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The liquid metal fast breeder reactor itself Is the most signifi-
cant part of the LMFBR fuel cycle. An efficient fuel cycle must have
a reactor that has good performance and high availability. The reac-
tor must achieve these goals with due consideration of safety and
capital cost ixtvestsmt. In order to achieve the goals, the reactor
design must take advantage of the experimental and analytical develop-
ment in the LMFBR program. In fact, such a project is essential to
provide focus for that development effort toward a total design activ-
ity.

In the United States, first the FFTF and now the CRBRP have pro-
vided that focus and impetus. This paper describes how the CRBRP
development and CRBRP focus of the LMFBR base technology program have
led to advances in the state of the art in physics, thermal-
hydraulics, structural analysis, core restraint, seismic analysis, and
analysis of hypothetical core-disruptive accident energetics, all of
which have been incorporated through disciplined engineering into the
final CRBRP design.

The total development in the U.S. of fuels and materials, the
analytical advances made on CRBRP design, and the incorporation of the
latest experimental results into that design have put the U.S. tech-
nology in general and the CRBRP design in particular at the forefront
of technology. This has placed the U.S. in a position to develop the
most favorable LKFBR fuel cycle.
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1 . IMTHQDPCTIQtr

Aa described elsewhere in these proe««dingat the United States
has a comprehensive fuel cycle and Material development program which
has provided the fundamental base for reactor design. However, the
key to an efficient LMFBR fuel cycle is an efficient reactor design -
one that provides good performance and high availability. But the
reactor n u t be designed with very strong constraints on capital
costs. As a result, it is necessary to develop the design of a
reactor with the very latest in analytical tools and experimental
verification so as to build an efficient machine with high availa-
bility, with appropriate considerations for safety, and yet with low
capital cost.

The LMFBR programs in materials and analyses have been continuing
for over twenty years. Starting in the late 1960s, the Fast Flux Test
Facility (FFTF) provided a focus to bring the development requirements
together, specify any additional areas requiring development, and lead
the way in all development areas (Figure 1). More recently, the
Clinch River Breeder Reactor Plant (CRBRP) has provided that focus
(Figure 2). The advances that have occurred in physics, thermal-
hydraulics, structural analysis, core restraint design, seismic
analysis, and hypothetical core-disruptive accident (HCOA) energetics
analyses in the United States have been accelerated by these reactors.

The CRBRP goal for a good breeding ratio while utilizing proven
fuel, achieving a very high availability, and achieving a high
operatise temperature has forced advances in the state of the art.
These advances provide the technological capability to design reactors
for an optimum LMFBR fuel cycle. The remainder of this peper discus-
ses these advances.

2. PHYSICS

The United States i s unique in continuing to ut i l ize pure
differential cross-sections in the nuclear analysis of i t s reactors.
In the rest of the world, analysts normalize their cross-sections to
f i t integral experiments. The result, of course, !-. that when
reactors in foreign countries are analyzed with their normalized
cross-sections, the analysis gives predictions very close to experi-
mental values. In this country, we continue to have biases in various
parameters as a result of the unnormallzed differential cross-
sections. We are thoroughly familiar with and expect these biases,
which have grown smaller with each Improvement in orosw-section set .
These biases make i t appear that the analyses are not as accurate as
foreign analyses. However, when extrapolating from one reactor to a
completely different reactor, say a major change in s ise , or in the
oase of Clinch liver, a change in the core arrangement from a homo-
geneous to a heterogeneous core, the use of these differential
cross-sec 4,0ns, not blaatd to a specific reactor configuration, given
considerable confidence to the designer. The use of unadjusted
cross-section data (EKDF/B) requires more of a hands-on approach to
the extrapolation of physics biases from the critical mookup to the
power reactor since the designer doesn't get that comfortable feeling



froa his calculations being "right on", in nrny cases due tc the
cancellation of errors. The designer must consider extrapolation
sensitivities and uncertainties for a particular reactor design rather
than having this globally accomplished in the cross-section adjust-
ment. Adjusted cross-section sets have historically presented the
opportunity for processing or other calculational errors to be
"biased" out of the cross-section data, leading directly to an
extrapolation error in the power reactor design. In Clinch River we
have utilized the superior extrapolation capability of unadjusted
cross-section data to design a heterogeneous core. The subsequent
experimental proof in the Zero-Power Plutonium Reactor (ZPPR), an
Argonne National Laboratory (ANL) critical facility in Idaho, of the
correctness of the analysis justified this confidence.

The advantages of the heterogeneous core in the areas of
breeding, fluence, sodium void, and isothermal Doppler constant are
shown in Table t, while Figure 3 shows the homogeneous and hetero-
geneous core cross-sections. Note that there is a significantly lower
number of control rods with much higher worths in this configuration.
Tfce use of this heterogeneous configuration has provided an adequate
breeding ratio even while utilizing a fuel assembly that was not
optimized for CRBHP breeding ratio. Although not optimized, the
functional adequacy of this fuel design has been proven in experiments
both in-core and out-of-core and also in the FFTF. By far the most
significant CRBRP contribution to LMFBR physics development has been
the pioneering work on the heterogeneous core configuration. A
substantial decrease in fuel sodium void worth is achieved with the
heterogeneous core arrangement, and this is the principal driving
function behind the Improved safety (HCDA) characteristics. The
heterogeneous core arrangement has been adopted for the U.S. large
near-commercial LMFBR. From a design standpoint, the heterogeneous
core concept is the only one we know which creates the potential for
simultaneous optimization of core performance (e.g. maximum breeding
and doubling time characteristics, optimum power flattening throughout
the burnup interval, tailored control rod worths, improved core
restraint characteristics, etc.) and safety characteristics
(principally sodium void worth).

The ZPPR mentioned earlier played a major role in the development
of the CRBRP core design (Figure 4). Zero-power critical mockup
experiments in ZPPR have provided an extensive data base against which
the accuracy of LMFBR nuclear design methods and cross-section data
have been evaluated. A comprehensive set of biases and uncertainties
has been developed from a comparison of measured and calculated ZPPR
parameters In the key physics design areas of criticality (fuel
enrichment), control rod worth characteristics and shutdown margin,
and safety parameters (distorted core reactivities, sodium void worth,
and Ooppler constant). An even larger heterogeneous oore has been
moeked-up in ZPPR. This experimental capability has provided a strong
basis to design the heterogeneous oore for CRBRP and the heterogeneous
core that is planned for the follow-on reactor to CRBRP.



In addition to the ZFPR facility, the Tower Shield Facility (TSF)
at Oak Ridge National Laboratory (ORNL) has been invaluable in
improving the physics capability In U.S. LMFBR design practice (Figure
5). The TSF, a small spherical geoaetry reactor, provided an approx-
laate point source or calllmated source of neutrons. Clinch River
designers utilized a "spectra Modifier" consisting of layers of
various materials to achieve an emergent neutron source with a
spectral shape comparable to the Clinch River Breeder Reactor core
periphery.. Shielding performance of materials placed outside the
spectrum modifier could thus be determined with close similitude to
CRBRF conditions. The end result of the use of the TSF has been the
verification of the U.S. LMFBR shielding analysis Methodology for a
wide variety ef shielding materials and configurations. The U.S.
LMFBR shielding analysis methodology has provided the capability to
optimize reactor core shielding (i.e., removable versus fixed) to meet
multiple design constraints while achieving minimum core support
structure size and minimum reactor vessel diameter.

Both the TSF and the ZPPR were utilized in the design of the ex-
vessel source range flux monitor (SRFM) In CRBRP which requires a
minimum reactor shield to maximize neutron foreground at the
detectors. The TSF was used during the conceptual design. Recently
completed design verification experiments In ZFPR have mocked-up the
initial fuel loading (load-to-critical) procedure, Including a partial
mock-up of the ex-vessel SRFM detectors. Analyses of the experiments
by ORNL personnel confirm the feasibility and interpretability of the
system even for initial fuel loading.

3 . THEBMII-HYDRAPLICS

The development in thermal-hydraulic capability in this country
has been even greater than the development in physics. The push to
achieve the maximum lifetime from the fuel assemblies, minimize the
core space utilized for coolant flow, minimize the total pressure head
required from the pump, and yet achieve adequate performance and ade-
quate safety margins has required the development of a number of
thermal-hydraulic computer codes and a considerable number of experi-
mental facilities. A detailed description of any one of the more
complex codes that have been developed would require a complete
separate paper. Even a brief description of all of them would be out
of place In this paper. We will just briefly mention the major ones.
FORE-2K is a nuclear kinetics detailed core design code which accur-
ately calculates translate assembly aad red temperatures. It calcu-
lates physics feedbacks and solves the kineiics equations simultan-
eously with the thermal-hydraulic calculations. Inter- and intra-
asaembly flow and heat redistribution between the parallel-flow core
assemblies is accurately modelled through a direct linkage with the
COBRA Whole-Core eoda. The effects become significant for low-flow/
high-temperature conditions typical of natural convection cooling
where buoyancy significantly influences the core coolant flow distri-
bution. FORB-2M handles design and safety considerations of uncer-
tainties and models rod internal phenomena, i.e., gap closure, fuel
restructuring, fuel melting, etc. Methods have also been developed to
link F0RB-2M to the output of core restraint oodes (e.g., WB0W-3D)



and fuel behavior codes (e.g., LIFE). System-wide codes include DEMO,
which is an entire primary/intermediate/water loop system code
specifically designed for Clinch River. This code provides dynamic
reactor inlet temperatures and flows for the detailed F0RE-2M
transient core analyses. For the detailed core cooling calculations,
COBRA Whole-Core has been developed. It handles all types of core
assemblies. It has a transient capability, and it handles core inter-
and intra-assembly flow and heat redistribution and buoyancy effects.
It is essentially an expansion of COBRA IV, a rigorous single assembly
subchannel analysis code.

Flow distribution to core assemblies is optimized by orificing to
satisfy a priori the core and reactor Internals design constraints.
Originally, orificing was performed to equalize core exit temperatures
at the beginning of cycles. During FFTF design, this capability was
improved to equalize hot-spot temperatures at end of cycle. On Clinch
Biver, the development of the flow orificing capability has been
extended to a fine art. The amount of flow needed by each assembly is
determined on five separate bases: 1) equalize core assembly life-
times, 2) maintain temperatures below maximum limits <i-ring different
classes of transients, 3) hold total cladding strain below specified
limits, 4) meet exit temperature limitations for the upper Internals
structure (DIS), and 5) meet exit temperature gradient limitations.
The flow needed for each of the fi>7e requirements is determined for
each core assembly by cycles, and the largest requirement is desig-
nated as the minimum flow for that particular assembly. The various
flows are grouped into several discriminator zones because the number
of different flow zones that is practical is limited. In this way,
the total amount of flow for the reactor is distributed to meet all
the requirements. Any excess flow can then be distributed to maximize
lifetime, minimize the amount of thermal striping, provide more nearly
equalized temperatures across the upper internals structure, or
whatever other purpose is desired.

Equalizing lifetime of the various fuel assemblies in the process
above is rigorously performed, including consideration of the total
fluence that the different assemblies are exposed to, the different
temperature and internal pressure histories, and the different tran-
sients experienced by each assembly. This rather sophisticated
orificing technique is now routine on the Clinch River design.

Once the core orificing is determined, the CATFISH code provides
a detailed hydraulic characterization of the multi-parallel/series
flow network of the coupled CRBRP reactor and primary system to calcu-
late primary system expected conditions, detailed core flow distribu-
tion, hydraulic resistance requirements, and pressure drop distribu-
tion,, Furthermore, a comprehensive code-linking system has been
developed to interface the output and input of the aforementioned
thermal-hydraulic design codes lo each other as well as to the physics
input und structural analysis codes in order to automate the process
and eliminate handling errors. Figure 6 illustrates the CRBRP core
thermal-hydraulic analysis flow diagram.
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Data bare been obtained for verification of these codes from a
variety of experimental facilities. These have included an 11:1 and
5:1 scale airflow facility; out-of-reactor sodium flow facilities with
electrically heatad rods? in-reactor tests in EBR-II, TREAT, and FFTF
(natural circulation testing); and numerous out-of-reactor water flow
facilities.

We will briefly describe only two out-of-reactor facilities -the
simplest and the most complex. The simplest is really not a code
verification facility but a design tool-the water table test facility
at the Westinghouse Advanced Reactors Division (Figure 7 ) . This
facility is called a water table facility because it started out as a
two-dimensional test facility as the name "water table" Implies. It
has evolved into a three-dimensional water test facility. In this
facility, core configuration changes, orificing changes, outlet nozzle
configuration changes, and other such changes can be readily mocked-up
and qualitatively visualized to guide the design <r. Two specific
examples where this facility was used to improve the design were
selection of the wire wrap configuration for the blanket assemblies
and selection of an assembly outlet nozzle design to minimize
vibration effects. Incidentally, the water table facility was even
used to determine striping potentials In the steam generator.

One of the most sophisticated but-of-pile thermal-hydraulic
experimental facilities is the integral reactor flow model (IRFM) at
Hanford Engineering Development Laboratory (Figure 8 ) . This model
nocks up the entire core and upper internals of Clinch River on a one-
quarter scale. Streams of water at different temperatures can be fed
to the "assembly" inlets and traced throughout the upper internals
region with thermocouples. Since the number of fuel assemblies in
Clinch River has been reduced to a minimum in order to minimize costs
and improve breeding ratio, the AT across each of these assemblies is
quite high, pushing the limit of fuel capability. At the same time,
inclusion of blankets both internally and radially adds a considerable
number of cold flow paths, at least on initial startup of the reactor.
These two factors alone would not cause a problem, but Clinch River
has adopted a batch refueling scheme so that completely fresh fuel and
completely fresh Internal blankets are charged into the total core
every two years. The combination of these two factors and the refuel-
ing scheme has led to a requirement to handle a significant temper-
ature difference between various flows within the reactor and various
flows Impinging on the upper internals on a regular basis as opposed
to only on reactor startup. These various temperature flow regimes
lead to thermal striping as you are all aware, and as the developers
of many foreign reactors have unfortunately learned only after con-
struction. The IRFM has been utilized to determine the regions where
thermal striping occurs to a degree beyond that which stainless steel
can accommodate. In Clinch River, protection of steel against thermal
striping is provided by Inconel 718, as discussed later.

1. anmermn. AMALTSIS

The capability in this country In structural analysis, aided by
experimental facilities to verify the code capabilities, has been



advanced much further than the capability that exists anywhere else in
the world. Clinch River requirements have provided the impetus and
direction for development of that capability to very useful ends.
Large general-purpose finite-element codes that are user oriented and
capable of handling a variety of materials properties, both
dynamically and statically and both elastieally and inelastieally,
have been developed and are being verified. It is primarily these
kinds of codes that have enabled the design of the upper internals in
Clinch River to be such that the upper internals can survive 30 years
in the rather severe environment posed by the Clinch River core
(Figure 9). With the availability of the general-purpose finite-
element programs and the availability of detailed temperature and
fluence histories obtained by the methods described above, it is now
possible to predict in all types of reactor components the stress and
strain variation with time at notches, section changes, and other
stress risers while including such effects as irradiation, plasticity,
temperature, and creep. The availability of reliable local stress and
strain predictions has made it possible to evaluate a component
against criteria based on creep strength, fatigue strength, and
material ductility. The end result is reduced conservatism in core
component design combined with increased confidence in the predicted
service life of these components.

The analytical capability that has been developed in this country
lias been augmented and enhanced by the continual upgrading of the
knowledge of material properties and design techniques. The material
properties of interest are collected in the Nuclear Systems Materials
Handbook, which is continuously updated as new data become available.
The properties of the structural materials of interest are provided
for normal and elevated temperatures at various fluence exposures.
Sufficient data of good accuracy are provided so that design can pro-
ceed with considerable assurance. In particular, the amount of work
that has gone on in this country in the development of the understand-
ing of thermal striping of materials, mostly stainless steel and
Ineonel, has been extensive. Foreign data, where appropriate and when
understood, are Included.

The result of all of these analytical and materials test
developments has led to the capability to design internals using
mostly stainless steel for its weldability and relatively low cost
while, at the same time, using liners of Ineonel 718. The liners are
fastened in ways that do not require either threaded fasteners or
welding but will enable them to remain in place and provide the
protection against thermal striping for the stainless steel for the
30-year lifetime of the upper internals.

5. CORE BESTRAIWT

A variety of core restraint concepts have been used in the
various LMFBRs built wound the world. The type of cor* restraint
utilized in the FFTF and now In Clinch River is a so-called passive
(limited free bow) radial core restraint (Figure 10). As a concept,
it is very simple. It is also best from the idea of fuel utilization
because it requires no reactor downtime to adjust moving parts and no



extra pieces talcing up valuable space inside the core. However, it is
the most difficult concept to reduce to practice. Design adequacy of
the passive core restraint concept must be shown by sophisticated
system type analyses. These analyses require that irradiation-induced
phenomena such as creep and swelling Bust be mechanistically under-
stood and definable from an interactive standpoint. In order to
understand the irradiation creep-swelling Interaction, which is the
predominant interactive mechanism in core restraint analyses, tests
have been conducted in this country to differentiate accurately the
effect of irradiation creep and the effect of irradiation swelling.
These tests have been accomplished with "siit-tube" test articles
where internally pressurized tubes are irradiated to various total
neutron fluence levels. The tubes are slit axlally and sectioned to
measure the change in the gap made by the slit (Figure 11). If creep
is dominant, the gap closes; if swelling is dominant, the gap opens.

Another experimental facility in use In this country is the Core
Restraint Test Facility, which is a full-scale mock-up of a reactor
core (Figure 12). At the present time, that core is the Clinch Diver
Breeder Reactor core. This facility can measure loads on, and
deflections in, a variety of assemblies with different amounts of
loads imposed by the former rings against the outermost load pads.
The use of this facility has permitted verification of CRBRP analy-
tical techniques and a reduction of the uncertainties. The original
FFTF core restraint system was designed primarily with a multipurpose
finite-element code, as VJS the original Clinch River design. How-
ever, a new code, H0B0W-3D (Inelastic), has been developed by Argonne
National Laboratory specifically as a core restraint design tool.
This code has been used to do the final design of the Clinch River
core restraint system. The factors going into the design of the core
restraint system are: experimental data on creep and swelling, exper-
imental verification of the codes with core restraint test facility
data, results of the thermal-hydraulic codes giving detailed duct
temperatures over the entire length and girth of the assembly, and
extensive fluence data from the physics calculations. All of these go
together to develop a core restraint system that, as noted earlier, is
a very simple concept and is best from the fuel utilization standpoint
but is an extremely difficult concept to reduce to practice.

6. SBTSMTC

The seismic loads Imposed on a reactor in the United States are
generally larger than those imposed on reactors in Europe. The result
of the Imposition of relatively large seismic loads has required the
development of an analytical capability to verify that the core,
reactor, vessel, head-mounted components, steam generator, IHZ, etc.
cac ill survive the significant seismic loads. The light-water
reactor industry for years took the approach to seismic loads of
simply designing very strong structures and very strong pipes. Their
pipes must be strong to withstand the high pressures anyway. In an
LMFBR, one desires to keep the vessel walls and the piping as thin as
possible to reduce the effects of thermal transients. That, however,
goes contrary to providing protection against seismic loads. Similar-
ly, the requirement for a totally separated reactor vessel and guard



vessel means that the reactor vessel must be supported from the top,
which increases the resulting seismic loads at the core support
structure due to the moment arm from the support ledges rf the vessel.
The excitation of the core support structure in the lower part of the
reactor vessel is amplified to the top of the core assemblies, where
the maximum load must be taken on the core assembly load pads. Figure
13 shows the model used to obtain the results of the loads derived
from a seismic event in the Clinch River core. As can be seen, a 180°
planar core model is used to determine the load applied to the load
pads on either edge of each of the six load pads of each assembly in
the sector. In this analysis, the very largest loads on any core
assembly can be ascertained. The fact that the largest loads are
definitely ascertained enables the design to proceed with minimum
Margin for uncertainties.

The seismic analysis of most of the components in Clinch River is
done through determining resposes (displacements, accelerations, iner-
tia forces) derived from response spectrum analyses with spectra
applied to the component at its mount. On those occasions when the
results of the response spectrum analysis do not permit verification
of adequacy of design of a component, the capability exists, and is
frequently utilized, to do a transient time-history dynamic analysis.
In a time-history analysis, the input seismic excitation is utilized
directly to determine the responses of the component. Only when a
component fails both of those methods has it been found necessary to
redesign the component to withstand higher seismic loads.

The final result of the development of these capabilities and
their experimental verification in support of the Clinch River Breeder
Reactor has enabled the designers to provide capability for relatively
high seismic levels without undue penalty.

7. ENERGETICS

In a 1976 letter, the NSC stated concerning the CRBRP Construc-
tion Permit Application, "It i s our current position that the proba-
bi l i ty of core melt and disruptive accidents can and must be reduced
to a sufficiently low level to justify their exclusion from the design
basis accident spectrum." Thus, for the CRBRP, both the energetic
disassembly type of accident and the core meltdown type of accident
are beyond the design base. Nevertheless, the Clinch River Breeder
Reactor primary enclosure i s designed to withstand a level of energe-
tics in the core that provides ample margin against energetics that
could result from even pessimistic assumptions.

Calculations made by the CRBRP Project tad Argonne National
Laboratory showed that any energetics that would occur in the homogen-
eous core during the initiating pbase by any initiator could be
enveloped by the loss-of-flow-witb-failure-to-scrsn event. Best-
estimate calculations of the energetics that would result from a loss-
of-flow-wlth-fallure-to-scram in the core design of 1975 showed that
no energetics would be anticipated. Various conservative assumptions
were then applied to the analysis such as a reduction of the Doppler
coefficient by 20i, an increase of the sodium void coefficient by 50J,



talcing no credit for axial expansion of the fuel, taking no credit for
fission gas dispersion of the fuel, etc. Some of the more pessimistic
assumptions did result in an analytical prediction of some energetics.
When the NRC and the Clinch River Breeder Reactor Project discontinued
interactions in 1977, the level of energetics for which the enclosure
and other components should be designed to provide ample margin for
uncertainties was a licensing question that had not been resolved.

Shortly after the discontinuance of interactions between the NRC
and the Clinch River Breeder Reactor designers, the Clinch River
Breeder Reactor core design group incorporated a heterogeneous core.
One of the results of a heterogeneous core is a greatly reduced sodium
void coefficient and greatly enhanced temporal incoherence in the
motion of the degraded core materials. The result is that even a
combination of pessimistic assumptions leads to essentially no
energetics in the initiating phase. Thus, the event that was
considered an envelope became essentially zero. Consequently, the
developers of the analytical codes and experimental facilities,
primarily at Argonne National Laboratory and Sandia National
Laboratory, focused more closely on those conditions that might exist
during later phases of a hypothetical core-disruptive accident.
Specifically, they considered immediate recriticality and transition
phase energetics potential, which might be enhanced if molten fuel
would freeze and plug escape paths before exiting the core. Experi-
ments showing the potential for fuel plugging of the upper axial
blanket and gas plenum region of the core were conducted at Argonne
National Laboratory. The results of these experiments did show
plugging potential, but also served to define more sharply the
probable course of material motion leading to permanent subcriti-
cality. Experiments are planned to verify these fuel motion paths.

The code capability to analyze later phase events is not fully
developed. Therefore, a phenomenological approach was used to assess
the energetics potential during these later phases for CRBRP. This
approach used the latest experimental results to assess material
motions and interactions. Based on these assessments, it was conclud-
ed that energetic recriticalities during the later phases of the
accident progression were highly Improbable and the structural integ-
rity of the primary boundary enclosure would not be seriously chal-
lenged, even for recriticality conditions.

To confirm the capability of the reactor enclosure to withstand
the energetics level selected for the Clinch River design, a series of
scale model dynanic experiments were conducted at Stanford Research
Institute. Figure 14 shows the simulated reactor upper Internals
removed from the simulated reactor vessel after detonation of an
explosive charge in the vessel. The results of those experiments have
shown that the design and the analytical predictions »re both
conservative and that the Clinch River Breeder Reactor can withstand
its selected energetics design level with considerable margin.

In summary, very sophisticated experimental and analytical tools
have been applied to the hypothetical core-disruptive accident energe-
tics issue for the Clinch River Breeder Reactor heterogeneous core
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design. They show that: 1) energetics are not expected, 2) low ener-
getics would result even with the Improbable postulates that would
lead to energetics, and 3) the primary boundary enclosure system would
maintain its integrity even if such energetics should occur.

8. COMCLDSIOKS

The design and development of the Clinch River Breeder Reactor
have provided a focus for the LMFBR technology development all over
the United States. Many national laboratories and several Industrial
corporations have been involved in a directed activity to provide an
overall design that meets all the requirements with adequate experi-
mental and analytical proof of the fact. This design of CRBRP has
made the considerable LMFBR development capability a total activity
working toward a common goal. In this way, the development of the
Clinch River Breeder Reactor has made a most significant contribution
to the LMFBR fuel cycle, putting the U.S. in the forefront in techno-
logical capability.

11
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ABSTRACT

The liquid natal fast breeder reactor itself is the most signifi-
cant part of the LMFBR fuel cycle. An efficient fuel cycle Bust have
a reactor that has good performance and high availability. The reac-
tor aust achieve these goals with due consideration of safety and
capital cost investment. In order to achieve the goals, the reactor
design aust take advantage of the experiaental and analytical develop-
aent in the LMFBR prograa. In fact, such a project is essential to
provide focus for that developaent effort toward a total design activ-
ity.

In the United States, first the FFTF and now the CRBRP have pro-
vided that focus and impetus. This paper describes how the CRBRP
developaent and CRBRP focus of the LMFBR base technology progrsa have
led to advances in the state of the art in physics, thermal-
hydraulics, structural analysis, core restraint, selsaic analysis, and
analysis of hypothetical core-disruptive accident energetics, all of
which have been incorporated throtr̂ gn disciplined engineering into the
final CRBRP design.

The total developaent in the U.S. of fuels and materials, the
analytical advances Bade on CRBRP design, and the incorporation of the
latest experiaental results into that design have put the U.S. tech-
nology in general and the CRBRP design in particular at the forefront
of technology. This has placed the U.S. in a position to develop the
aost favorable LMFBR fuel cycle.
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1 . IllTRODPCTIOM

As described elsewhere in these proceedings, the United States
has t comprehensive fuel cycle and Mtarlal development program which
has provided the fundamental base for reactor design. However, the
key to an efficient LMFBR fuel cycle is an efficient reactor design -
one that provides good performance and high availability. Ait the
reactor wist be designed with very strong constraints on capital
costs. As a result, It is necessary to develop the design of a
reactor with the very latest in analytical tools and experimental
verification so as to build an efficient machine with high availa-
bility, with appropriate considerations for safety, and yet with low
capital cost.

The LMFBR programs in materials and analyses have been continuing
for over twenty years. Starting in the late 1960s, the Fast Flux Test
Facility (FFTF) provided a focus to bring the development requirements
together, specify any additional areas requiring development, and lead
the way in all development areas (Figure 1). More recently, the
Clinch River Breeder Reactor Plant (CRBRP) has provided that focus
(Figure 2 ) . The advances that have occurred in physics, thermal-
hydraulics, structural analysis, core restraint design, seismic
analysis, and hypothetical core-disruptive accident (HCOA) energetics
analyses in the United States have been accelerated by these reactors.

The CRBRP goal for a good breeding ratio while utilizing proven
fuel, achieving a very high availability, and achieving a high
operatise temperature has forced advances in the state of the art.
These advances provide the technological capability to design reactors
for an optimum LMFBR fuel cycle. The remainder of this peper discus-
ses these advances.

2. PHYSICS

The United States i s unique in continuing to ut i l ize pure
differential cross-sections in the nuclear analysis of i t s reactors.
In the rest of the world, analysts normalize their cross-sections to
f i t integral experiments. The result, of eourss* 1-. that when
reactors in foreign countries are analyzed with their normalized
cross-sections, the analysis gives predictions very close to experi-
mental values. In this country, we continue to have biases in various
parameters as a result of the unnormalized differential cross-
sections. We are thoroughly familiar with and expect these biases,
which have grown smaller with each Improvement in cross-section set.
These biases make i t appear that the analyses are not as accurate as
foreign analyses. However, when extrapolating from one reactor to a
completely different reactor, say a major change In s ise , or in the
oase of Clinch River, a change in the core arrangement from a homo-
geneous to a heterogeneous core, the use of these differential
oross-se.'. Ions, not biased to a specific reactor configuration, gives
considerable oonfldenoe <<o the designer. The use of unadjusted
cross-section data (EHDF/B) requires more of a hands-on approach to
the extrapolation of physics biases from the critical moekup to the
power reactor since the designer doesn't get that comfortable feeling



from his calculations being "right on", in mrny cases due to the
cancellation of errors. The designer must consider extrapolation
sensitivities and uncertainties for a particular reactor design rather
than having this globally accomplished in the cross-section adjust-
ment. Adjusted cross-section sets have historically presented the
opportunity for processing or other calculational errors to be
"biased" out of the cross-section data, leading directly to an
extrapolation error in the power reactor design. In Clinch River we
have utilized the superior extrapolation capability of unadjusted
cross-section data to design a heterogeneous core. The subsequent
experimental proof in the Zero-Power Plutonium Reactor (ZPPR), an
Argonne Rational Laboratory (ANL) critical facility in Idaho, of the
correctness of the analysis justified this confidence.

The advantages of the heterogeneous core in the areas of
breeding, fluence, sodium void, and isothermal Doppler constant are
shown in Table 1, while Figure 3 shows the homogeneous and hetero-
geneous core cross-sections. Note that there is a significantly lower
number of control rods with much higher worths in this configuration.
Tbs use of this heterogeneous configuration has provided an adequate
breeding ratio even while utilizing a fuel assembly that was not
optimized for CRBRP breeding ratio. Although not optimized, the
functional adequacy of this fuel design has been proven in experiments
both in-core and out-of-core and also in the FFTF. By far the most
significant CRBRP contribution to LHFBR physics development has been
the pioneering work on the heterogeneous core configuration. A
substantial decrease in fuel sodium void worth is achieved with the
heterogeneous core arrangement, and this is the principal driving
function behind the Improved safety (HCDA) characteristics. The
heterogeneous core arrangement has been adopted for the U.S. large
near-commercial LHFBR. From a design standpoint, the heterogeneous
core concept is the only one we know which creates the potential for
simultaneous optimization of core performance (e.g. maximum breeding
and doubling time characteristics, optimum power flattening throughout
the burnup interval, tailored control rod worths, improved core
restraint characteristics, etc.) and safety characteristics
(principally sodium void worth).

The ZPPR mentioned earlier played a major role in the development
of the CRBRP core design (Figure 4}. Zero-power critical mockup
experiments in ZPPR have provided an extensive data base against which
the accuracy of LMFBR nuclear design methods and cross-section data
have been evaluated. A comprehensive set of biases and uncertainties
has been developed from a comparison of measured and calculated ZPPR
parameters in the key physics design areas of criticality (fuel
enrichment), control rod worth characteristics and shutdown margin,
and safety parameters (distorted core reactivities, sodium void worth,
and Doppler constant). An even larger heterogeneous core has been
mocked-up in ZPPR. This experimental capability has provided a strong
basis to design the heterogeneous core for CRBRP and the heterogeneous
core that is planned for the follow-on reactor to CRBRP.



In addition to th« ZPPR facility, the Tower Shield Facility (TSF)
at Oak Ridge National Laboratory (ORNL) has been Invaluable in
improving the physics capability in U.S. LMFBR design practice (Figure
5). The TSF, a small spherical geometry reactor, provided an approx-
imate point source or oollimated source of neutrons. Clinch River
designers utilized a "spectrum modifier" consisting of layers of
various materials to achieve an emergent neutron source with a
spectral shape comparable to the Clinch River Breeder Reactor core
periphery =, Shielding performance of materials placed outside the
spectrum modifier could thus be determined with dose similitude to
CRBRP conditions. The end result of the use of the TSF has been the
verification of the U.S. LMFBR shielding analysis methodology fc- a
wide variety of shielding materials and configurations. The U*S.
LMFBR shielding analysis methodology has provided the capability to
optimize reactor core shielding (i.e., removable versus fixed) to meet
multiple design constraints while achieving minimum core support
structure size and minimum reactor vessel diameter.

Both the TSF and the ZPPR were utilized in the design of the ex-
vesael source range flux monitor (SRFM) In CRBRP which requires a
minimum reactor shield to maximize neutron foreground at the
detectors. The TSF was used during the conceptual design. Recently
completed design verification experiments in ZPPR have mocked-up the
initial fuel loading (load-to-critical) procedure, including a partial
mock-up of the ex-vessel SRFM detectors. Analyses of the experiments
by ORNL personnel confirm the feasibility and interpretability of the
system even for initial fuel loading.

3 . THRHMlT^HrDRADLICS

The development in thermal-hydraulic capability in this country
has been even greater than the development in physics. The push to
achieve the maximum lifetime from the fuel assemblies, minimize the
core space utilized for coolant flow, minimize the total pressure head
required from the pump, and yet achieve adequate performance and ade-
quate safety margins has required the development of a number of
thermal-hydraulic computer codes and « considerable number of experi-
mental facilities. A detailed description of any one of the more
complex codes that have been developed would require a complete
separate paper. Even a brief description of all of them would be out
of place in this paper. He will just briefly mention the major ones.
F0RB-2M Is a nuclear kinetics detailed core design code which accur-
ately calculates transient, assembly aad red temperatures. It calcu-
lates physics feedbacks and solves the kinetics equations simultan-
eously with the thermal-hydraulic calculations. Inter- and lntra-
assembly flow and beat redistribution between the parallel-flow core
assemblies is accurately modelled through a direct linkage with the
COBRA Whole-Core oode. The effects become significant for low-flow/
high-temperature conditions typical of natural convection cooling
where buoyancy significantly Influences the core coolant flow distri-
bution. FORE-2M handles design and safety considerations of uncer-
tainties and models rod internal phenomena, I.e., gap closure, fuel
restructuring, fuel melting, etc. Methods have also been developed to
link F0RE-2M to the output of core restraint oodes (e.g., WJBW-3D)



and fuel behavior codes (e.g., LIFE). System-wide codes include DEMO,
which is an entire primary/intermediate/water loop system code
specifically designed for Clinch River. This code provides dynamic
reactor inlet temperatures and flows for the detailed F0RE-2M
transient core analyses. For the detailed core cooling calculations,
COBRA Whole-Core has been developed. It handles all types of core
assemblies. It has a transient capability, and it handles core inter—
and intra-aasembly flow and heat redistribution and buoyancy effects.
It is essentially an expansion of COBRA IV, a rigorous single assembly
subchannel analysis code.

Flow distribution to core assemblies is optimized by orlflcing to
satisfy a priori the core and reactor internals design constraints.
Originally, oriflclng was performed to equalize core exit tenperatures
at the beginning of cycles. During FFTF design, this capability was
improved to equalize hot-spot temperatures at end of cycle. On Clinch
River, the development of the flow oriflcing capability has been
extended to a fine art. The amount of flow needed by each assembly is
determined on five separate bases: 1) equalize core assembly life-
times. 2) maintain temperatures below maximum limits during different
classes of transients, 3) hold total cladding strain below specified
limits, 4} meet exit temperature limitations for the upper internals
structure (HIS), and 5) meet exit temperature gradient liaitations.
The flow needed for each of the five requirements is determined for
each core assembly by cycles, and the largest requirement is desig-
nated as the minimum flow for that particular assembly. The various
flows are grouped into several discriminator zones because the number
of different flow zones that is practical is limited. In this way,
the total amount of flow for the reactor is distributed to meet all
the requirements. Any excess flow can then be distributed to maximize
lifetime, minimize the amount of thermal striping, provide more nearly
equalized temperatures across the upper internals structure, or
whatever other purpose is desired.

Equalizing lifetime of the various fuel assemblies in the process
above is rigorously performed, Including consideration of the total
fluence that the different assemblies are exposed to, the different
temperature and internal pressure histories, and the different tran-
sients experienced by each assembly. This rather sophisticated
orificing technique is now routine on the Clinch River design.

Oace the core orificing is determined, the CATFISH code provides
a detailed hydraulic characterization of the multi-parallel/series
flow network of the ooupled CRBRP reactor and primary system to calcu-
late primary system expected conditions, detailed core flow distribu-
tion, hydraulic resistance requirements, and pressure drop distribu-
tion. Furthermore, a comprehensive code-linking system has been
developed to interface the output and input of the aforementioned
thermai-hydraullc design codes to each other as well as to the physics
input tad structural analysis oodes in order to automate the process
and eliminate handling errors. Figure 6 illustrates the CRBRP core
thermal-hydraulic analysis flow diagram.



Data bare been obtained for verification of these codes from a
variety of experimental facilities. These have included an 11:1 and
5:1 scale airflow facility; out-of-reactor sodium flow facilities with
electrically heated rods; in-reacfcor tests in EBR-II, TREAT, and FFTF
(natural circulation testing); and numerous out-of-reactor water flow
facilities.

We will briefly describe only two out-of-reactor facilities-the
simplest and the most complex. The simplest is really net a code
verification facility but a design tool-the water table test facility
at the Westinghouse Advanced Reactors Division (Figure 7). This
facility is called a water table facility because it started out as a
two-dimensional test facility as the name "water table" implies. It
has evolved into a three-dimensional water test facility. In this
facility, core configuration changes, orificlng changes, outlet nozzle
configuration changes, and other such changes can be readily mocked-up
and qualitatively visualized to guide the designer. Two specific
examples where this facility was used to improve the design were
selection of the wire wrap configuration for the blanket assemblies
and selection of an assembly outlet nozzle design to minimize
vibration effects. Incidentally, the water table facility was even
used to determine striping potentials in the steam generator.

One of the most sophisticated out-of-pile thermal-hydraulic
experimental facilities is the integral reactor flow model (IRFM) at
Hanford Engineering Development Laboratory (Figure 8 ) . This model
nocks up the entire core and upper internals of Clinch River on a one-
quarter scale. Streams of water at different temparatures can be fed
to the "assembly" inlets and traced throughout the upper internals
region with'thermocouples. Since the number of fuel assemblies in
Clinch River has been reduced to a minimum in order to minimize costs
and Improve breeding ratio, the AT across each of these assemblies is
quite high, pushing the limit of fuel capability. At the same time,
inclusion of blankets both internally and radially adds a considerable
number of cold flow paths, at least on initial startup of the reactor.
These two factors alone would not cause a problem, but Clinch River
has adopted a batch refueling scheme so that completely fresh fuel and
completely fresh internal blankets are charged into the total core
every two years. The combination of these two factors and the refuel-
ing scheme has led to a requirement to handle a significant temper-
ature difference between various flows within the reactor and various
flows Impinging on the upper internals on a regular basis as opposed
to only on reactor startup. These various temperature flow regimes
lead to thermal striping as you are all aware, and as the developers
of many foreign reactors have unfortunately learned only after con-
struction. The IRFM has been utilized to determine the regions where
thermal striping occurs to a degree beyond that which stainless steel
can accommodate, In Clinch River, protection of steel against thermal
striping Is provided by Inoonel 718, as discussed later.

4 . STBPCTOBIT. imi.TSTS

The capability in this country in structural analysis, aided by
experimental facilities to verify the code capabilities, has been



advanced much further than the capability that exists anywhere else in
the world. Clinch River requirements have provided the impetus and
direction for development of that capability to very useful ends.
Large general-purpose finite-element codes that are user oriented and
capable of handling a variety of materials properties, both
dynamically and statically and both elastically and inelastically,
have been developed and are being verified. It is primarily these
kinds of oodes that have enabled the design of the upper internals in
Clinch River to be such that the upper internals can survive 30 years
in the rather severe environment posed by the Clinch River core
(Figure 9). With the availability of the general-purpose finite-
elenent programs and the availability of detailed temperature and
fluence histories obtained by the methods described above, it is now
possible to predict in all types of reactor components the stress and
strain variation with time at notches, section changes, and other
stress risers while including such effects as irradiation, plasticity,
temperature, and creep. The availability of reliable local stress and
strain predictions has made it possible to evaluate a component
against criteria based on creep strength, fatigue strength, and
material ductility. The end result is reduced conservatism in core
component design combined with increased confidence in the predicted
service life of these components.

The analytical capability that has been developed in this country
has been augmented and enhanced by the continual upgrading of the
knowledge of material properties and design techniques. The material
properties of interest are collected in the Nuclear Systems Materials
Handbook, which is continuously updated as new data become available.
The properties of the structural materials of interest are provided
for normal and elevated temperatures at various fluence exposures.
Sufficient data of good accuracy are provided so that design can pro-
ceed with considerable assurance. In particular, the amount of work
that has gone on in this country in the development of the understand-
ing of thermal striping of materials, mostly stainless steel and
Inconel, has been extensive. Foreign data, where appropriate and when
understood, are included.

The result of all of these analytical and materials test
developments has led to the capability to design internals using
mostly stainless steel for its weldability and relatively low cost
while, at the same time, using liners of Inconel 718. The liners are
fastened in ways that do not require either threaded fasteners or
welding but will enable them to remain in place and provide the
protection against thermal striping for the stainless steel for the
30-year lifetime of the upper internals.

5 . COBR BESTPiTMT
*

A variety of core restraint concepts have been used in the
various LKFBRs built around the world. The type of core restraint
utilized in the FFTF and now in Clinch River is a so-called passive
(limited free bow) radial core restraint (Figure 10). As a concept,
it is very simple. It is also best from the idea of fuel utilization
because it requires no reactor downtime to adjust moving parts and no



extra pieces taking up valuable space inside the core. However, it is
the most difficult concept to reduce to practice. Design adequacy of
the passive core restraint concept must be shown by sophisticated
system type analyses. These analyses require that irradiation-Induced
phenomena such as creep and swelling must be mechanistically under-
stood and definable from an interactive standpoint. In order to
understand the irradiation creep-swelling interaction, which Is the
predominant interactive mechanism in core restraint analyses, tests
have been conducted in this country to differentiate accurately the
effect of irradiation creep and the effect of irradiation swelling.
These tests have been accomplished with "slit-tube" test articles
where internally pressurized tubes are irradiated to various total
neutron fluence levels. The tubes are slit azlally and sectioned to
measure the change in the gap made by the slit (Figure 11). If creep
is dominant, the gap closes; if swelling is dominant, the gap opens.

Another experimental facility in use in this country is the Core
Restraint Test Facility, which is a full-scale mock-up of a reactor
core (Figure 12). At the present time, that core is the Clinch River
Breeder Reactor core. This facility can measure loads on, and
deflections in, a variety of assemblies with different amounts of
loads imposed by the former rings against the outermost load pads.
The use of this facility has permitted verification of CRBRP analy-
tical techniques and a reduction of the uncertainties. The original
FFTF core restraint system was designed primarily with a multipurpose
finite-element code, as was the original Clinch River design. How-
ever, a new code, NDB0W-3D (Inelastic), has been developed by Argonne
National Laboratory specifically as a core restraint design tool.
This code has been used to do the final design of the Clinch River
core restraint system. The factors going into the design of the core
restraint system are: experimental data on creep and swelling, exper-
imental verification of tfee codes with core restraint test facility
data, results of the thermal-hydraulic codes giving detailed duct
temperatures over the entire length and girth of the assembly, and
extensive fluence data from the physics calculations. All of these go
together to develop a core restraint system that, as noted earlier, is
a very simple concept and is best from the fuel utilization standpoint
but is an extremely difficult concept to reduce to practice.

The seismic loads imposed on a reactor in the United States are
generally larger than those Imposed on reactors in Europe. The result
of the imposition of relatively large seismic loads has required the
development of an analytical capability to verify that the core,
reactor, vessel, head-mounted components, steam generator, IHX, etc.
can all survive the significant seismic loads. The light-water
reactor industry for years took the approach to seismic loads of
simply designing very strong structures and very strong pipes. Their
pipes must be strong to withstand the high pressures anyway. In an
LMFBR, one desires to keep the vessel walls and the piping as thin as
possible to reduce the effects of thermal transients. That, however,
goes contrary to providing protection against seismic loads. Similar-
ly, the requirement for a totally separated reactor vessel and zuard



vessel means that the reactor vessel mist be supported from tbe top,
which increases tbe resulting seismic loads at tbe core support
structure due to tbe moment arm from tbe support ledges of tbe vessel.
The excitation of the core support structure in the lower part of the
reactor vessel is amplified to the top of tbe core assemblies, where
tbe maximum load must be taken on tbe core assembly load pads. Figure
13 shows tbe model used to obtain the results of the loads derived
from a seismic event in tbe Clinch River core. As can be seen, a 180
planar core model is used to determine the load applied to the load
pads on either edge of each of tbe six load pads of each assembly in
the sector. In this analysis, tbe very largest loads on any core
assembly can be ascertained. Tbe fact that the largest loads are
definitely ascertained enables the design to proceed with minimum
margin for uncertainties.

Tbe seismic analysis of most of the components in Clinch River is
done through determining resposes (displacements, accelerations, iner-
tia forces) derived from response spectrum analyses with spectra
applied to tbe component at its mount. On those occasions when the
results of tbe response spectrum analysis do not permit verification
of adequacy of design of a component, tbe capability exists, and is
frequently utilized, to do a transient time-history dynamic analysis.
In a time-history analysis, tbe input seismic excitation is utilized
directly to determine the responses of the component. Only when a
component fails both of those methods has it been found necessary to
redesign the component to withstand higher seismic loads.

The final result of the development of these capabilities and
their experimental verification in support of the Clinch River Breeder
Reactor has enabled tbe designers to provide capability for relatively
high seismic levels without undue penalty.

7. ENERGETICS

In a 1976 letter, the NRC stated concerning tbe CRBBP Construc-
tion Permit Application, "It i s our current position that the proba-
bi l i ty of core melt and disruptive accidents can and must be reduced
to a sufficiently low level to justify their exclusion from the design
basis accident spectrum.* Thus, for the CRBRP, both the energetic
disassembly type of accident and tbe core meltdown type of accident
are beyond tbe design base. Nevertheless, tbe Clinch River Breeder
Reactor primary enclosure i s designed to withstand a level of energe-
tics in tbe core that provides ample margin against energetics that
could result from even pessimistic assumptions.

Calculations made by the CRBRP Project aad Argonne National
Laboratory showed that any energetics that would occur in the homogen-
eous core during tbe initiating pbase by any Initiator could be
enveloped by the loss-of-flow-witb-failure-to-scrsm event. Best-
estimate calculations of tbe energetics that would result from a loss-
of-flow-with-f allure-to-scram in the core design of 1975 showed that
no energetics would be anticipated. Various conservative assumptions
were then applied to the analysis such as a reduction of tbe Doppler
coefficient by 20J, an increase of tbe sodium void coefficient by 50J,



taking no credit for axial expansion of the fuel, talcing no credit for
fission gas dispersion of the fuel, etc. Some of the more pessimistic
assumptions did result in an analytical prediction of some energetics.
When the NRC and the Clinch River Breeder Reactor Project discontinued
Interactions in 1977, the level of energetics for which the enclosure
and other components should be designed to provide ample margin for
uncertainties was a licensing question that had not been resolved.

Shortly after the discontinuance of interactions between the NRC
and the Clinch River Breeder Reactor designers, the Clinch River
Breeder Reactor core design group incorporated a heterogeneous core.
One of the results of a heterogeneous core is a greatly reduced sodium
void coefficient and greatly enhanced temporal incoherence in the
motion of the degraded core materials. The result is that even a
combination of pessimistic assumptions leads to essentially no
energetics in the initiating phase. Thus, the event that was
considered an envelope became essentially zero. Consequently, the
developers of the analytical codes and experimental facilities,
primarily at Argonne National Laboratory and Sandia National
Laboratory, focused more closely on those conditions that might exist
during later phases of a hypothetical core-disruptive accident.
Specifically, they considered immediate recriticality and transition
phase energetics potential, which might be enhanced if molten fuel
would freeze and plug escape paths before exiting the core. Experi-
ments showing the potential for fuel plugging of the upper axial
blanket and gas plenum region of the core were conducted at Argonne
National Laboratory. The results of these experiments did show
plugging potential, but also served to define more sharply the
probable course of material motion leading to permanent suberiti-
cality. Experiments are planned to verify these fuel motion paths.

The code capability to analyze later phase events is not fully
developed. Therefore, a phenomenological approach was used to assess
the energetics potential during these later phases for CRBRP. This
approach used the latest experimental results to assess material
motions and interactions. Based on these assessments, it was conclud-
ed that energetic recriticalities during the later phases of the
accident progression were highly Improbable and the structural integ-
rity of the primary boundary enclosure would not be seriously chal-
lenged, even for recriticality conditions.

To confirm the capability of the reactor enclosure to withstand
the energetics level selected for the Clinch River design, a series of
scale model dynanic experiments were conducted at Stanford Research
Institute. Figure 14 shows the simulated reactor upper internals
removed from the simulated reactor vessel after detonation of an
explosive charge in the vessel. The results of those experiments have
shown that the design and the analytical predictions are both
conservative and that the Clinch River Breeder Reactor can withstand
its selected energetics design level with considerable margin.

In summary, very sophisticated experimental and analytical tools
have been applied to the hypothetical core-disruptive accident • energe-
tics issue for the Clinch River Breeder Reactor heterogeneous core
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design. They show that: 1) energetics are not expected, 2) low ener-
getics would result even with the improbable postulates that would
lead to energetics, and 3) the primary boundary enclosure system would
maintain its integrity even if such energetics should occur.

8. CONCLUSIONS

The design and development of the Clinch River Breeder Reactor
have provided a focus for the LMFBR technology development all over
the United States. Many national laboratories and several industrial
corporations have been involved in a directed activity to provide an
overall design that meets all the requirements with adequate experi-
mental and analytical proof of the fact. This design of CRBRP has
made the considerable LMFBR development capability a total activity
working toward a common goal. In this way, the development of the
Clinch River Breeder Reactor has made a most significant contribution
to the LMFBR fuel cycle, putting the U.S. in the forefront in techno-
logical capability.
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