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ON THE DEVELOPMENT OF FAST BREEDERS™

by

W. Hifele

Kernforschungszentrum Karlsruhe

I. Introduction

The principlé of breeding is as old as the development of nuclear
reactors. Fermi and Zinn have had their first désign work for a fast reactor
as early as 1944 /1 /. From that time on until the years around 1960 in
the United States, Great Britain and Russia fast reactors have been developed
which we now classify to be the first generation of fast breeders (see
table 1) /2 f - [/ 8 J.EBR I, EBR II, EFFBR, the DFR and BR 5 are the
more prominent reactors of this first gemeration. The principal fuel there
was metal, the sodium temperatures were modest, the cores small, the bfeeding
external and all the attention went to the doubling time 1?9 ;7,_£30_;7.
Economical considerations however shifted this attention from doubliﬁg time
to the fuel cycle 171_47. It became apparent that a high burn up is a
condition sine qua non for a sound fuel cycle and economical attréctiveness.
The paper of Sampson and Luebke_[iz‘;T opened the era of the second genefation
of fast breeders im evaluating the potential and features of fast breeders
with PuoleOZ as fuel. Following that it were particularly the groups of
GE /13 _/ and Karlsruhe ij[;;7 that were actively going into this new field.
After the Vienna Confereﬁce of 1961‘[75_;7 this ceramic fast reactor schene
received world wide attention. At first it was the Doppler ccefficient that
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was in the center of interess.éﬁal;T,'£?7_jf. This subject led to major
undertakings, among others the SEFOR project of SAEA, AEC, GE aﬁd Karls-
ruhe together with EURATOM _[73_;7,.139_;2 But shortly thereafter most of
the attention went to the Na void coefficient after having recognized, that
large ceramic reactors might have a positive, partial Na void effect.lfﬁo_jf.
Following the somewhat too general idea that all power coefficlents should
be negative, a number of large design studies were initiated in the U.S.

[17_ 7, [21 7. In order to do this znother important parameter had to be
fixed: the target size of these reactors. That in turn required a first
assessment of a possible time scale for development. During 1963/64 world
wide understanding was obtalned that fast reactﬁrs should and could be
economically available by the end of the 70's. That in turn made it clear,
that 1000 mile is the target size. So the above mentioned 4 major studies

in the U.S., namely that of GE, Westinghouse, B+W and Combustion Eng. were
conducted. They all showed distorted core configurations in order to depress
the Na void effect. This sometimes hurté the breeding potential very much,
but emphasis had shifted from breeding to economy /22 /. Also in Great
Britain, France and Germany such large design studies were conducted, how-
ever they all did not show distorted cores. At the Argonne Conference of
1965 1553_37 the reactors of the existing studies were analyzed as a system
and it became apparent, that the Na void comes into action only if a major
accident of an incredible nature takes place /24 /. The chain of events
that have to happen for such an accident were'analyzed and In so doing the
two phase Na flow phenomena together with the capability of subassembly
boxes to withstand pressure peaks became the center of interest !?23;7; !fﬁs_?;
!Tiﬁ_?; !f§7_;7. But that meant the departure of a so far observed route of
development: the reactor design should be placed on a consistent and con-
ceivable chain of accidental events, forming the design basis accident; the
ad hoc postulated maximum (and incredible) accident was therefore at that
time no longer the design guidance 1j23;7: Most reactor groups of the world
decided then, to have an early prototype reactor of something like 200 -
300 MWe. This was the case for the GE, Westinghouse and the AI group, for

France and for Germany. The British and Russians were obviously already



ahead, they were already actively engaged in their PFR and reépectively
BN 350 prototype reactor designs. The basic idea was and still is to have
a round of fast breeder prototype reactors that can be compared to the
Yankee, Dresden, Indiaa Point round of thermal prototype reactors in the
50's. The function of such prototype reactors would be the demonstration
of technical feasibility on a commercially significant scale, somewhat in
combination with providing a test bed for commercially developed better
fuel and reactor components. More recently the U.S. groups call these
prototype reactors therefore demonstration plants. The EuroPean.coﬁntries
continue to follow that line whereas the USAEC shows concern zbout the
necessity of excessive testing of reactor components including fuel and
instrumentation and therefore is‘considering a more stretched out timing.
This is deeply interrelated to the question of safety and the operational -
availability of Na cooled reactors and the question which way to go has

been ‘heavily debated ever since,

But there is no debate that an early prototype requires an intermediate
step, more general experience has to be collected before such wndertakings
take place. In the U.S. this point is well taken care of by the EBR II,

EFFBR and more specifically and recently by the SEFOR reactor. In Great
Britain this intermediate step is DFR, in France the recently and so success-
fully started RAPSODIE reactor fullfills this requirement. Germany is some-
what late, but the KWK reactor of Interatom which is in its final construc=
tion stages at Karisrﬁhe has engineering wise this function, its first core
is a thermal but highly compact core, and the second core will be a fast
core, leading to the fast, 20 MWe, KNK II reactor by 1971. The Japanese

- started recently a larger fast reactor progranm agd, remarkably enough, among
their first project goals is to have by 1972 a 100 Mith fast reactor which
in a way lines up with EBR II, DFR and the above mentioned reactors. This
line of experimental reactors gives particularly overall engineering ex-

perience.



One of the main reasons for distinguishing between the first and the
second fast breeder generation is their physics. As this session does not
allow for a special paper on fast reactor physics, some more detailed remarks
on that field may be reasonable. Fast breeder reactors of the first gemeration
have metallic fuel and were small. Therefore they have a hard spectrum the
lower end of which does not really touch the resonance region. The impor-
tant contributions to the power coefficient come from fuel thermal expansion.
The second generation of fast breeders has a soft spectrum (see fig. 1),
which definitely covers the resonance region. Therefore the physics of such
reactors have to deal in detail with that resonance region and is therefore
the most difficult part of allvreactor physics. The first effect to be
explored was the Doppler‘coefficienf. The calculation of it was first done
by Goertzel_[i&_jl but the investigation was really takem up by Nicholson
1?29;7, still for a somewhat hard spectrum, but later extended and refined
by the Argonne, GE and Karlsruhe groups _[:50 __7, _[_—51 __,7, [5 2__7 and others.
Today one can say that the calculation techniques are established for that
£33 7, /34 7. To measure the Doppler coefficient two principally different
approachés are possible: One approach is to measure the Doppler coefficient
in action when it terminates a power .excursion. According to basic ideas-
of GE and Karlsruhe the already mentioned SEFOR project is designed and
executed along these lines ljb_;?; ljb _7: The other approach is to measure
the Doppler effect in a fast zero power critical facility by sample heating.
For some time the proper interpretation of that created some difficulties,
but particularly after a contribution of Storrer 1?35_7: but also others,
this problem was solved. Today there exists a great variety of Doppler
measurements in criticals with satisfactory accuracies. The expected SEFOR
results will enlarge the domain of Doppler measurements into higher tempera-
tures and oPerationél conditions thus leading to a generally satisfactory

situation _/__36__7.

The investigation of the Na void coefficient was both experimental and
theoretical and turned out to be difficult in both areas. The primcipal tool



of exploring the Na void coefficient is the fast, zero power, critical
facility. Practically all existing such facilities make use of platelets,
mostly 2 inch x 2 inch, a typical thickness being 1/8 of an inch. In the
portion of the spectrum, where %%: governs the physics of this effect,

there are large heterogeneities which influence the absolute size of this
effect and large computer programs on the basis of a fairly detailed and
cumbersome theoretical analysis is necessary to extrapolate from measured
values to values which are significant for a fast power reactor design. But
it seems that today this techaique is at hand.lfﬁ?_j;.£§8_;7. The theoreti-
cal prediction of the Na void coefficient has led into the more refined
schemes of calculating large fast reactors having the soft spectrum of the

" second generation. Particularly for calculating the Na void effect it is
necessary to have a two dimensional code which glves the proper weighing
spectrum for group constants in the various parts of the core and the blanket.
Then a very careful preparation of the group constants is required. It turns
out that it is not so much the calculational procedure that creates uncertain-
ties,rather it is the sensitive dependence on microscopic input data and the
process of preparing group constants that is of strong influence. Depérting
from the old idea of having universal sets of group constants_£§9_;7,_£20_;7
there esist today extensive and very detailed programs for preparing a set
of group constants for each particular reactor case, that is the 4G2 program
of ANL_[Z]_]} the Galaxy program of UKAEA_[ZZ_]'and the Migros program of
KarIsruhe_£Z3_;7. These programs take into account the self shielding effect
of the prevailing potential scattering cross section of the core, the tempera-
ture broadening of the fission and absorption resonances, the influence of
scattering resonances and the influence of weighing spectra . In order to
make all that possible a tremendous input of microscopic cross section data
is needed. Due to the activities of groups like EANDC_[ZL_j'and evaluating
and judging compilations of groups like that of Brookhaven.!fzs_jf and Karls-
ruhe_[ZB;L? the knowledge and availability of these data has improved con-
siderably during the past few years. The most striking event imn the area of
microscopic input data was the Schomberg measurement'£z7_:7 of the capture
to fission a ratio of Pu 239, Schomberg's data would have hurt the breeding
ratio by 7 - 9 points and therefore the fuel cycle eéonomy by as much as



mills
0.1 *ih e
which is due to the sharper raise of ¢ in the respective spectrum areas.

Theoretical indications by Pitterle and Barre 1558_57,_£Z9_;7, together with

recent measurements of Gwin seem to indicate that the damage 1s only half

+ It would have further increased the Na void coefficient by 40 Z,

as large. This has been confirmed more recently also by a Doppler experiment
[50_7. Other remarkable trends in this area are the downward trend of the
U 235 (n, £) standards and particularly the downward trend of U 238 (a, ¥y)
data /51 7, [52.7, /53 7. (See £ig. 2 - 5)

A remark should be made on the interconnection of extended reactor
physics calculations and computer capabilities. The Na void calculations
in particular and the calculation of large fast second generation breeders
in general require as of today three dimensional calculations, in the case
of the Na void effecflfor instance two space dimensions and one energy
dimension. This just fits the calculational capability of todays computers,
say IBM 360/65 (or better 360/91) or CDC 6600. Some years ago all reactor
problems were treated only in two dimensions (1 space, 1 energy dimension
or | space, ! time dimension). It is probable that, as the art develops,
four dimensions can and have to be handled and this requires the next
generation of big computers. It should be realized how strong this interlink
is (see table 2).By and large the reactor theory situation is satisfactory
within certain 1imits. Further improvements can be expected as microscopic

input data become better, computer capabilities increase and results of large
critical Pu experiments become available. Here also the situation has improved

significantly as large Pu facilities become operativ. The first was ZEBRA in
Great Britain (1962) then it was Masurca in France and SNEAK in Germany.
They became critical in the same night (15.12.66),and the ZPPR in the U.S.

that goes into operation about now. It is almost certain, that with the large

Pu experiments to come the art of reactor physics will improve further and
significantly. Among other things it will be particularly the verification
of group constant sets for certain classes of reactors. Last not least
attention should be focused on the Dutch STIEK (KRITO) experiment, which is
designed to measure the reactivity influence of true fission product samples
jf34~7: This is important, because both differential and integral data on



fission products are missing and of increasing importance as longer burn
up's become realistic. A list of existing zero energies facilities is

attached to this paper. (See table 3)

ITI. The fuel element

A burn up in the order of 100 0CO ygg- is mandatory for fast reactor
fuel elements in order to burn something like 100 Z of the original fissionable
content, a condition to make the fuel cycle economic 1??2_;7. With metal fuel
elements being only capable for burn up's of the order of 10 000 35% a
principle switch to another concept typical for the second generation of
fast breeders was necessary. U02/Pu02 fuel is such another fuel concept pro-
vided it has a design that allows for high fission gas release. Low density
and high fuel operating temperatures are the principal steps to achieve
that_£73.;7; ZTBS;T. This is different from a U02/Pu02,or only UOZ’ fuel
design- for a thermal reactor where high densities and low fission gas re-
lease are required. The intended high fission gas release of fast reactor
fuel requires a plenum zbove or below the axial blanket for collecting the
released fission gases., This in turn requires the fission gases to travel
over long axial distances. The cladding of such a fast reactor fuel pin
must be designed to be free standing and for being strong enough to with-
stand the eventually large internal pressure which might be as high as 100 atm.
It is very remarkable that today all fast reactor groups are virtually in
agreement on the specifications of such a fast reactor fuel pin. They are
roughly as follows: 450-£% paximun linearygoi power, a pin diameter of 6 mm
being consistent with a fuel rating of | EEF§E§§~, an active core length of
100 cm; the cladding a 16/13 stainless steel of 0.35 mm wall thickness and
as the most salient point: a smear density in the neighborhood of 80 Z. In
the past some debate was going on whether to provide for axial restraining
of the fuel or not. The APDA group always favoured this concept of axial
restraining in order to avoid anmy reactivity movement whatsoever, but many
other groups dont count on, but allow for axial fuel creepingaﬁd/or ex=

pansion. There is strong indicatiom that fuel under high neutron fluxes and



high temperatures is creeping much more readily and easily than under the
same mechanical and temperature conditions out of pile 1?36_7; thus en-
hancing the idea not to restrain the fuel axially and to aveld radial swel-
ling therefore. In the EBR II the present loading with test oxide piné of

a type as described above is 105 pins, formerly a similar number has passed
the reactor after having reached a burn up of 6 7 of heavy atoms 1737_72
According to published data jfég;f a somewhat smaller, but still significant
number of such oxides pins of the British project has passed the DFR having
reached even higher burn up's. At present there is a Franco - German - Bene-
lux subassembly of 77 pins-in the DFR aiming for 50 000 MWd/to and in parallel,
7 + 19 pins are, or respectively will be, irradiated in the Belgian reactor
BR 2 under adjusted fast flux conditions. This is at present the basis of
fuel experience for the above mentioned round of 300 MWe fast oxide breeder
prototypes. This basis is kind of narrow, it is sufficient, but not satis-
factory. A broader fuél test experience is among the missing and most urgent

developmental requirements.

The cladding material considered for the fuel of these early prototypes
is in all cases stainless steel, a 16/13 CrN1 version. It seems to be im-
possible to pass with the hot spot, midwall, max. cladding temperature the
700 °C mark. This limits as a main factor at present the sodium outlet
temperature., Extended irradiation tests with cladding material specimenshave
been executed by practically all fast reactor groups. In the early years ome
was only concerned about displacement damages. The on that time completely
new phenomenon of (n, o) reaction with the related He bubble formation
changed the picture and the phenomenon of high temperature embrittlement came
up; that was 1963 _/_—59___7, [60_7. More recently the stainless steel swelling.
due to void collapsing beyond doses of 1022 n/cm? and at high fast neutron
fluxes came into the picture 1531_72 Today one finds the following situation:
Doses of 1022 n/cm? have been obtained at three different places (DFR, EBR II,
BR 2}, doses beyond that and up to 1023 only at DFR, partly also at EBR I1
(see fig. 6). According to these results the applicable tangential creep
rupture strengths under irradiation are 40 - 50 % lower than without irradiationm,



the associated tangentials strains there are between 0.3 and 1.5 % (see
fig. 7 1T32;7'). The influénce of the radiation dose on the ductility, that
is the possible tangential strains is unclear. Particular concern existson
the influence of multiaxial stress configuration to the picture of radiation
damage to the ductility as compared with that of uniaxial stress. For present
fuel pin designs one therefore has to design for creep strains as low as

0.5 = 1 %. The influence of the recently detected stainless steel swelling
on the pin, subassembly and core design is still unclear. There exists
single DFR data, that indicate a swelliﬁg as high as 10 Z at doses of

1023 n/em? and higher. This phenomenon does not only depend on the neutron.
dose but also on the neutron flux as it is the flux that creates a super-
saturation of point defects, also the temperatuie influences the phenomenon.
Figure 8 illustrates the present picture of this void collapsing _/__63_7.

The swelling of stainless steel,if confirmed, would be an awkward and not
yet fully understood phenomenon. During the next one or two years a great
deal of attention will probably go into it. In the light of the zbove remarks
the following conclusion 1s of great importance: All existing fast neutron
test reactors are of low flux., The reactors in operation have a flux as

low as = 2+10!5 n/cm?sec, the EFFBR (200 MWth, core A) would be higher by a
factor of 2.5, but it 1s not in operation. The required neutron flﬁx of the
300 MWe prototype reactors is at 81013, four times as high as the presently
available neutron flux (gee table 4).With respect to the fuel and the re-
quired burn up's during fuel pin performance tests it is possible to artifi-
cally enrich the UO2 of the-UOziPuOZ mixture and therefore toICOmpensate

for the lower fluxes by higher over all microscopic fission cross sections.
But with respect to the applicable cladding neutron doses no such trick is
possible. The bad thing is, that the missing factor 4 might be decisive as
one realizes that void collapsing appears to a reasonably extend only beyond
1022 n/cw?, not to mention the dependence of this phenomenon on the flux
level. One can further speculate that at even higher doses and fluxes still
other phenomena might occur, - UFO-s, “unforseen flux cbstructions". It
seems to be possible however to stretch the existing possibilities for
irradiation tests and to verify the present approach for having a 16/13 stain-



less steel as cladding material for the envisaged 300 MWe early prototypes.
This will be particularly so, if the EFFBR could come quickly into operation
again. But independent of building the early 300 MWe prototypes it is now
very clear, that a fast neutron, high flux, materials test reactor is a
necessity. This test reactor must have a flux of 1.5°1016 n/cm?sec or more
in order to have a certain flux margin for the present day fuel and to allow
therefore for shorter irradiation periods consistent with a considered dose
rate. Looking at the possible time schedule of such a test reactor, one
realizes that such a fast MIR cannot go into operation before, say 1975. On
that time, not only the cladding doses and todays fuel pins have to be
tested but also the then interesting high performance fuels, particularly
the carbides. Up to now the irradiation experience with the carbides is not
very encouraging, but there is indication that the hot fuel concept with
linear rod powers of such a carbide pin of 1250 -~ 1500 g%: will lead to
acceptable swelling rates. The higher breeding ratio of a carbide fueled
core is well known. But it is important, that besides doubling time, also
the fuel rating alone is of great significance because it determines the
first core requirements. Up to the year 2000 the first core requirements of
fast breeders will largely influence the over all natural uranium consumption
of a compound converteﬁbreeder economy z}Z_LZUCES_jl Also the far reaching
quaestion of the required and properly chosen capacity for isotope separation

plants is interconnected to that. Therefore high performance fuel with a
MWth
kg fiss
leading to flux levels of 1.5¢1016 n/cm?sec. A modern fast neutron test

rating of at least 2 will come undoubtedly into the picture, thus

reactor should not have a flux lower than that.

Iv. Fast reactor safety

Fast reactor safety has been a subject for exploration since the
beginning. Originally it was the short neutron lifetime that caused concern.
But it is now clear that the short neutron lifetime is an advantage provided

‘the instantaneous power coeficient is negative. In that case the first power



-11-

peak is terminated within a short time scale. One recalls that this time
scale 1s given Hyngf, if 2 is the neutron lifetime and a the ramp rate.

Also. the inserted energy im that peak is smaller if the neutron lifetime

is smaller as this energy under the first peak is proportional to /e a
1?36;7. The second concern for fast reactor safety stemmed from the EBR I
melt down accident j?é?_j: A partial but instaﬁfaneous power coefficient,

the bowing effect of fuel elements due to thermal g:adients,'has been
positive there. From that time on attention was focussing on the power
coefficients. The phenomenon of the bowing effect became transparent:!féa;;f,
but other coefficients came in as the second generation of fast breeders
started. As mentioned before it was firstly the Doppler coefficient. The
above mentioned measurements in fast criticals, the elaborate calculations
of that effect and the SEFOR program to come clarify the size and sign of
that Doppler coefficient. The role of the Doppler effect in an accidental
sequence of events has not always been entirely clear. It is two fold: First,
it terminates the first power peak of a fast excursion and decreases the
energy that can be pumped into it and therefore gives time to the shut off
system to react. By the same token it helps to establish inherent operational
stability. Second; the Doppler coefficient influences also strongly the
energy release figures of a Bethe Tait .calculation and makes these Bethe Tait
results less sensitive against the data of the equation of state of the
involved reactor fuel /69_/, /70_/. It were the years between 1962 and 65
when this became fully apparent. The discussion of the partially positive

Na void coefficient started 1963 and is still going on so far as its role

in an accidental sequence of events in concerned. As mentioned before, such
voiding of the inner core zones which have positive Na void contributions
really has to take place. For that, either initiating reactivity ramp rates
are necessary which can happen only if there is a complete failure of the
shut off system. It is debatable whether this is a reasonable assumption.

Or, one has to experience the blockage of a subassembly from the coolant flow.
This can lead to sodium ejection from this one subassembly. If the sodium
ejection 1is preceeded by superheat of the fluid, concern exists that this
ejection 1s so violent that propagation of this subassembly failure to

other subassemblies takes place 1525;7. In these cases and only in these
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cases the Na void coefficient is of significance _[__3.’4_7. Depressing the Na
void coefficient by distorting the cores, e.g. to make them extremely flat
to enhance leakage, hurts the breeding capabiliéy considerably and the
question comes up whether it is reasomable to depréss breeding through all
the operation of a fast breeder because of accidents that are considered
unrealistic. The situation is further complicated because the Bethe Tait
codes which predict the accidental energy release are essentially: codes
which start from a homogeneous core model. But the ejection of Na from
cooling chantls which acts as kind of a ramp rate multiplication (or
initiation, respectively) makesreference to the pin = cooling channel
geometry and is therefore a strong feature of heterogeneity. Due to this
circumstance it is difficult to predict with real confidence the energy
release of a Bethe Tait event., Finally one has to realize that the after
melt down decay heat of large 1000 MWe reactors is very large (10 ~ 100 MWth)
and one has to take it away from a configuration that has experienced such

a hypothetical accident. This requires active engineered safeguard measures.
If one‘goes into details, one realizes that. active and therefore engineered
safeguard measures are indeed unavoidable. If, now,ﬁthat is so, one should
concentrate on avoiding Na ejection by engineered safeguard measures. These
are among others the following: Instrumentation of each subassembly in the
core, diversification of the rods of the shut off system, a second and
completely independent and different shut off system, avoiding superheét by
propetly designed cooling channels and pin surfaces, avoiding damage
propagation from subassembly to subassembly by a proper design. I refrain
from elaborating a consistent scheme for such safety measures because that
would take too much time and would be outside the scope of this chairman
paper. But I make the point that the present trend is to let aside the Na
void effect because one has to rely on engineered safeguards anyway. More
generally one can conclude from that, that the new art of quality control,
reliability control and the probabilistic assessment of failure in a metwork
of possible events /[ 7} 7 has to be built up much more than it has been the
case in the past, although it is clear that in so doing one has to establish
a certain equilibrium with the previous way of safety evaluations. I am
personally convinced that reactor designers can learn a lot here from missile

designers.
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Ve Heavy Na components

Mastering the Na technology requires first of all large and reliable
sodium pumps. Present Na reactors have pumps up to 3000 E%-(= 12 000 gpm).
The mechanical pump type is now prevailing, EM pumps are used today only for
special purposes., Most 300 Mile prototype reactors will have pump sizes of
5000-—— (= 20 000 gpm), but present studies for pumps go far higher. There

is.general agreement that extended pump tests are required.

Besides of Na pumps it is specifically the steam generator that re-
quires special attention. Large sodium component test rigs have to be brought
up, to develop and test these engineering components. The large 35 MWth
sodium component test installation at Santa Susanna came into operation 1965,
in the U.K. the test rig for Na pumps came into operation 1964/65 and these
rigs provided the first significantly large test experience. How larger test
rigs are under construction in the U.S., in Russia, in France, in the Nether-
lands and in Germany. It is with high confidence that one can expect the
test results which are necessary for the commitment on the construction of
the 300 MWe prototypes. The attached table 51ists the more important and
prototype oriented test rigs. All the existing fast breeder designs provide
2 primary and a secondary Na circuit and as a third circuit the steanm
generating turbine circuit. Sometimes it was debated to let away the‘inter-~
mediate circuit because of the related capital cost burden. It is only recent-
1y that the Belgonucleaire of Belgium proposed a CO2 gas turbine circuit as
a second circuit thus eleminating the intermediate Na circuit. /72 / This
scheme 1s feasible because CO2 gas turbines require not so high temperatures
for a considered thermal efficiency, it is more the high gas pressure that
is required. And this scheme promises lower capital costs because of the
elimination of the intermediate Na circuit and the much smaller size of a
€O, gas turbine if compared with Fhe corresponding steam turbine. In the
framework of the German-Benelux fast breeder project a study is going on to

see whether such a CO, circuit of limited size shall be added to their

2
prototypes
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vi. Other coolants

Fast reactors of the second generation are large and therefore of low
enrichment, they make use of Pu instead of U which further lowers the
fraction of fissile atoms in the fuel and they make use of'UOZ/PuO2 (or other
ceranics) as fuel and such fuel has only half the density of the former
metallic fuel. This gives cooling densities of only 300 - Soo-ii%gfhzg;z
and such cooling densities allow for other coclants than Na. This was dis-
cussed at the Vienna Conference of 1961. _/_—]4___7 Then Helium _/_—773_7, _/:'-7'&__7 and
steam L—7_5__7, _[—7 _6_7,_/:.77__7, __/_-—78___7 were considered as coolants. Detailed
studies of Karlsruhe and GE and more recently an ENEA study for comparing
Na, steam and He as coolants have been executed. It is now a fairly well
established fact, that steam cooling has the same economical potential as
the Na, oxide fueled fast breeder which is now under development at many
places. However, there is one heavy set back: The high external cooclant
pressure of steam requires the fuel element scheme of a partially collapsed
cladding using either Incoloy 800 or the 12RX72 swedish steel (or a similar
material). For satisfactorily testing out such a fuel element with collapsed
cladding, dry steam and high external pressure,a fuel test bed is required,
or in other words, a small experimental reactor, that plays for steam the
role that has been played by EBR II, DFR, RAPSODIE and KNK for Na. The GE
proposal for an experimental steam cooled fast ceramic reactor (ESCR) was
exactly this kind of a reactor. In Germany the intended remodelling of the
HDR reactor (Heigdampf Reactor of AEG at Grofwelzheim, Germany) into a
coupled fast thermal STR reactor was meant to have the same function. Both
projects did not materialize for financial reasons, but in addition to these
financial problems there was the other problem, namely that of timing. 4n
ESCR or STR would have become operative not earlier or not much earlier,
than the 300 MWe Na prototypes. Steam cooled fast breeders would be late
therefore instead of being earlier than Na cooled fast breeders. The breeding
potential of steam cooled breeders is limited and there 15 no foresceable
potential to go to a high performance version as it is the case with the
carbide fuel for Na cooled reactors. These features are not detrimental if

the steam cooled breeder comes early. They become real concerns however if
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the timing of steam cocled breeders is delayed. Technically the gas cooled
breeder is in the same position. Also there high external coolant gas
pressures are applied to the fuel and undoubtedly a large scale fuel &evelop-
ment with the associated tests either in a fast neutron material test re~
actor or in a EBR 1L, ESCR type reactor with gas as coclant is mandatory.
This necessarily results in a different time scale, it seems to be impossible
that gas cooled fast breeders could be commercially available before 1985.
But the gas cooled, fast breeder has two features that makes it even with
such a time scale attractive: the potential for high gain breeding, the
potential for very high temperatures with the associated direct gas turbine
cycle and, related to that, the potential for very low emergy production
costs coming from both the low capital costs and the low fuel cycle costs,
This makes this reactor scheme attractive in spite of the fact that this
reactor belongs to the third and not to the second generation of fast

breeders.

VII. The present fast breeder reactor projects

At present there are the following Na fast breeder projects:

a) In the USSR there is the BN=350 prototype reactor at the Kaspian sea
in the advanced stages of construction. This reactor is designed for
150 Mile and for 200 M{e equivalent for sea water desalination. The
reactor is expected to %ecome ready by 1969.

b) In Great'Britain there is the PFR, a 250 MWe fast breeder prototype
reactor, which is supposed to become ready by 1971.

¢) In France there is the PHENIX reactor, a 250 Mie fast breeder proto-
type reactor, which shall be ready by 1973.

d) In the U.S. a study is going on by GE together with the ESADA group
on a 310 Mde prototype plant, this reactor might go into opération
by 1975, Westinghouse is conducting a similar study, also with utili-
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ties as partmers, the contemplated size is 212 MWe and the reactor
might go into operation also by 1975.

Atomics International comsiders together with the GPU group a 300
MWe plant, the time scale is similar to that of GE and Westinghouse.

Germany together with Belgium, the Netherlands and Luxemburg is
designing a 300 MWe SNR prototype plant. The construction shall start
1970, 1974 is the date of completion, Germanys share is 70 %, that

of Belgium and the Netherlands 15 Z each. '

Japan. A 200 ~ 300 MWe prototype is envisaged. It is contemplated to
have its start up around 1976.

Besides of these prototype reactor projects, the following projects are

going on:

a)

b)

c)

d)

e)

The SEFOR project. SEFOR will have its start up in a few month from
now, it is a 20 iWth experimental reactor of SAEA, AEC, GE and
Karlsruhe together with EURATOM.

The FFTF project of the USAEC. This shall be a 400 MWth test reactor,
the expected neutron flux is 71015 n/em?see, § big loops are envi-

saged.

Italy decided to build the PEC reactor, a 130 MWth test reactor the
expected neutron flux is 3.8¢1015 n/cm®sec, 3 test loops are provided.

Interatom of Germany will convert the KNK reactor into the KNK II
reactor, a fast reactor with 20 MWe, 60 MWth. 1971 is expected to be
the date for operating this KNK II reactor, the thermal KNK reactor

will go into operation next year.

The BOR reactor of Russia. This i{s a test reactor with 60 MWth, which
in a waj is the extension of the BR 5 reactor line. Its date of start
up is 1969.
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£f) A 100 MWth experimental fast reactor is under design in Japan. It is
expected to go into operation by 1972.

A morevélaboiate table with much more data is attached to this paper (see
tables 6 and 7) /7 /7, [ 87, [ 797 - [ 85 7.

ViII. Concluding remarks

Fast breeders have a strong and short range economic incentive. This
is particularly so bacause the-present generation of thermal power reactors
produce large amounts of Pu which can be used meaningfully only in fast
breeders. And they have the long range potential of breeding and therefore
really making use of the existing uranium resources and more than that, of
the ever increasing vast amounts of depleted uranium _/___36_7, _/_—87__7; Beyond
the year 2000 breeding is a nepessitj and one should bear in mind that there
are only 30 years left, that is the life span of only one power station,
Therefore there is no doubt that fast breeders are the ultimate solution of
the problem of providing nuclear energy. The international fast reactor

compnunity is well under way to accomplish their tasks,

Acknowledgement

Many members of the fast reactor team of Karlsruhe have provided informations
and contributions to this paper, but the author wishes to express his sincere
thanks partidularly to D. Faude and E.A. Fischer.



- {8 =

References

Most of the references are examples for the literature of the referred sub-
ject. It is not the intention to give a complete literature survey, this
would be outside the scope of this paper.

1T 3. 6. Yevick, A. Amorosi
Fast Reactor Technology: Plant Design
The M.I.T. Press (1966), p. 3

[ 27 J3.G. Yevick, A. Amorosi
Fast Reactor Technology: Plant Design
The M.I.T. Press (1966)

[37 1AEA pirectory of Nuclear Reactors
Vol. III (1960), Vol. IV (1962), Vol. VI (1966), Vol. VII (1968)
JAEA, Vienna

1T4;7 “Proceedings of the III. Geneva Conference
Vol. VI: Fast Reactors, United Nations (1964)

1?3;7 Fast Reactor Technology National Topical Meeting
Detroit, April 1965, ANS~100 '

/67 J. L. Philipps
The Dounreay Fast Reactor
Nuclear Engineering Vol. X, No. 7, p.264, No.8, p.291 (1965)

/ 2;7 Proceedings of the London Conference on Fast Breeder Reactors

London, May 1966, Pergamon Press

[/ 8/ Fast Reactors National Topical Meeting
San Francisco, April 1967, AS-101

j?béf Proceedings of the 1957 Fast Reactor Information Meeting
Chicago, USAEC, Nov. 1957



197

-19—

7 - roceedings on the Conference on the Physics of Breeding

Argonne Conference, October 1959, ANL 6122

W. K, Ergen, E.L. Zebroski
Breeding ~ How soon a Necessity
Nucleonics Vol. 18, No. 2 (February 1960)

J. B. Sampson, E. A. Luebke
Plutonium Fast Power Breeder with Oxide Fuel and Blanket Elements
Nucl. Science and Engineering Vo. IV, p. 745 (1958)

P. Greebler, P. Aline,
Parametric Analysis of a PuOZ-Fueled Fast Breeder
Argonne Conference, Oct. 1959, ANL-6122

W. Hifele
IAEA Seminar on the Physics of Fast and Intermediate Reactors
Vienna, August 1961, Vol. III, p. 6ol

TAEA Seminar on the Physics of Fast and Intermediate Reactors
Vienna, Aug. 1961

P. Greebler, B. Hutchins,

The Doppler Effect in a Large Fast Oxide Reactor, IAEA Seminar on
the Physics of Fast and Intermédiate Reactors

Vienna, Aug. 1961,‘V01. III, p. 12}

Conference on Breeding, Economics and Safety in Large Fast Power

Reactors
Argonne, Oct. 1963, ANL=6792

K. P. Cohen et.al.,
The Southwest Experimental Fast Oxide Reactor

APED-4281, and VIIIth Nuclear Congress, Rome, Italy, Jume 1963

W. Schnurr, J. R. Welsh
The SEFOR Reactor=-Aspects of International Cooperation
Third Geneva Conference 1964, P/533



- 20 ~

J. B. Nims and P, F., Zweifel

Preliminary Report on Sodium Temperature Coefficlents in Large Fast

Reactors
APDA-135 (1959)

An Evaluation of Four Design Studies of a 1000 MWe Ceramic Fueled
Fast Breeder Reactor
C00~279 (Dec. 1964)

K. Cohen, B. Wolfe
Development of the Fast Ceramic Reactor
Nuclear News, Feb. 1963, p. 11

Proceedings of the Conference on Safety, Fuels and Core Design
in Large Fast Power Reactors
Argonne, October 1965, ANL-7120

W. Hifele, D. Smidt, K. Wirte,

The Karlsruhe Reference Design of a 1000 MWe Sodium—Cooled Fast
Breeder Reactor

Argonne Conference 1965, ANL-7120, p.162; see also p. 261

D, Smidt et.al.

Safety and Cost Analysis of a 1000 MWe Sodium~Cooled Fast Power
Reactor

Argonne Conference, October 1965, ANL-7120, p.33

D. B. Sherrer

An Analysis of Fast Reactor Transient Response and Safety in
Selected Accidents

Argonne Conference, October 1965, ANL-7120, p. 46

A, M, Judd,
Loss~of-Coolant Accidents im a Large Sodium-Cooled Fast Reactor
Argonne Conference 1965, ANL-7120, p. 67



- 2] -

G. Goertzel

An Estimation of Doppler Effect in Intermediate and Fast Neutron
Reactors |

First Geneva Conference 1955, P/613

R. ‘B. Nicholson
The -Doppler Effect in Fast Neutron Reactors
APDA~139 (1960)

R. N, Hwang
Doppler Effect Calculations with Interference Corrections
Nucl, Sci. Eng. 21, 523 (1965)

P. Greebler, E. Goldman .
Doppler Calculations for Large Fast Ceramic Reactors
GEAP-4092 (1962)

R. Froelich _
Theorie der Dobplerkoeffizeinten schneller Reaktoren unter Beriick-
sichtigung der gegénseitigen Abschirmung der ResonanZen

KFR~-367 (1965)

L. W. Nordheim
The Dopplér Coefficient
Technology of Nuclear Reactor Safety, Vo. 1, The M.I.T.Press,

Cambridge, Mass. 1964

R. B. Nicholson, E. A. Fischer
The Doppler Effect in Fast Reactors
Advances in Nuclear Science and Technology, Vol. 4, Academic Press,1968

F. Storrér)ét,al.

Measurements of the Doppler Coefficient in Large Fast Power Reactors
Using a Past Critical Assembly and an Experimental Fast Reactor
Argonne Conference, Oct. 1963, ANL-6792, p. 823



-22 -

L. D. Noble, C. D. Wilkinson
Final Specification for the SEFOR Experimental Program
GEAP-5576 (Jan. 1968)

D. Wintzer

Heterogeneity Calculations including Sﬁace—Dependent‘Resonance'
Self~Shielding

IAEA-Symposium on Fast Reactor Physics, Karlsruhe, Oct. 1967,
Vol. 11, p. 237

D, Stegemann et, al.

Physics Investigation of a 670-Litre Steam Cooled Fast Reactor
System in SNEAK, Assembly 3 A - | :
IAEA Symposium on Fast Reactor Physics, Karlsruhe, Oct. 1967,
Vol. II, p. 79 | h

W. B. Loewenstein et. al.
The Physics of Fast Power Reactors; a Status Report
Second CGeneva Conference 1958, Vol. 12, p. 16

S. Yiftah, D, Okrent, P. A. Moldauer

Fast Reactor Cross Sections, Pergamon Press, 1960

B. J. Toppel, A. L. Rago, D. M. 0'Shea,
HC2, A Code to Calculate Muligroup Cross Sections
ANL-7318 (1967)

P. Gately et. al.
The Calculation of Group Averaged Neutron Cross Sectiqns
AWREO~103/65

H. Huschke,

Gruppenkonstanten fiir dampf- und natriumgekiihlte schnelle Reaktoren
in einer 26-Gruppendarstellung

KFK-770 (1968)



[46 T

50 7

=~

- 23 =

Compilation of EANDC Requests
EANDC 55 "U", March 1966

H. C. Honeck, ,
ENDF/B: Specifications for an Evaluated Nuclear Data File for
Reactor Applications
BNL=50066, May 1966

J. Jo Schmide,

Neutron Cross Sections for Fast Reactor Materials

KFK-120 (1966);

I. Langner, J. J. Schmnidt, D. Woll ,

Tables of Evaluated Neutron Cross Sections for Fast Reactor Materials
KFK-750 (1968) \

M. G. Schomberg, M. G. Sowerby, F. W. Evans
A new method of measuring alphy (E) for Pu 239
IAEA Symposium on Fast Reactor Physics, Vol. I, p. 289, Karlsruhe 1967

T. A. Pitterle, E. M, Page, M. Yamamoto
Calculations of Fast Critical Experiments Using ENDF/B Data and
a Hodified ENDF/B Data File

Conference on Neutron Cross Section Technology, Washington, March 1968

J. Y. Barré, J. P. L'Heritean, P. Ribon

Examen critique des valeurs de a = oc/of pourle Pu 239 au dela de

: . s3
‘1 kev et des experiences pouvant ameliorer/connaissance

CEA-N-989, Sept. 1968

E. A. Fischer
Interpretation von Dopplerproben — Messungen in schnellen kritischen

Nullenergie~Anlagen
KFK~844 (1968)

P, H. White

Measurements of the U 235 Neutron Fission Cross Section in the
Energy Range 0.04 - 14 Mev. ’

J. Nuclear Energy, A/B 19, 325 (1965)



~i

/52

- 24 -

We. P. Poenitz
Measurement of the U 235 Fission Cross Section in the kev Energy
Range
Conference on Neutron Cross Section Technclogy, Washington, March 1968

N. W. Glass et. al.
U 238 Reutron Capture Results from Bomb Source Neutrons

Conference on Weutron Cross Section Technology, Washington, March 1968

M. Bustraan

Fast-Thermal Coupled System for Integral Measurements of Fission=-
Product Cross~Sections

IAEA-Symposium on Fast Reactor Physics, Karlsruhe, Oct. 1967,
Vol. I, p. 349

Die Entwicklung von Brennelementen Schneller Brutreaktoren
KFR~700 (Dec.1967)

S« T, Konobeevsky
On the Nature of Radiation Damage in Fissile Materials
Journal of Nuclear Energy, Vol. III (1956), p. 356

Reactor Development Program = Progress Report
ANL-7478 (July 1968)

H. Lawton et. al.
The Irradiation Behaviour of PlutoniumrBearlng Ceramic Fuel Pins

London Conference on Fast Breeder Reactors, May 1966, p. 63}

Wo P. Chernock et. al

Third Geneva Conference 1964, P/255

A. C. Roberts, D. R. Harris

Elevated Temperature-Embrittlement Induced in a 20 Z Cr—=25 7 Ni-
Nb Stabilized Austenitic Steel by Irradiation with Thermal Neutrons
Nature, Vol. 200 (Nov. 1963), p. 772



- 25 =

C. Cawthorne, E. J. Fulton
Voids. in Irradiated Stainless Steel
Nature, Vol. 216 (Nov. 1967), p. 575

I. P. Bell et. al. |
The Effects of Irradiation on the High Temperature Properties of
Austenitic Steels ,

ASTM Annual Meeting 1966, Paper 65, Atlantic City

T. T. Claudson (BHNWL),

Private Communication

J. R. Dietrich
Effecient Utilization of Nuclear Fuels
Power Reactor Technology, Vol. VI, No. 4 (1963)

K. Benndorf et. al.

Variation einiger wichtiger Reaktorparametér beim Natriumgekiihlten
1000 MWe Schnellen Briiter zur Untersuchung der Brengscoffkésten und
des Brennstoffbedarfs

KFK-568 (July 1967)

W. Hifele .
Prompt iiberkritische Leistungsexkursionen in schnellen Rezaktoren
Nukleonik 5, 201 (1963)

D. Okrent
Meltdown and Analysis
Fast Reactor Information Meeting, Paper II-B, p. 77, Chicago, Nov. 1957

F. Stoirer

Cowbes d'influence pourle calcul de 1'effet des distorsions de 1a
structure sur la réactivité

IAEA Seminar on the Physics of Fast and intermediate Reactors,
Vol, 3, p. 3, Vienna 1961



B. Wolfe et, al.
A Parameter Study of Large Fast Reactor Meltdown Accidents
Argonne Conference, October 1965, ANL-7120, p. 671

D. Braess et. al.
Improvement in Second Excursion Calculations

International Conference on Fast Reactor Safety, Aix—en—Provence,
Sept. 1967

F. R. Farmer, E. V. Gilby

A Method of Assessing Fast Reactor Safety

International Conference on Fast Reactor Safety, Aix-en-Provence,
Sept. 1967

G. Tavernier
The Sodium1602 Fast Breeder Reactor Concept

Argonne Conference, Nov. 1968

D. Smidt
Optimization and Safety of Helium—Cooled Fast Breeders
Argonne Conference, Oct, 1963, ANL-6792, p. 515

P. Fortescue
Gas Cooling for Fast Reactors
Third Geneva Conference 1964, P/694

G. Sofer et. al.

Steam-Cooled Power Reactor Evaluation
Steam-Cooled Fast Breeder Reactor
NDA-~2148-4 (April 1961)

A. Miller et. al.
Referenzstudie fiir den 1000 MWe Dampfgekiihlten Schnellen Brutreak=-
tor D~}

KFK=-392 (Aug. 1966)



- 27 -

M. C. Edlund et. al.

Steam Cooled Breeder Reactors

Fast Reactor Technology MWational Topical Meeting, Detroit, April 1965,
ANS-100, p. 85

F. Leitz et. al.

Status of Steam—Cooled Fast Reactor Technology

Fast Reactors National Topical Meeting, San Francisco, April 1967,
ANS-1ol, p. 7 = 31 |

D. Gupta et. al.
German Contributions to the III. FORATOM Congress London: Industrial

Aspects of a Fast Breeder Reactor Programme
KFK=546 (March 1967)

D, E. Simpson et. al.
Selected Safety Considerations in Design of the FFTF

International Conference on Fast Reactor Safety, Aix—en—Provence,

SEPt o 1 967

K. Gast, E. G. Schlechtendahl
Schneller Natriumgekiihlter Reaktor Na 2
KFK=660 (Oct. 1967)

R. Harde
Design Considerations and Experimental Program for the Cormon Develop-
ment of a 300 MWe Sodium Cooled Fast Breeder Prototype

Argonne Conference, Nov. 1968

M. Rosenhole
PHENIX
Energie Nucléaire, Vol. X, No. 2, p. 65 (1968)

Fast Breeder Reactor Report
Edison Electric Institute, New York (April 1968)



- 28 -

A. I. Lejpunskij
The Development of Fast Reactors in the USSR

World Power Conference, Moscow, Aug. 1968

Kernbrennstoffbedarf und Kosten verschiedener Reaktortypen in
Deutschland
KFK=366 (Oct. 1965)

Erginzendes Material zum Bericht "Kernbrennstoffbedarf und Kosten
verschiedener Reaktortypea in Deutschland (KFK-366)"
KFK-466 (Sept. 1966)



Table 1

First Generation Fast Breeder Reactors

USA USSR UK France
CLEMEN=
TINE EBR-I EBR-IT EFFBR BR-1 BR=2 BR~5 DFR RAPSODIE
Reactor Power ' :
Thermal MWth 0.025 1.2 62.5 200 0 0.1 '5 72 20
Electrical Mie 0 0.2 20 66 0 0 15 0
CLore
Fuel Pu~Metal | U=Metal | U-Metal | U-Metal | Pu~Metal |Pu~Metal Pu0, U=Metal Pu02/U02
Core Volume liters 2.5 6 65 420 1.7 1.7 17 120 54
Fuel Rating avg. MWth/kg fiss 0.0016 0.02 0.3 0.37 0 0.008 0.1 0.24 0.14
Power Density avg. MWth/liter 0.01 0.17 0.8 0.45 0 0.06 0.3 0.5 0.32
Linear Rod Power max. W/cm (av.50) 300 450 250 0 150 200 (av.320) | (av.210)
Neutron flux max. n/cm?sec (av.5°1012) |1.1°10M% | 3,7-1015 | 4,7-1015 | 5.1010 1e10tt 1+1015 |2,5¢1015 | 1.8.1015
Primary Heat Transfer System
Coolant . Hg NaK Na Na - Hg Na NaK Na
Coolant Temperature
Core Inlet °c 40 230 370 290 - 30 | 375 200 410(450)
Core Outlet °c 120 320 470 430 - 60  [|450(¢500) | 350 500(540)
Coolant Mass Flow n3/h 0.6 80 2200 5500 - 6 240 1800 ° 800
Number of Coolant Loops 1 1 2 3 - 2 24 2
Time Schedule
Design 1945 1945 1956 . 1958
Construction 9/1946 1949 1957 8/1956 1957 3/1955 1962
First Criticality 11/1946 8/1951 10/1961 |8/1963 6/1958 11/1959 | 1/1967
Full Operation 3/1949 12/1951 4/1965 1871966 1955 1956  {7/1959 7/1963 | 3/1967
Shutdown 6/1953 1963 - - 1956 1957 | - - -




To Table 1

First Generation Fast Breeder Reactors

USA USSR UK France
CLEMEN =~
TINE EBR~I EBR=1I EFFBR BR~1 BR~2 BRrS DFR RAPSODIE
Remarks 1. fast l.nuclear |Reactor Since UC~Core (Rapsodie
reactor, electricity|Plant 10/1966 ‘| since 1965 is not
. Pu~ generation jwith out of -really a
fueled Pu~Core integral operation | xeactor of
reactor since 1962 |fuel the first
wocessing generation,
facility 1t belongs
to a large
extent to
the second

generation)




Table 2

Fast Reactor Calculations and Computer Capabilities

Maximum Number of Dimensiona

CDC 7600

| Typical for
Generation Year Computer Parametexr Studies Single Calculations
1 1954=1960 Univac I and (e.g. zerodimensional multigroup| 2 (one-dimensional multigroup
I calculations) diffusion calculations)
IBM 650
2 1960-1965 IBM 7090 (1-D diffusion calculations) 3 (1-D burn up calculations,
Univac 1107 2-D diffusion calculations)
1965~1968 CDC 6600
3 IBM 360/91 (1-D burn up calculations, 4 (3-D diffusion calculations)
from 1968 on | IBM 360/85 2=-D diffusion calculations)




Table 3

Fast Critical Assemblies

Pu 239 planned

Locati yvear firstf Typical Core Size
cation critical Short description Fissile Material liters (for averaée
reflector thickness)
ZPR-II1 | Argonme, Idaho 1955 horizontal split-table U 235, Pu 239 (600 kg) 600
machine ,
ECEL Atomics International, 1960 horizontal split~-table; U 235, 25 kg of U 233 | 100 (test zone)
California thermal dxiver were used in some ' :
_ _ assemblies

VERA Aldermaston, UK 1961 vertical, split-table U 235, Pu 239 (40 kg) 400
BFS Obninsk, USSR 1961 vertical, fixed U 235 1800
ZEBRA Winfrith, UK 1962 vertical, fixed U 235, Pu 239 (400 kg) 3000
ZPR-VI Argonne, Illinois 1963 ‘horizontal, split-table U 235 3000
ZPR-IX Argonne, Illinois 1964  |horizontal, split-table | U 235 3000
FRO Studsvik, Sweden 1964 vertical, split~table U 235 | 65
MASURCA Cadarache, France 1966 vertical, fixed U 235, Pu 239 (200 kg) 3000
SNEAK Karlsruhe, F.R.of Germany 1966 vertical, fixed U 235, Pu 239 (200 kg) 3000
FCA Tokai-mura, Japan 1967 horizontal, split—-table U 235, Pu 239 planned 3000
ZPPR Argonne, Idaho 1968 horizontal, split~table U 235, about 3000 kg of 3000




Table 4

Neutron

Flux of Fast Reactors

EXISTING

REACTORS

"PROJECTED

PROTOTYPES

LFFBR. EBR II DFR  RAPSODIE RAPSODIE EFFBR PHENIX GFK=Na2
CORE A FORTISSIMO |OXID=CORE PFR
Reactor-Power 200 42 60 22 40 430 530 730
Muwth
Total=Neutron
Flux 4,73 2.07 2.5 1.8 3.0 8.2 7.0 8.7
[x 10!3 n/cmzsqé7 |
Neutron Flux
above 0.11 Mev 3.51 1.77 2.22 1.6 5.0 4.1 4.8

15 2

[ x 107 n/em“sec




Table 5

Heavy Sodium Component Test Facilities

Facility Purpose Technical Data Time Schedule
USA '35 MW Sodium Component Testing of different steam Na—-Na=Steam System 1965 Preoperational Test
| Test Installation-SCTI generators and intermediate Na:max. 650 ¢ (700°) 1966 Operation
heat exchanger Steam: 560°C/170 at
Sodium Pump Test Testing of pumps Pump capacity up to 32000 1969 Construction
Facility = SPTF m¥/h, Temp. max. 650°C 1971 Operation
USSR 3 MW Sodium Test Loop Investigation of steam generator 1960 Operation
and intermediate heat exchanger
models
Sodium Pump Test Testing of BN-350 pumps 1966 Construction
Facility
UK Sodium Pump Test Testing of sodium pumps Pump Capacity 1620 m3/h 1964/65 Operation
Facility
France 5 MW Grand Quevilly Investigation of steam generator Na-NaK~SteamOSystem 1964 Operation
and intermediate heat exchanger |Na: max. 600 c (625 c)
models Steam: 545° C(565 C)/lBOat
50 MW EdF Test Testing of steam generator Na~Steam System ' 1967 Construction
Facility Na: max. 650°C 1969 Operation
Germ, 5 MW INTERATOM Test Investigation of special aspects |Na-Na-Steam System 1963 Construction
Benelux |Facility of steam generators Na: max. 560° C 1965 Operation for KNK
Steam: 500-540°C/200 at 11969 Operation for SNR
INTERATOM Sodium Pump Testing of pumps Pump Capacity 5000 m3/h 1967 Construction
| Test Facility (15000 m3/h) 1969 Operation
50 MW NERATOOM Sodium Testing of 50 MW steam generator |Na-Na-Steam System 1968 Comstruction
Component Test Facility,6 |70 MW intermediate heat exchanger|Na: max. 650 c 1970 Operation
Steam: 600°C/215 at
Japan 2 MW Sodium Test Investigation.of various Na—-System, max. 650°¢C 1969 Operation

Facility

characteristics of Sodium
components




Table 6

Second Generation Fast Breeder Reactors

» UsA USSR UK France Gexmany
GE festinghouse|  AI BN-350 PFR PHENIX SNR
Reactor Power ’
Thermal . Mith 750 540 1250 1000 600(670) 600 730
Electrical Mie 310 212 500 350 250(275) 250 300
Core (Reference)
Fuel Pu0,, /U0 Carbide | Puo, /U0 Pu0, /U0, | b0 /U0 Pu0, /U0 Puo, /U0,
2% 2/ ox‘vo, 2/ 2/%%2 272
Core Volume | 2000 1000 3000 1900 1320 1150 1750
Fuel Rating avg. MWth/kg fiss 0.82 0.9 1.0 0.96 0.7 0.8 0.76
Power Density avg. MWth/liter 0.31 0.5 0.37 0.5 0.4 0.5 0.37
Linear Rod Power max. W/em 500 1000 500 470 450 430 420
Breeding Ratio 1.2 1.45 1.3 1.5 1.2 1.1-1.3 1.33
Burn up Mwd/to 100000 100000 75000 70000 >50000 55000
Primary Heat Transfer System
Type Pool Loop Loop ‘Loop Pool ‘Pool Loop
Coolant Na Na Na Na ‘Na Na Na
Number of Coolant Loops 3 | 3 5 3 3 3
Pump Capacity m3/h 5000 16000 12000 3200 5000 4800 4670
Coolant Temperature |
Core Inlet % 425 410 425 300 400~420 405 (420) 380
Core Outlet % 590 540 570 500 560-585 565 (590) 560




To Table 6

Second Generation Fast Breeder Reactors

USA USSR UK France Germany
GE Westinghouse| AL BN-350 PFR PHENIX SNR
Steam System
Steam Generator
Number - i 3 5 3 3 9
LTyp Pool Modular Modular Pool
Evaporator Ferritic Ferritic Ferritic Ferxitic
Materials '
Superheater +
Reheater Austentic | Austentic Austentic Ferritic
Steam vonditions ;
Temperature °C 510 480 480 435 510-540 540 505
"Pressure at 170 170 170 50 162 163 165
Date of Operation 1975 1975 1975 1969 1971 1973 1974/75




Table 7

Second Generation Experimental Fast Reactors

USA USSR Germ. Italy Japan
SEFOR FEFTF BOR~60 KNK~-II "PEC JEFR
Reactor Power
Thermal MWth 20 400 60 58 130 92
Electrical MWe 0 0 12 20 0] 4]
Core
Fuel Pu02/U02 PuOZ/UOZ PuOZ/UOZorU% o, Puo?_--uo2
Core Volume liter 500 950 53 420 240
Fuel Rating avg. MWth/kg £iss 0.06 0.7 0.34 0.4
Power Density avg. MwWth/liter 0.04 0.45 1 0.28 0.35
Linear Rod Power max. W/cm 650 500 590 420 400 430
Neutron Flux max. n/cm@sec’ 61014 7-1015 4e1015 4e1015
Primary Heat Transfer System
Type Loop Loop Loop Loop Loop
Coolant Na Na Na Na Na Na
Number of Cooclant Loops i 2 2 2 1
Pump Capacity mé/h 1360 600 670 1300 2400
Coolant Temperature
Core Inlet °% 370 260 360~450 410 375 370
Core Outlet % 430 420 600 560 525 500
Date of Operation 1968/69 1973 1969 1971 1972




NEUTRON FLUX SPECTRA OF FAST REACTORS
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