufficiently homogeneous suspension must be main-
tained. Model experiments (Fig. 1) have resulted
in the construction of a reactor vessel of the type
represented in Fig. 2. The suspension is mixed
thoroughly in a turbulent mixing chamber above
which a set of vanes impart to the suspension a
slowly rotating flow, while at the top of the vessel
the suspension is collected again in a small space
to enter the tubes. Measurements with light absorp-
tion have shown that the distribution of the sus-
pended particles is fairly homogeneous inside such

Figure 1b. Inside view of the reactor vessel with the straightening
device on the bottom

Figure lc. Straightening device
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OUTLET

| STRAIGHTENING
DEVICE

INLET

Figure 2. Drawing of the small-scale reactor vessel. Inside the
cylindrical vessel, the suspension is slightly rotating

a vessel. In the stationary statc the concentration
is constant. It is very difficult, however, to formu-
late quantitatively our demands in this respect. A
zero-energy experiment, now under way, will have
to give the answer. If sudden and large fluctuations
in the reactivity occur which result in dangerous
pressure waves, provisions will be taken for a surge
volume at the top of the reactor vessel.

3. FLOW SHEET OF A 250 KW HOMOGENEOUS
SUSPENSION REACTOR WITH CONTINUOUS
PURIFICATION

Figure 3 represents the flow sheet of the small
scale high flux, high temperature reactor. This re-
actor will be built after a satisfactory zero energy
experiment, which will start this year, has been made.

We will not give a detailed description of this
flow sheet, but a few remarks may be useful. The
primary circuit consists of the reactor vessel A4, a
gas separator B, a canned rotor suspension pump C
and a heat exchanger D. In the gas separator of
special design, the decomposed water (H,; and O,)
is removed and mixed with such a large amount of
gas that even at elevated temperatures and high
pressure (about 50 atmospheres) no explosion can

take place. In the gas circuit a catalytic recombiner
and condenser are provided together with a canned
gas pump. A by-pass makes it possible to remove
continuously some of the poisoning Xe-gas present in
the gas circuit. No valves are provided in this primary
circuit. In the whole system only one suspension valve
is used, viz. in a by-pass E in which a storage vessel
F is present for the fuel. This valve has a special
design to ensure a reliable operation. When it is
opened a stream of pure water dilutes the settled
suspension inside the storage vessel to lower the
viscosity and to wash the suspension going to the
primary circuit. A second by-pass H which has no
storage vessel is provided to allow a continuous
purging of the water for purification in ion exchange
columns. E

The regulation of the temperature of the reactor
is carried out by adjusting the concentration of the
fuel with th¢ storage vessel and suspension valve.
The energy sproduction, and therefore the neutron
flux, is regulated by heat extraction through the
secondary cooling circuit G.

The entire system is under gas pressure — both
the vessel containing the suspension and the reflector
— with two exceptions. The dump vessel K will
always have a somewhat lower pressure than the
reactor system proper to ensure a very fast dis-
charge of the whole reactor content in an emergency.
The other exception might be the ion exchange
columns L. They will probably be used at normal
pressure making the design this part of the puri-
fication system. However, in that case a small com-
pressor pump will be needed between the outlet of
the ion exchange columns and the water inlet in
the primary reactor circuit.

For the small scale reactor described in this paper,
it is not necessary to combine a continuous purifica-
tion system with the reactor, a batch purification
from time to time would be quite adequate. How-
ever, in order to gain experience with these systems,
we hope that an intermediate power reactor can he
constructed immediately after this small scale proto-

type.
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A "*Dry” Suspension of Uranium Oxide for a

Heterogeneous Power Reactor

By H. de Bruyn,*t B. L. A. v. d. Schee,* J. J. Went,* The Netherlands

. INTRODUCTION

The application of suspensions of uranium dioxide
as a liquid fuel for power reactors was discussed
by two of us at the Ann Arbor conference about
a year ago.!

In the present paper we shall extend the discussion
on the “dry” suspensions (gas as a medium) whereas
in another paper presented to this conference a
description will be given of a small scale prototype
of a homogeneous “wet” suspension (heavy water
as a medium) power reactor.

Three main types of power reactors fueled with
“dry” suspensions of uranium dioxide will be dis-
tinguished : a homogeneous reactor, a quasi-hetero-
geneous reactorf and a heterogeneous reactor.

Of these the heterogeneous type of reactor will be
treated in more detail as in our opinion it has more
valuable qualities than the other two.

Il. THE HOMOGENEOUS REACTOR

At first sight the homogeneous reactor type offers
the best prospects because its construction would be
the simplest.

The reactor vessel is filled with compound grains
of uranium dioxide and beryllium oxide (with an
atomic ratio of Be/U of about 120). The grain size
distribution is well chosen to ensure a rather close
packing (70-75% by volume). The mean grain size
will be about 200-250x. The cylindrical vessel is
surrounded by a beryllium oxide reflector 70 cm
thick. The grains move by gravity in a downward
direction through the reactor vessel and are let off
through holes in the bottom of the reactor vessel.
By choosing suitable geometric form of the bottom
of the reactor vessel it is possible to establish a
velocity distribution in the flow of grains down the
reactor which corresponds to the buckling of the
reactor,

The grains leaving the reactor vessel are trans-
ported pneumatically to a heat exchanger in which

*F.0.M. — KEMA Reactor Development Group, Research
Laboratory N.V. KEMA, Arnhem, The Netherlands.

+ Staatsmijnen in Limburg, The Netherlands.

A quasi-heterogeneous reactor is homogeneous from
neutron physical point of view although it has a heterogen-
eous structure.
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the bed of compound grains is fluidized by means
of a gas stream. Helium is used. The gas veloeity
will be adjusted propgrly to ensure a moderately
boiling state of the grains. Intensive boiling must be
avoided to prevent too much attrition of the grains.
In this boiling bed of grains the degree of packing
will be about' 35% by volume. The heat transfer
coefficient of stich a boiling fluidized bed is rather
high (about 500-600 joule/m2-°C-sec). After the
passage through the heat exchanger the grains are
returned to the reactor vessel by simple overflow
of the boiling bed.

Inside the heat exchanger the heat is transferred
to the water circulating in the boiler tubes. At a
pressure of 100 kg/cm? steam of 310°C is pro-
duced. Part of the heat exchanger may be used as
superheater, to produce high quality steam of 550°C.

We calculated the necessary dimensions of the
reactor and heat exchanger for a 300 Mw power
reactor assuming a maximum temperature of 1200°C
of the grains inside the reactor and 700°C in the
boiling bed. The size of the reactor vessel proper
could be 1.85 m in diameter and 1.85 m in height
when the maximum flow velocity is limited by the
number of delayed neutrons necessary for smooth
regulation of the reactivity. The weight of compound
grains (moderator and fuel) inside the reactor
comes to 10.2 tons BeO and 0.9 tons UQ,. The
hold up in the heat exchanger without superheater
amounts to 31.5 tons BeO and 29 tons UOQ,,
with superheater to 50.8 tons BeO and 4.7 tons UO,
(boiler tubes of 2”, superheater tubes of 114" and
a tube spacing of 114 X tube diameter).

It is doubtful whether the production of high
quality steam (better efficiency of the turbogenera-
tors and smaller cost of turbine installations) will
pay when superheating is connected with an extra
hold up of compound grains. Not only is the beryl-
lium oxide rather costly but the uranium has to be
fairly highly enriched (about 6% U?®) and there-
fore the necessary amount of UQO, will be costly
as well. Apart from the fact that moderately en-
riched uranium must be used as a fuel the conversion
ratio will be rather low in a reactor of this type. From
the point of view of fuel economy this reactor is not
very attractive since we may expect strong attrition
of the costly compound grains.
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Figure 1. Flow sheet of homogeneous reactor fuelled with a dry

suspension of uranium oxide. R is reactor vessel surrounded by a BeO

reflector; B is boilerpart of heat exchanger; SH is superheater
part of heat exchanger

lll. THE QUASI-HETEROGENEOUS REACTOR

The large hold up of costly compound grains of
enriched uranium oxide—beryllium oxide in the heat
exchanger outside the reactor being one of the
severe drawbacks of a homogeneous power reactor
fueled with “dry” suspensions — we examined the
possibilities of a reactor type with internal heat
exchanger. The boiler tubes (124") are placed inside
the reactor; no circulation of the compound grains
is necessary for the transfer of heat. Still the grains
can be removed for reconditioning or replacement.

With a boilertube spacing of 214" the reactor can
be treated as a homogeneous reactor. Between the
tubes the space is filled with compound grains of
uranium oxide and beryllium oxide (with an atomic
ratio Be/U of about 80). This time the grains are
much larger, namely 3 mm. A stream of helium is
passed through the fixed bed of grains to ensure
the transfer of heat from the grains to the tubes.
Although lower than in case of a boiling bed of
grains the heat transfer cofficient remains large.

When aiming at a power reactor of 300 Mw
thermal power and assuming a fuel temperature of
1200°C and a steam temperature 250°C (40 kg/cm?
pressure inside the tubes), the dimensions of the
reactor without reflector will be: diameter 2.50 m,
height 2.50 m. From a constructional point of view
it is necessary to pressurize the whole reactor. The
helium used for the transverse conduction of heat
inside the reactor is heated up to 1200°C and can be
used for the production of dry steam at 310°C in a
separate heat exchanger outside the reactor. When
steel tubes are used as boiler tubes the required
enrichment of the fuel will be rather high. Therefore
it was suggested that we use graphite tubes. In that
case an enrichment up to 4% U?*® seems to be_
sufficient.

This type of reactor offers certain advantages

over the homogeneous reactor. First of all the
amount of fuel and moderator required for a power
reactor of 300 Mw is much smaller, namely 1.5 tons
UO, and 11.5 tons BeO. Moreover, attrition of
the rather costly compound grains and erosion of
construction materials is eliminated. Finally the
control of the heat extraction will be much easier.
The crucial valves for the control of the let-off
of grains will be of the same device as is discussed
in the next paragraph. However, the fact that this
reactor has to be pressurized may be a disadvantage.

IV. THE HETEROGENEOUS REACTOR

In both reactor types which are briefly discussed
in the preceding paragraphs moderately enriched
uranium must be used as a fuel. If fuel economy
is an important consideration, it is worth while to
consider a reactor type which can be fuelled with
natural uranium and which ensures the highest pos-
sible conversion ratio.

These conditions can only be fulfilled in a dry
suspension reactor if heavy water of a relatively
low temperature is used as a moderator (tempera-
ture below 50°C) and if a heterogeneous construc-
tion of the reactor is chosen.

A. The Reactor Vessel

With a 300 Mw thermal power reactor the reactor
vessel may have a diameter of 3.40 m and a height
of 2.50 m. In this vessel, filled with about 20 tons
of heavy water, 250 tubes containing uranium oxide
grains as reactor fuel, are placed. The diameter of
these tubes, made of graphite, is 9 cm outside, 8 cm
inside.
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Figure 2. Flow sheet of quasi-heterog reactor fuelled with a

dry suspension of uranium oxide. R is reactor vessel containing large

compound grains of UO:BeO in fixed bed condition; B is boiler inside

the reactor vessel: SH Is superheater; and P is pressure vessel enclos-
ing reactor vessel and BeO reflector
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The pure uranium oxide grains of 250 p diameter
move in a downward direction. When no gas is
flowing between the grains the heat conductivity
is poor and the loss of heat through the graphite
to the heavy water is rather low (about 2% of the
power production). At the bottom of the reactor
the hot uranium oxide grains (1200°C) are trans-
ferred to a stream of helium and transported pneu-
matically to the heat exchanger. Inside the reactor
vessel a 40 cm thick graphite reflector is placed
which is cooled by the circulating heavy water.

B. The Heat Exchanger

Inside the heat exchanger the bed of grains is
fluidized. The concentration by volume of the grains
will be about 35%. The temperature of the boiling
bed is 700°C. The hold up of fuel in the heat
exchanger has been calculated when 2 in, tubes are
used as boiler tubes and 124 in. tubes for super-
heating the stecam to 550°C (100 kg/cm* pressure).
It turned out that for the boiler a hold up of 92.5
tons uranium oxide and for the superheater an
additional hold up of 57.5 tons was necessary, while
the tubes inside the reactor are filled with 24.4 tons
uranium oxide. Therefore the total amount of fuel
necessary is still rather high: 775 tons. Once again
the question arises whether superhcatirg of the
steam is advisable although in this case the cheaper
pure natural uranium is used as a fuel.

When the heat exchanger containing a large
amount of uranium oxide is built around the reactor
vessel it will serve as a rather efficient y-shield. The
heat developed from the absorption of the y-rays will be
used for steam production. Therefore the problems of
preventing damage to the concerete shield which en-
closes the entire power reactor will be reduced.

The heat exchanger will also operate as a very
cfficient necutron shield for the neutrons without
considering the graphite reflector. All escaping neu-
trons will be used in the heat exchanger for Pu
production.

C. Details of Construction

Although at the moment the investigations with
regard to the various constructional problems are
still in a preliminary stage and no dctails can be
published, we will make once exception for the
regulation of the flow of the uranium oxide through
the tubes. As a matter of fact, the flow rate has
to be highest in the tubes placed in the centre of
the reactor vessel. The distribution of the flow rate
over the different tubes must correspond to the
buckling of the reactor.

One of the devices proposed for the remote control
of the flow rate in each tube consists of a vibrating
cone of special form shown in the lower part of
Fig. 4. This cone, constructed of beryllium oxide, is
vibrated rapidly. The flow rate of uranium oxide
grains depends on the amplitude of the vibrational
movement of the cone.
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Figure 3. Flow shee! of heterogeneous reactor fuelled with a dry
pension of ur oxide. R is reactor vessel containing graphite
fuel tubes, cold huuavy water as moderator and a graphite reflector;
B is boilerpart of heat exchanger; SH is superheater part of heat
exchanger; and C cooler of heavy water circuit

Figure 4. Flow rate regulator for “dry’’ suspensions. Upper part
showing valve connected with tube of 9 cm diameter. Lower part
showing inside of valve isting of ial shaped vibrating cone

P
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In another proposition each tube has a special
fixed resistance at the outlet opening adjusted to
the desired flow rate.

D. Reactor Control (Power Level, Emergency Cases)

The reactivity of a heavy water moderated reactor
is strongly dependent on the temperature. Therefore
the power level of the reactor can be regulated con-
veniently by the adjustment of the temperature of
the heavy water, in other words by the circulation
rate of the heavy water through the cooler necessary
to transfer the heat accumulated in the heavy water
owing to the loss of heat through the graphite tubes.

The temperature of the uranium oxide inside the
reactor tubes will correspond to the power level of
the reactor when the circulation rate of the uranium
oxide is constant.

If for any reason the passage of uranium exide
is blocked in one of the tubes it will be noticed
immediately owing to a rise of the temperature in
this particular tube and safety measures can be
taken. For shut-down, cadmium rods or boron steel
plates will be used.

In case of stagnation of the gas compressors the
reactor automatically shuts down because the supply
of uranium oxide at the top of the tubes immedi-
ately stops.

In case of stagnation of the heavy water pumps
the reactor will stop because the temperature of the
heavy water rises.

E. Neutron Economy

In a reactor with cold heavy water as a moderator
and graphite as construction material the conversion
ratio will be high. However the fission products
accumulated in the fuel during operation will gradu-
ally increase the non-productive absorption of neu-
trons. In our laboratory the diffusion of iodine in
uranium oxide at high temperature has been studied.

In his preliminary experiments v. d. Plas noticed
a sufficiently high diffusion rate already at 1000°C.

We may expect therefore that xenon'®®, the reactor
poison “par excellence,” can be eliminated for the
greater part by continuous purification of the helium
gas circuit.

On the other hand, samarium!*® and rare-earth
fission products cannot be removed in this way.
However, we mentioned the attrition taking place
when “dry” suspensions are used as “liquid” fuel.
The dust has to be removed from the fuel circuit
continuously. It can be reconditioned by a simple
sintering process but when the poison level rises
too high it can be replaced by new fuel whereas
the dust is reprocessed in batch.

CONCLUSION

After a brief description of three types of power
reactors fuelled with “dry” uranium oxide suspen-
sions one gets the impression that the heterogeneous
power reactor offers the best possibilities. It has the
following attractive qualities:

1. The possibility of producing high quality steam
without the necessity of pressurizing the reactor;

2. The cheapest fuel can be burnt in this reactor,
namely natural uranium in the oxide form;

3. A high conversion ratio and probably the
possibility of breeding with thorium oxide are en-
sured.

However in case moderate enrichment of fuel
can be accepted and a high conversion ratio is not
necessary, the quasi heterogeneous type of reactor
will be the most attractive one from a point of view
of heat extraction.
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Liquid Metal Fuel Reactor

By F. T. Miles and Clarke Williams,* USA

Since the early days of reactor technology the con-
cept of a fluid fuel which could be circulated for
cooling and processing has been an intriguing one. A
solution of uranium in bismuth was suggested be-
cause of the low melting point and low neutron cap-
ture cross section of bismuth. The principal develop-
ment of the U-Bi fuel in the USA has been at the
Brookhaven National Laboratory.f A variety of re-
actor designs can be based on the liquid metal-fuels
developed here.

This paper presents a design for a central station
power plant which will produce 210,000 kw of elec-
tricity. A high thermal efficiency is achieved with the
U-Bi solution fuel as its use in a reactor will produce
steam at 482°C and 88 kg/cm?2. The U238 which is
used as the fuel is produced in the reactor from
thorium which surrounds the reactor core in a
“breeder blanket.” Both the U-Bi fuel solution and
the thorium bearing fluid are circulated for heat re-
moval and chemical processing.

Figure 1 is a schematic design showing the princi-
pal cooling and processing streams leading from the
reactor core and breeder blanket. First, the main fuel
stream is circulated through a sodium heat exchang-
er, the sodium carrying the heat to the steam boiler.
The thorium bearing blanket stream is composed of
a slurry of ThgBis suspended in molten Bi and is
also circulated through a heat exchanger for cooling.
Volatile fission products are carried by a helium
stream from the free surface of the U-Bi solution
and stored in traps. A small part of the main fuel
stream flows through the processing system where
the fission products are removed and additional
U283 added. Finally, a process stream flows from
the blanket for removal of the Pa and U238 (pro-
duced in the blanket), as well as fission product

*Brookhaven National Laboratory.

+ A solution of uranium in bismuth as a fluid rcactor fuel
was first suggested by von Halban and Kowarski in 1941,
Wigner, Weinberg, and Young made preliminary calcula-
tions on a breeder of this type in 1944. Work at Brookhaven
National Laboratory on this system was started by W,
Winsche and D. H. Gurinsky, and has been going on smce
1947. Among others who have made significant contributions
are D. W. Bareis. J. Chernick, O. E. Dwyer, 1. Kaplan, C. J.
Raseman, T. Sheehan, R. J. Teitel, and R. H. Wiswall, Jr.

The desxgn for a hqmd metal fuel reactor presented in
this paper is mainly the work of W. A. Robba, D. J. Sengs-
taken, T. V. Sheehan, and L. D. Stoughton of Brookhaven
National Laboratory. The design for the power production
cycle was suggested by a group of utility engineers as part
of a course in nuclear engineering at Brookhaven National
Laboratory.
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removal. The advantages of fluid fuels, in general,
with respect to handling for processing and cooling,
have been discussed.! The additional advantages of
uranium-bismuth solution fuels are stability to radia-
tion as well as temperature.2

REACTOR ARRANGEMENT AND CONSTRUCTION

The reactor consists of a graphite core through
which the U-Bi fuel is pumped, an inner graphite
vessel which, separates the fuel stream from the
thorium bearing breeder blanket, the blanket and an
exterior containing vessel to which are attached the
inlet and outlet piping for the fuel and blanket
streams. Figure 2 shows a vertical section through the
reactor. It is desirable<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>