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1.0 INTRODUCTION 

The 1000 Mwe Liquid Metal Fast Breeder Reactor Follow-on Study is an 

extension of 1000 Mwe design studies performed previously for the Atomic 

Energy Commission. The objective of the Follow-on program is to provide 

information which will be of assistance to the AEC in the furtherance of 

the Liquid Metal Fast Breeder Reactor (LMFBR) Program Plan. The scope 

of the work for Combustion Engineering is in the area of the heat generation 

system of the nuclear steam supply system. The objective of this study of the 

heat generation system has been to develop a reference design(l) and to 

identify the research and development programs which are required to permit 

ommitment of the selected design by approximately 1980. The Task IV work 

described in this report is concerned with these research and development 

programs. 

To the extent applicable, the description of R&D programs includes: 

(1) a definition of each R&D item, (2) a description of current techno-

logy, (3) a statement of new information needed, (4) a program description 

for each item, (5) an estimate of the probability of accomplishing objectives 

within reasonable funding and time estimates, and (6) an estimate of the 

cost penalty which would result from nonattainment or partial attainment of 

R&D objectives. It is difficult, however, to define items (4), (5), and (6) 

unambiguously without reference to the environment in which the proposed 

R&D is to be conducted. For example, the program description for fuels 

development must consider the future availability of irradiation space and, 

in order to evaluate item (6), consideration must be given to the future 

availability of alternate fuels. It was neither practical nor consistent 

with the objectives of this study to attempt to predict the most probable 

future conditions in this respect. Rather, we have formulated a set of 

working assumptions which define future conditions in a logical manner 

which attempts as much as possible to be consistent with the results of 

the present C-E Follow-on Study, the 1968 version of the AEC LMFBR Program 

Plan and the broad objectives of the U. S. power reactor development program. 

In some respects, these assumptions are, of necessity, arbitrary; however, 
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generally they reflect real possibilities which together represent one 

practical way to achieve the overall goals of the LMFBR program. The 

basic assumptions thus developed are as follows: 

a) The national LMFBR program will follow a two-concept approach 
to the development in appropriate areas. First emphasis will 
be on a conservative design which has a very great probability 
of operating, although it may not meet all Jilerformance goals. 
A strong additional program will be pursued toward a higher 
performance system which, if it succeeds, will be much more 
likely to have the competitive economic performance needed by 
our economy; 

b) An LMFBR basic technology research and development program 
which is not concept oriented will be vigorously pursued in 
the areas of physics, fuels and materials, safety, instruments 
and sodium technology; 

c) For the immediate near term, in cases where available facil
ities are not. ad,equate to meet needs, the R&D requirements of the 
Fast Flux Test Facility (FFTF) will be given first priority 
and the preferred high performance concepts will be given 
second priority except for certain very important experiments. 
During this period, development of FFTF driver fuel will be 
adequate to satisfy the development requirements of a conserv
ative oxide LMFBR fuel; 

d) During the development period, at least one carbide-fueled 
demonstration. plant wiil be built. This plant will be planned 
and operated Oil a semicommercial basis but will be available 
for certain experiments and tests which are most efficiently 
accomplished in such a plant. 

In accordance with the contract for this study, the R&D programs 

described in this report are generally limited to those particularly 

associated with the C-E reference design. The main exception to this rule 

is in the area of general LMFBR base technology research where certain 

important items are discussed. Since, however, this R&D is applicable and 

essential to the LMFBR concept in general and not to a particular concept, 

its costs should not be associated with the C-E concept alone. In much 

of this area, the economic penalties associated with nonattainment of R&D 

goals for individual studies are not definable in a meaningful way because 

choices between alternates are not directly involved (in measurement of 

neutron cross sections, for instance). The most that can be said is that 
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if this research is not done or is not successful, there is some likeli-

hood that serious mistakes will be made either in the design of demonstration 

plants or perhaps even in the decision to build a particular demonstration 

plant. The possibility of such a mistake does constitute a risk with which 

economic penalties can be associated; however, there is no apparent reason

able way to subdivide this "contingency cost" among the numerous individual 

R&D programs which contriuute to its reduction. Specific identification of 

base technology items is made in the text. 

For items such as fuel handling components and control rod.drives for 

which several alternate components and systems are expected to be developed, 

·but for which specific details of alternates are not available, it has not 

been practical to attempt to cost the alternates and accurately identify 

penalties associated with nonattainment of development objectives. The 

results of the fuel handling trade study have been used, however, to obtain 

a general indicat·ion of the penalties associated with what could be cons.id

ered a typical alternate system. 

REFERENCES 

for Section l. 0 

1. 11 1000 Mwe Liquid Metal Fast Breeder Follow-on Study: Report of 
Tasks II and III, A Reference .Conceptual Design of a 1000 Mwe 
LMFBR" , Vols. I-III, CEND- 337 ( 1968) . . 

3 



2.0 SUMMARY AND DISCUSSION OF PROBABILITY OF ACHIEVING 

R&D GOALS AND PENALTIES ASSOCIATED WITH NONACHIEVEMENT 

From the point of view of broad research and development objectives, 

the core of the C-E reference design has the following characteristics: 

a) High performance sodium-bonded mixed carbide fuel in a vented 
fuel element ; 

b) Cylindrical core geometry with a positive void effect, and if 
unrnoderated, a voided Doppler effect which is smaller (less 
negative) than for comparable oxide cores; 

c) Redundant and highly reliable core cooling and protective 
systems and an extensive local temperature monitoring system; 

d) A core mechanical arrangement characterized by a relatively 
low steel fraction and close spacing of fuel rods. 

Comparative fuel cycle cost calculations have been made ·to determine 

cost penalties of various alternatives to the reference design which have 

characteristics less desirable than those for a reactor with those indicated 

above but which may be dictated by nonattainrnent or only partial attainment 

of R&D objectives. Table 2-l is a listing of the principal alternates that 

fall into this category together with fuel cycle cost penalties associated 

with each alternate. The cost penalties shown in table 2-l represent 

perturbations on the reference design assuming that other characteristics 

are unchanged. The penalty listed for moderator addition, however, is not 

a perturbation since the reference design contains moderator. The indicated 

penalty has already been."paid" in the reference design. Research in the 

area of safety, however, may show that it will not be necessary to pay this 

penalty for a safe design; therefore, from the point of view of R&D planning, 

this item is equivalent to the other items listed. 
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Table 2-1. Summary of Estimated Fuel Cycle Cost Penalties 

Item 

Fuel System 

1. Sodium-bonded carbide, 
performance reduced to: 

peak burnup = 70,000 Mwd/T 
peak power = 32 kw/ft 
combination of above 

2. Change to gas-bonded carbide 
(100,000 Mwd/T avg) 

3. Change to gas-bonded oxide 
(100,000 Mwd./T avg) 

4. No practl.cal LMFBR fuel. Change 
to LWR 

Safety 

1. Change from regular to spoiled 
geometry to obtain a negative 
void effect (modular or pancake) 

2. Add moderator· to increase 
Doppler effect 

3. Large U1FBR unsafe. Change 
to LWR 

Core Design 

1. Change to hex subassembly 
with moderator pins 

2. Reduce peak sodium velocity to 
20 ft/sec (fuel rod P/D increase 
to 1.25) 

5 

Penalty 
(mills /kwh) 

0.27 
0.05 
0.35 

0.25-0.35 

0.35-0~50 

'\,0.8 

0. 30 

0.04-0.14 

'\.0.8 

0.08 

0.12 

Remarks 

see Fig. 2-l 

Ref (.l) 

Ref (l) 

Ref ( 2) 

·Depends on 
subassembly 
development 

Ref ( 2) 



The cost penalty or benefit of a given alternative design characteristic 

usually cannot be unambiguously associated with a particular R&D task or 

subtask, although there are exceptions to this rule. The rather general 

association of alternates with R&D areas (Fuel, Safety and Core Design) 

indicated in table 2-l is the best that can be done in this respect; however, 

even this general relationship must be qualified. For example, it is reason-

able to assume that the fuel development program will establish the important 

performance limitations on the fuel (burnup, linear heat rating, etc.). 

Therefore, reduced allowable fuel performance can be said to be the penalty 

associated with partial attainment of the goals of the fuels R&D program. 

The probabilities and penalties for this program, indicated below, have been 

established on this basis. However, it should be kept in mind that reduced 

fuel performance might be dictated by results of research in other areas 

such as safety. An unlikely, but not impossible, result of safety studies 

could be the elimination of the sodium bond. It is also not impossible that 

the sodium bond could be ruled out because of nonattainment of the goals of 

fuels R&D subtask on carbon transport from fuel to clad. In either case, 

the alternative is the same (gas-bonded carbide)* and the penalty is 

identifiable (0.25-0.35 mills/kwh) but the alternative is associated both 

with safety and fuels R&D. 

Figure 2-l is a plot of fuel cycle costs as a function of peak fuel heat 

rating and peak fuel burnup. The reference design point is indicated and a 

lower limit performance point (70,000 Mwd/MT at 32 kw/ft) is shown which 

represents the approximate lower limit of the break-even range for competition 

with high performance gas-bonded oxide. The incentive for development of a fuel of 

lesser performance is minimal; therefore, the R&D program is designed to have a 

high probability ( 98 percent) of reaching this point. Estimated probabilities 

of achieving higher t~el performance within the limits of the R&D program are 

* Actually, the alternatives might not turn out to be the same in this case 
if, for instance, the problem is carbon transport. not safety. Then, 
sodium-bonded nitride might be the logical alternative, provided of course 
that nitride is developed successfully. Because there are so many such 
possibilities, consideration of al't_~:tn~tives has been restricted to a few 
obvious examples. 
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shown in figure 2-2. The reduced probabilities corresponding to higher 

performance levels represent a combination of the estimated uncertainty of 

the intrinsic ultimate potential of the fuel system and the effect of the 

limited nature of proposed R&D program. This program is deliberately 

.designed in this manner because it is felt to be the most efficient approach. 

Rather than prop·ose a much larger and broader program with a very high 

probability of achieving or exceeding reference design performance, it is 

more efficient to concentrate the effort on a sequential approach which has 

a high prohability of assuring a truly viaule LMFBR fuel system in the near 

term and a reasonably good chance of producing a truly advanced fuel system 

at minimum cost. As with all fuel systems, it is expected that further 

development work will be done which will ·achieve higher performance levels. 

The ultimate probability of achieying the reference design performance or 

better is estimated to be at least 90 percent. 

Necessary R&D has been placed in the following sections more or less in 

accordance with the organization of the LMFBR Program Plan. In several 

instances, however, it has seemed more natural to cover an item together 

with a related item in a section not identical with that of the Program Plan. 

For example, various aspects which might be covered under Fuel Recycle, 

Fuels and Materials or Core Design are all located in the Fuels and Materials 

Section. 
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3.0 PLANT DESIGN 

3.1 INTRODUCTION 

The entire 1000 Mwe Follow-On Study is .within the compass of the Plant 

Design section of the AEC LMFBR Program Plan. Most research and development 

l.tems, however, have been assigned to the specific elements of the Program 

Plan to which they are most closely relat"ed. 

Among the items required before commercial sale of the C-E reference 

design will be feasible is proof testing of the carbide fuel system. However, 

in addition, it is desirable that an entire demonstration plant based upon 

the vented "arbide fuel system be operating. 

·For demonstrating the C-E LMFBR plant concept, the demonstration plant 

should be of the loop-type with a cylindrical core using sodium-bonded, mixed 

carbide fuel in thin, vented stainless steel tubes. Such a plant would test 

1icensibility, extended reactor operation, and refueling concepts. It is 

assumed that a previous demonstration plant, or plants, will utilize oxide 

fuel and a loop or pool primary system, or both. If such is the case, it is 

assumed that this demonotration plant will utilize technological advances 

made after the designing of the first demonstration plant. 

3.2 DESCRIPTION OF CURRENT TECHNOLOGY 

In the U.S.A,, EBR-II and FERMI are liquid metal cooled fast breeder 
I 

reactors. Their operation has been at relatively low power with metal fuel 

and has been rather v-ariable in reliability. FERMI, especially, has had an 

unfortunate long-term shutdown. It is for this reason that the demonstrat.ion 

plants will be built to the most reliable standards and will utilize well

engineered and tested components. 

In Europe, Dounreay and the PFR being built in England will precede us. 

Similarly, Rapsodie and Phenix in France will provide prior information. 

Each of these is different in one or more major concept, but on the other 

hand will provide considerable information of value. 

11 



As mentioned earlier, it is assumed that the demonstration plant to 

test the C-E concept will not be the first demonstration plant, but will 

follow at least one oxide plant. Therefore, it can utilize technology 

developed later in addition t0 using test data on the carbide fuel. system 

which will be developed in f0rthcoming years. 

3.3 NEW INFORMATION NEEDED 

This item of study, the demonstration plant, provides the testing of 

the total synthesi~ed system concept. It sh0uld test all 0f the system 

design features of the referenee concept, including numerous features 0f the 

complete plant design which are in areas n0t studied under the Follow-on 

Study contract. It would also test the logic ef the design through the 

licensing process. That is, if the demonstration plant is properly designed 

in rela.tion to the large reactor plant, it will not skirt the safety issue 

but will face up to the safety problems similar te those which are present in 

a 1000 Mwe plant. A major result from the demonstration plant would be the 

experience gained by the react0r vendor, architect-engineer (A-E), Utilities 

and numerous subcontractors in designing, building and testing such a 

sodium-cooled fast breeder reactor and the components included therein. In 

addition, the demenstration plant will prove out the many aspects of the 

design which f"ann0t be tested in any other way. For example, the correctness 

of the t0tal core loading, the control element worth in the reactor, the 

reactivity change with core life, a.nd many other i terns will all be verified, 

ALl components will be tested in.the proper reactor environment rather than 

in simulated test conditions. By this meaus, the proper fnnr.tioning of such 

components will be demonstrated. 

3.4 PROGRAM DESCRIPTION 

The R&D program for the demonstration plant will not be presented in 

detail here since it is c<:msidered better to emphasize and spend time on 

those key items, such as the fuel and cladding system, which will lead up to 

the demonstration plant of the reference concept. The demonstration plant is 

12 



mentioned here, however, in order that this major item will be considered in 

long range planning. 

The costs for a demonstration plant should be those additional costs 

above the regularlY.. expected costs for routinely built light water reactors. 

Included in additional expenses will be first-of-a-kind engineering and 

fabrication, and pre- and postoperational testing beyond normal resulting 

from the identification of the plant as a demonstration plant. 

13 



4.0 FUELS AND MATERIALS 

4.1 INTRODUCTION 

The vented fuel rod selected as the basis for the reference design for 

this follow-on study contains sodium-bonded, hyperstoichiometric, mixed 

carbide fuel which is clad with stainless steel. The bases for selecting 

this fuel concept center upon its high potential for meeting the major fuel 

goals of the LMFBR Program which are the production of economical nuclear 

power with a fuel cycle capable of high fissile atom utilization. Thus, 

low doubJing times and concomitant high burnups are necessary to meet these 

objectives. 

It is no'j:. the objective of this section of the :report to compare all 

candidate fuels and establish the basis for the selection which has been 

made for this study. A comparison of doubling times and fuel cycle costs 

for helium-bonded mixed oxide, helium-bonded mixed carbide and sodium-bonded 
( 1) 

mixed carbide has been presented elsewhere and this evaluation forms the 

basis for selection of the vented, sodium-bonded, hyperstoichiometric mixed 

carbide fuel for this design study. Although an evaluation of mixed nitride 

fuels was not performed, its major characteristics are sufficiently analogous 

to those of the mixed carbide to permit general inferences to be drawn con

cerning its potential value as an LMFBR fuel. 

In the 1000 Mwe follow-on studies, the attainment of average burnups 

of 100;000 Mwd/MTM is presented as one of the objectives. This burnup forms 

the basis for estimates of fuel cycle costs and d01.1bling times. There is 

little doubt that all of the fuels being considered for LMFBR application will 

be capable of attaining average burnups of 100,000 Mwd/MTM. However, 

the capability of fuel rods to attain this burnup level is dependent upon a 

number of factors, the most important of which is the ability of the cladding 

to accommodate the strains imposed by swelling of the fuel, fission gas 

release, 6T across the cladding thickness and structural accommodation to the 

fuel bundling scheme. It seems that the major limitation with respect to fuel 

r·od performance will be provided by the properties of the cladding after 

irradiation to fast fluences in excess of 10
23 nvt. In this respect, continued 
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and vigorous Commission programs are aimed at identifying the characteristics 

of stainless steel cladding exposed to. fluences in excess of 1023 nvt as well 

as aimed at possible solutions to the clad swelling and ductility problems. 

The cladding properties will control the achiev-able burnup for a given 

fuel rod concept. Therefore, a fuel rod concept which minimizes cladding 

strain offers the best potential for achieving the target burnups indicated 

above. In this respect, the stainless steel clad, vented, sodium-bonded, 

hyperstoichiometric mixed carbide fuel offers considerable potential for 

fulfilling LMFBR targets. Evaluations pertaining to doubling times have 

been included in other sections of this report. A few of the parameters 

controlling high burnup potential are discussed below. 

1) Fission Gas Release - Although fission gas release at burnups 
below about 30,000 Mwd/MTM are quite low, there is good evidence 
indicating substantially higher release rates at burnups approach
ing and exceeding 50,000 Mwd/MTM. The use of a vented fuel rod 
concept eliminates internal fission gas pressure as a factor with 
respect to cladding strain. Furthermore, the use of a vented fuel 
rod concept eliminates the driving force necessary to force sodium 
from the fuel-cladding interface in the event a fuel cladding 
defect is present. Thus, the design, development and statistical 
testing of a reliable vent is a vital factor in development of 
this reference design fuel rod. 

2) Fuel Swelling - Cladding strains resulting from fuel• swelling can 
be eliminated through proper design of a fuel rod in which the 
sodium bond annulus between the fuel and cladding is sized 
adequately to accommodate maximum fuel swelling rates. Although 
the concept of void deployment within the fuel may permit a 
reduction of what might otherwise be considered as a "hard" 
fuel-cladding contact strain, such a concept requires use of lower 
density carbide and inflicts a penalty of inducing a cladding 
strain of a magnitude required to cause flow of the fuel into its 
voids during swelling. Therefore, the concept requiring swelling 
accommodation through void deployment is less desirable, even if 
the concept can be demonstrated as feasible, since the cladding 
strain, a limiting parameter, will be substantially greater than 
that encountered in a sodium-bonded rod which is adequately 
designed. Nevertheless, irradiation test programs currently 
underway to evaluate and develop gas-bonded carbide with Commission 
support should be continued on the following bases: 

a) Important additional information on fission gas release 
from these mixed carbides will be obtained. Although 
this information may seem to be, at first glance, of 
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only academic interest to a vented fuel rod design, such 
information will provide important inputs to the follow
ing considerations: 

l) The quantity of gas which must be accommodated 
by venting as a function of linear heat rating 
and burnup; 

2) An assessment of the consequences of vent plug
ging. The resuJ.t.ing claddine; strain, burnup 
limits, and safety related factors for a 
plugged-vent fuel rod can be more accurately 
evaluated. 

b) Determination of whether void deployment is a viable 
concept for mixed carbide. These evaluations will permit 
an assessment of fuel swelling accommodation in voids and 
a determination of failure lifetimes for rods with differ
ent void deployment capability. This information will 
be important input to the sodium-bonded concept in that 
it will permit a better assessment of risks encountered 
as a result of possible improper total assessment of 
free swelling rates. If void deployment is possible, the 
margin to rod failure, even in a high density rod 
(>95% TD) will be substantially greater than that antici
pated if void deployment is not demonstrated as a means 
for swelling accommodation. 

c) Substantial additional information on swelling of mixed 
carbide .fuels will be obtained. Although "free swelling" 
rates are needed for the sodium-bonded concept, the 
swelling data generated in the UNC program will be quite 
useful in establishing parameters and designs for irradia
tion testing of the sodium-bonded concept. 

d) Additional information on cladding failure strains can be 
obtained. Although the fast flux in EBR-II is substantially 
below that anticipated in LMFBR systems, important addition
al information on cladding failure strains and fuel 
swelling accommodation strains can be obtained. However, 
these must be properly assessed since the fuel burnup
cladding strain capability will not be demonstrated by 
these irradiations. There is a tendency to presume that 
a burnup capability for a fuel rod in EBR-II provides 
demonstration of LMFBR performance to an equivalent burnup. 
This is not completely true since the cladding ductility 
in EBR-II is substantially greater than the cladding 
ductility attained in an irradiation in an LMFBR to an 
equivalent fuel burnup. Therefore, the ab:i.l ity of the 
cladding to strain without failure at a cladding fluence is 
all that can be presumed from EBR-II irradiations. This 
information is important in assessing cladding strain limits. 
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e) Finally, the information on helium-bonded, carbide fuel 
rods will ~e important in assessing the performance 
capability of possible "fall-back" fuel rod concept in the. 
unlikely event that formidable problems are encountered 
in the use of a sodium-bonded concept. 

We recommend continuation and expansion of the current limited UNC effort 

on sodium-bonded mixed carbide fuels. Although the target linear heat ratings 

and burnups are low (about 25 kw/ft and 50,000 Mwd/MTM), information gained 

from this program will be important in providing data points for free swelling 

of mixed carbides. In addition, performance of the'sodium bond can be 

assessed with respect to fission gas entrapment. Data from this limited effort 

will provide a baseline for required high performance irradiations of the 

sodium-bonded concept indicated as part of the required development effort 

outlined below. 

In addition, the Los Alamos program on the development and testing of 

single-phase mixed carbide should continue to receive AEC support. As part 

of this program, seven sodium-bonded capsules will be irradiated in EBR-II at 

peak linear heat ratings of about 30 kw/ft and a peak burnup of about 60,000 

Mwd/MTM. This program will provide additional data on free-swelling of mixed 

carbide as well as performance of the sodium bond. In addition, the potential 

for fab:r·.icating single-phase material will be assessed. 

A helium-bonded, stainless steel clad, mixed oxide fuel rod will undoubted

ly be selected for the first LMFBR demonstration plant on the basis of the 

considerable amount of AEC research, development and testing of this system 

which will have been performed in support of the FFTF effort. The second or 

third demonstration plants should contain mixed carbide. The choice of mixed 

oxide for the first plant is based upon the concerted FFTF effort. We must 

concur with the premise that the mixed carbide fuel will not be ready for 

commitment until the second or third demonstration plant because the Commission 

will require that there are sufficient performance data available to indicate 

that a properly designed fuel rod will be capable of achieving the target 

performance levels conducive to low doubling times, high burnups and low fuel 

cycle costs. A partial assessment of the fuel rod concept used in this study 

was provided earlier in this section and indicated that the one major limitation 

to successful fuel rod performance was reduced to a minimum through incorporation 
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of the concept used as a design basis; namely, minimizing cladding strain. One 

of the other possible deterrents to achieving highly successful high performance 

from these fuels is the possibility of additional cladding embrittlement through 

the transfer of carbon from the fuel to the cladding via the sodium bond. In 

CEND-200 (January 1964), the possible problem of carbon transport in sodium

bonded hyperstoichiometric mixed c·arl>ide systems was identified. One of the 

solutions proposed at that time was the simple heat treatment of the original 

monocarbide-dicarbide phases to.produce the monocarbide-sesquicarbide phases. 

It was suggested that a discontinuous sesquicarbide phase would not transport 

carbon through the sod.i um bond to the cladding. Recent British, French and 

UNC ex-reactor results have verified this conjecture for hyperstoichiometric 

mixed carbide fuel containing the sesquicarbide as the nonstoichiometric 

carbide phase. Therefore, the probability that carbon transport from the fuel 

to the cladding wiil limit performance of the sodium-bonded concept has been 

substantially reduced. In-reactor verification will be necessary. Evaluation 

of the limited number of UNC sodium-bonded fuel rods being irradiated will 

provide important information with respect to carbon transport. Additional 

irradiation data will be required. 

Another uncertainty which must be resolved is associated with the perform

ance of the sodium bond under conditions in which fission gas bubbles could 

accumulate in the bond and reduce the effectiveness of heat transfer from the 

fuel to the cladding. Although this condition may exist, it has not been 

observed to date in any operating fuel rod which has been sodium-bonded. It is 

likely that in-reactor vibrations would move gas bubbles, if any would form, 

through the sodium to the vent. Nevertheless, this area needs further investi

gation to establish, on a statistical basis, whether this potential problem 

needs further consideration. In-reactor testing will be required. Again, the 

limited in-reactor tests on sodium-bonded mixed carbides now being performed 

by United Nuclear and Los Alamos will provide some initial information. However, 

in-reactor testing of sodium-bonded carbide fuel rods at peak linear heat ratings 

approaching 45 kw/ft and for burnups in excess of 50,000 Mwd/MTM (the burnup 

above which fission gas release in these carbides increases by about one order 

of magnitude) will be required before the concern over degradation of the sodium 

heat transfer bond by fission gas bubbles is finally resolved. 
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A fuel rod system which is to be developed with Commission support must 

have considerable potential for achieving the long range objectives of the 

LMFBR program. We believe that the mixed carbide fuel in a properly designed 

fuel rod will be capable of achieving burnups in excess of 100,000 Mwd/MTM at 

peak linear heat ratings approaching 45 kw/ft. The design which will achieve 

these conditions must provide adequate diametral clearance to accommodate 

sweLling, without; fuel cladding mechanical j_nteraction, and must be capable of 

accommodating the high fission gas releas.e ... r:ates associated with these high 

burnups. Therefore, a. fuel rod with sufficient swelling accommodation to 

prevent fuel c.ladding mechanical interaction and a vent mechanism to prevent 

fission gas buildup is required. lt'.i"s. our belief that the rod design concept 

used as a basis for this study meets the above requirements and that this 

design can be committed, after additional irradiation testing, to statistical 

performance demonstrations in early LMFBR demonstration plants. Although 

at least one of these plants will be fuelP.d with mixed. oxide, at least one of 

the two remaining plants should be designed to accommodate the full potential 

of the mixed carbide system. Therefore, all components should be sized on the 

basis of a fuel core loading operating at conditions which are associated with 

peak linear heat ratings of up to ~5 kw/ft. These demonstration plants will 

play a role in fuel development since they will provide a basis for full scale 

demonstration of performance of fuel rod and assembly performance. However, 

before the Commission will commit a fuel system for use in a demonstration 

. plant, adequate performance capability must have been demonstrated via 

irradiation test programs. 

In addition to the performance demonstration of the reference fuel rods 

via irradiation testing, the development program must be capable of demonstrat

ing fabrication feasibility with respect to the production of a well character

ized fuel. This program must also be capable of demonstrating a fuel cycle cost 

fabrication component consisten,t with total fuel cycle costs in the neighbor

hood of 0.4 mill per kwh. 

The anticipated high :performance capability and low power generating costs 

·which are believed to be achievable for the stainless steel clad, sodium-bonded, 

hyperstoichiometric mixed carbide justify an intensive development program to 
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facilitate the inclusion of this fuel rod concept in a demonstration plant at 

an early date. 

In considering the objectives for a res~rch and development program, it 

is not possible, within the framework of a reasonable allocation of funds, to 

proceed with all promising concepts at the same level of effort. Therefore, 

the philosophy with which the outline of this program was approached centered 

upon maximum use of existing information and use of technology forming the 

bases of current irradiation efforts. For example, the approach which is 

utilized in the fuel fabrication area is one which concentrates on the UNC 

process of carbothermic reduction of coprecipitated mixed oxide followed by 

pressing and sintering with a 0.1 w/o Ni sintering aid. It is entirely possi

ble that alternate fabrication schemes will lead to lower fabrication costs. 

Nevertheless, the fuel cycle costs associated with this method are those indi

cated earlier in this report and are in the range leading to a fuel cycle cost 

of about 0.4 mill/kwh. Undoubtedly, at a later time, other processing methods 

may be evaluated for cost reduction. However, the program outlined below is 

aimed at a concentrated effort in those areas requiring such effort. Very 

little planning for interesting sidelights or alternate approaches has been 

included. 

4.2 GENERAL DEVELOPMENT PLAN 

The general plan for the development effort is summarized below: 

l) We believe that mixed carbide fuel in a properly designed fuel 
element will achieve average burnups in excess of 100,000 Mwd/MTM 
at peak linear heat ratings approaching 45 kw/ft. 

2) A production process for mixed carbide fuel must be developed and 
this contribution to fuel cycle costs must be established. 

3) A fuel element with sufficient swelling accommodation to prevent 
fuel-cladding interaction and a vent mechanism to prevent fission 
gas pressure buildup are required. 

4) Two of the major safety problems which must be considered are: 

a) The consequences of clad<'ling rupture; 

b) The consequences of fuel melting. 
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Cladding rupture, in a properly designed fuel rod, would result if 
the vent become clogged or if estimates of swelling rates were 
erroneous. One model which has been proposed as a means for· 
inducing fuel melting is the loss of the sodium bond resulting 
from leakage through a hole in the cladding. Two conditions must ex::ist 
simultaneously to account for this possibility. First, there must 
be a hole in the cladding. Second, the vent in this rod must cease 
to perform properly, resulting in internal fission gas pressures 
which can then act to force the sodium from the rod through the 
hole in the cladding. The probability of occurrence of both 
conditions in the same rod is very low. 

5) A program for failure mode analysis is already being initiated by 
the AEC at ANL. Experimental work in reactors is also being 
included for verification of proposed models. This program, 
together with the programs outlined in the Safety section of this 
report, will provide the necessary safety data. 

6) The fuel rod design used as the basis for this study is aimed at 
avoiding any of the possible failure modes discussed above. 

7) At least one of the LMFBR demonstration plants should be designed 
on the basis of the mixed carbide system. Therefore, all components 
should be sized on the basis of a full core loading operating at 
conditions which are associated with peak linear heat ratings of 
up to 45 kw/ft. 

8) The fuel element design for the demonstration plant should be the 
design which is capable of attaining 100,000 Mwd/MTM burnup at a 
linear heat rating of up to l~ 5 kw /ft. However, the fuel cycle 
economics should be based upon 30 kw/ft at 50,000 Mwd/MTM average 
burnup. 

9) Performance of the fuel element described in item R at 50,000 
Mwd/MTM average burnup and .at 30 kw/ft will provide fuel cycle 
costs (about 0.75 mill/kwh) which are lower than those in 
current PWR systems. 

10) In the demonstration plant, the early aim for fuel performance is 
to demonstrate that the fuel element designed for 100,000 Mwd/MTM 
average burnup and a peaklinear heat rating of up to 45 kw/ft is 
capable of achieving at least 50,000 Mwd/MTM average burnup at 
30 kw/ft, par5meters which form the bases for the fuel cycle 
economics for the demonstration plant. Burnups beyond 50,000 
Mwd/MTM .should be demonstrated and the core should remain in service 
until an average burnup of 100,000 Mwd/MTM is achieved or until some 
predetermined level of fuel failure incidence occurs. 
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4.3 PROGRAM DEFINITION - NEW INFORMATION NEEDED 

The development plan is based upon completion of the following prior to 

the commitment of _this mixed carbide fu'el in an LMFBR plant. 

4.3.1 Development of Fuel Fabrication .Processes 

It must be demonstrated that fuel fabrication processes are developed 

sufficiently to provide a well rharacterized fuel with predetermined properties 

at costs consistent·with those associated with an ultimate fuel cycle cost of 

about 0 . 4 mill per. kwh. 

4.3.2 Design and Testing of-a Vent Concept 

At the time of commitment, a reliable vent concept needs to be "in hand". 

This will require a major emphasis early in the program. It is our belief that 

a reliable vent concept can be· developed and that a sufficient number of ex

reactor performance tests can be completed to pre:>vide the high performance 

reliability necessary. Some _confirmatory in-reactor testing will· be necessary. 

4.3.3 Demonstration of the Behavior of Gas Bubbles in the Sodium Bond 

Although problems with respect to impaire~ heat transfer as a result of 

fission gas bubble accumulation in the sodium bond have not been observed to 

date in fuel rods which have been irradiated, work needs to be performed in 

this area to demonstrate acceptable sodium-bond performance under conditions 

of high linear heat ratings and high burnups. The latter condition is 

necessary to insure that the concept has been tested under fission gas release 

conditions which are representative of high burnup fuel. Furthermore, tests 

are needed to determine whether momentary power excursions can result in 

fission gas bursts which may induce conditions which are not representative of 

steady state operation. Some of the irradiation tests already underway by UNC, 

Westinghouse, and Los Alamos will provide initial Rssessment of the probability 

of fission gas bubble problems in the sodium bond. Although some ex-reactor 
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evaluations will be performed, these may be of questionable value. Final 

proof testing is needed under in-reactor conditions. 

4.3.4 Carbon Transport through the Sodium Bond 

UNC, the French and the British ex-reactor tests have indicated that 
. ' 

carbon transport is not· a problem in sodium-bonded mixed carbide when the 

phases are monocarbide and sesquicarbide. Westinghouse is pursuing an 

interesting scheme with. respect to chromium c.arbide additions to hypo

stoichiometric mixed carbide to reduce carbon transport. The effort at 

Los Alamos with respect to development of single-phase mixed monocarbide 

should also provide a solution to this problem. On the bases of ex-reactor 

tests, it appears likely that carbon transport from the mixed carb1de* to the 

cladding need no longer be of major concern. Certainly, in-reactor verification 

will be necessary. Initial verification will be obtained from the following 

programs: 

a) UNC irradiation of sodium-bonded hyperstoichiometric mixed carbide 
Gontaining the mono-plus sesquicarbide phases; 

b) Westinghouse irradiation of sodium-bonded hypostoichiometric mixed 
carbide with chromium car:tide additions; 

c) Los Alamos irradiation of sodium-bonded mixed monocarbide. 

We do not believe that all three approaches need to be pursued in the 

R&D effort, outlined below, at the same leyel of importance. We believe that 

structure control (monocarbide plus sesquicarbide) provides the simplest and 

most economical method for elimination of the carbon transport problem. The 

other two approaches might constitute good backup efforts in the event unfore

seen surprises a~e encountered. Therefore, major programmatic effort will be 

centered upon irradiation testing of sodium-bonded fuel containing the mono

carbide and sesquicarbide structures. Within this framework, the maximum 

concentration of sesquicarbide will be equivalent to that generated by consider

ing the maximum carbon content in the fuel believed probable on the basis of 

high production yields and low fabrication costs. 

* Containing monocarbide and sesquicarbide; structures formed on sintering 
with a 0.1 w/o Ni sintering aid. 
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4.3.5 Swelling and Fission Gas Release 

Programs now underway by UNC, Westinghouse and Los Alamos should provide 

some initial information on free swelling of mixed carbide. However, consider

ably more information than is currently available is required to establish 

reliable free swelling values for this fuel so that designs r.an be evolved 

which provide zero fuel cladding mechanical interaction and a resultant zero 

cladding strain from this component. Additional free swelling data will be 

obtained as a result of irradiations described in the program below. The 

probable approach for the demonstration plant design will be the use of the 

most conservative swelling rates which have been generated. Fission gas 

release data will be a less critical requirement in view of the vent concept 

being employed. 

4.:).6 Efficacy of Bundling Method 

Testing of fuel assembly bundling schemes can be performed in ex-reactor 

loops and these programs can provide important information concerning pressure 

drop, flow distribution, and bundle component integrity. Although in-reactor 

testing of full size fuel bundles may be desirable, it is not essential prior 

to commitment of these fuel assemblies in a demonstration plant. Ex-reactor 

testing programs are described in another section of this report and will not 

be included in the program descriptions provided below. 

4.3.7 Irradiation Testing 

Extensive irradiation testing of stainless steel clad rods containing 

sodium-bonded hyper-stoichiometric fuels will be required to: 

a) Demonstrate fuel rod performance capability at peak burnups in 
excess of 100,000 Mwd/MTM and with linear heat ratings up to 45 kw/ft; 

b) Demonstrate· efficacy of the fission gas vent; 

c) Obtain free swelling rates as a function of burnup; 

d) Demonst.rat.f?. adequacy of the sodi urn heat trans fer bond; 

e) Verify that ex-reactor solutions to the carbon transport problem 
are applicable to in-reactor cases at high burnup. 
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Major irradiation programs will have to be performed in EBR-II with ful1 

realization that the fast fluence for the cladding at a given fuel burnup will 

be substantially below that anticipated in an LMFBR system. However, with a 

design concept centered upon zero fuel cladding mechanical interaction, the 

consequences of these differences will be minimized. Nevertheless, the fact 

that there will be differences cannot be ignored; extrapolations wn l be 

necessary, especially with respect to clad swelling. These EBR-II irradiations 

probably will be performed in oapsules initially. However, we anticipate that 

the capsule requirement will be removed, as it has been for mixed oxide, after 

additional experience has been gained through successful irradiation of the 

mixed carbide. 

Concurrent irradiations will be performed in therm~l reactors and will be 

aimed at demonstrating, to the extent that this is possible, the following:* 

a) Solution to the carbon transport problem; 

b) Ab~lity of the vent to function under irradiation conditions; 

c) Performance of the sodium bond. 

4.3.8 Cladding 

Stainless steel cladding will be utilized throughout the development 

program and will be the cladding utilized for fuel for the LMFBR demonstration 

plant. Stainless steel cladding is being extensively irradiated as part of t.he 

FFTF program, in support of mixed oxide LMFBR systems, and as part of base 

line cladding irradiation efforts. Stainless steel incorporating the ORNL 

modifications are also being extensively irradiated. We believe that fuel rod 

performance will be limited in fuel rod designs which incorporate fuel cladding 

mechanical interactions as a result of drastic reductions in rupture life and 

reductions in elongation to very low values at fracture, particularly under 

biaxial conditions. The embrittlement is attributed to vacancy clusters or 

microvoids, helium formation by (n,a) reactions with Fe, Cr, Ni and N alloying 

* In addition, information on free swelling and fission gas release rates will 
be obtained. However, fast flux irradiations will be required to provide 
design values, 
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elements in the cladding material and (n,a) reaction with boron as an impurity. 

Examination of an EBR-II control rod thimble exposed to a maximum fast neutron 

fluence of 4.8 x 10
22 

n/cm
2 

and temperatures of 400 to 450°C showed a decrease 

in uniform elongation to 2 percent at a test temperature of 450°C. Extrapola

tion of limited available swelling data suggests a possible volume increase on 

th d f 10 t f Of 1023 n/cm
2

. Th f 11 ff t' f e or er o percen or exposures e u e ec lveness o 

this large amount of clad swelling on fuel rod performance has not yet been 

assessed. Current information indicates that,a cladding strain limit of under 

1 percent is likely to be imposed for fluences on the order of 1023 nvt. 

Considerable effort is now being expended as part of AEC programs in the 

area of LMFBR cladding development, characterization and testing. Furthermore, 

extensive oxide irradiations will provide much needed information with respect 

to sodium corrosion and corrosion allowances as well as cladding strain limits. 

On these bases, the development program which is summarized below does not 

include an effort specifically addressed to cladding. It is our intent to 

follow in great detail all the Commission programs and to select that stainless 

steel cladding. alloy which offers the highest probability of success, on the 

bases of irradiations already performed, and which is commercially available. 

With the exception of postirradiation evaluation of cladding properties for 

irradiated fuel rods, no specific cladding development effort is identified in 

the development program. 

The vanadium-base alloys offer some possible relief from low ductility 

and excessive swelling at LMFBR temperatures and fluences. However, the 

development and testing of these alloys, especially under oxygen conditions 

which can be economically controlled in large LMFBR systems, has not yet 

produced a firm contender. Nevertheless, this important effort is and should 

be continued by the Commission. Successful <.:U!!lpletion of such a program is not 

necessary for the commitment of mixed carbide in a demonstration plant. There

fore, work on vanadium-base alloys has not been included in this development 

effort. The Commission programs will be followed and, at the appropriate time, 

vanadium-base alloys may be incorporated in the program if problems are 

encountered wlth stainless steel cladding. 
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4.4 

4.4.1 

4.4.1.1 

1) 

2) 

3) 

4) 

4.4.1.2 

PROGRAM DESCRIPTION 

Subtask I: Development of Fuel Fabrication Processes 

Objectives 

To develop a method for the economical production of mixed carbide 
pellets. 

To characterize the product· at various stages of processing. 

To investigate alternate approaches which may result in cost 
reductions or which may be required as a result of performance 
requirements. 

To establish specifications for mixed carbide and uranium carbide 
pellets an<i intermediate products. 

Discussion 

The major effort on this subtask is directed toward the development of a 

commercial process for the fabrication of hyperstoichiometric mixed-carbide fuel 

for the core of LMFBR plants. Additional effort will be directed toward the 

fabrication development of uranium.carbide blanket fuel. 

At this time, in this country, it is not possible to purchase either 

production or experimental quantities of uranium carbide pellets without paying 

for new setup charges and plant startup costs. Therefore, this commodity must 

be now classified in the "commercially unavailable" category. There is consider

able research and development effort on the fabrication development of I!lixed 

carbide on a laboratory scale. For the most part, the approach which is being 

utilized to fabricate mixed carbide is associated with the particular scheme 

being considered for solving the carbon transport problem in a sodium-bonded rod. 

Although this was not the intial impetus for the UNC approach to pellet fabrica

tion, the 0.1 w"/u Ni addition provides a sintered product which contains the 

desired monocarbide plus sesquicarbide phases. 

Process evaluation will initiate with reprocessing plant output and will 

consider the impact on processing equipment and procedures introduced by 

realistic variations in plutonium isotope ratios and time between reprocessing 

fuel fabrication. 
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This program should be directed toward the development of a large scale 

cormnercial production process for the fabrication of hyperstiochiometric 

mixed carbide fuels. Because the carbothermic reduction process is in a more 

advanced stage of technological development and appears to be economically 

attractive, primary program emphasis should be placed on this process. 

However, the continued development of the fluidized bed technique at ANL should 

be encouraged because it has substantial potential for development into an 

economically_attractive continuous commercial process. This process was not 

selected for primary emphasis in this program because it is net sufficiently 

advanced in development to merit consideration at this time. Among the 

various techniques developed for mixed carbide powder fabricatien~ the process 

developed on a laboratory scale at UNC(
2

) for the production of hyperstoichio

metric mixed carbide fuel by the carbothermic reduction of mechanically mixed 

oxide appears most attractive for immediate development into a large scale 

process because of its more advanced state of technological development. This 

process involves the addition of 0.1 w/o nickel( 2 •3 ) to the powder prior to 

pelletizing as a means of improving powder sinterability and stabilizing the 

sesquicarbide phase. Using this process, high density (98 percent TD) pellets 

have been obtained at sintering temperature below 1,600°C. Because of the low 

sintering temperature required, plutonium losses from the compacts due to 

volatilization are minimized. Extensive ex-reactor testing( 2 ) has indicated 

that plutonium content can be routinely controlled to 0.13 w/o Hhile t.he 

carbon content can be controlled to better t!Jan 0.05 w/o. These composition 

controls are based upon laboratory efforts and will undoubtedly be .subject to 

some change as a result of scale-up of ·the' fabrication operations. On this 

basis, we have set targets of ±0.1 w/o for control of carbon content. Therefore, 

to be assured that free metal will not occur, it is likely that the lower limit 

for the effective* ~arbon content will have to be set at about 4.85 w/o. Thus, 

target compositions of 4.95 ± 0.1 w/o effective carbon may be attained. 

Nevertheless, initial programmatic effort on carbon transport should center on 

the maximum conceivable carbon content** which could be set now at about 5.2 vr/o. 

* Oxygen plus nitrogen plus carbon. 

** We may have guessed wrong with respect to the practical carbon control in 
a commercial process with high yields. 
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4.4.1.3 Program 

Current carbide fuel fabrication technology based on the carbothermic 

reduction of mechanically blended mixed oxides should be scaled up to facilitate 

the production of commercial size batches (about 100 kg per day). Pellets close 

to theoretical density will be prepared using nickel as.,a sintering aid. Fuel 

process development will include the following areas of' ef'fort in an attempt to 

optimize the production process which will result in the fabrication of high 

performance carbide fuel. 

4.4.1.3.1 

a) 

b) 

4.4.1.3.2 

Preparation of Fuel Powder Feed Material 

The mechanically blended mixed oxide starting materials will be 
characterized for physical and chemical properties. Characterization 
will include particle size determination, impurity analysis, surface 
area analysis, bulk density, tap density, chemical analysis and 
plutonium homogeneity. 

Coprecipitated mixed oxide star~ing materials will also be character
ized in order to determine whether improved plutonium homogeneity 
and lower impurity content are achievable so that physics assessment 
can be performed. 

Oxide to Carbide Conversion 

Techniques will be devised to facilitate the conversion of large batches 

(10 to 25 kg) of oxide materials to carbide. Large capacity furnaces will be 

designed and built which are capable of operating at temperatures approaching 

2,000°C under inert atmosphere or vacuum conditions. 

4.4.1.3.3 Carbide Fuel Powder Preparation Characterization 

The conversion of the mixed carbide reaction product into a finely 

divided sinterable powder will present major processing problems because of the 

excessive reactivity of the powder toward atmospheric impurities. Therefore, 

special attention will have to be directed toward the identification, analysis 

and control of substitutional impurity elements such as oxygen and nitrogen. 

The characterization scheme which was described earlier will also be used for 

the characterization of the carbide fuel powder. The analysis of the fuel will 

be complicated by a differentiation between the actual carbon content (%C) and 

the "equivalent" carbon content (%[C + 12/16 0 + 12/14 N]). 
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4.4.1.3.4 Pellet Fabrication 

The commerical pelletizing process for large quantities of material must 

be developed. Such variables as ram pressure versus green density, binder 

and/or sintering aid additions, etc., must be identified and assessed so that 

product quality can be controlled. 

4.4.1.3.5 Sintering Process Development 

Production of pellets of high density (about 98 percent TD) will be the 

aim of the sintering process. The effect of initial green density on final 

pellet density will be investigated. The role of binders and sintering aids on 

pellet densif'ication and phase stabilization will also be investigated. Prime 

emphasis will be placed on the Ni' sintering aid since it provides aiso the 

desired monocarbide plus sesquicarbide structure. Processing variables such 

as temperature, atmospheric composition and time will have to be defined. 

4.4.1.3.6 'Pellet Characterization 

The following analyses will be run on a statistically significant number 

of pellets from each batch. This statistically significant number will be 

defined as required. 

a) Chemical analysis for actinide elements; 

b) Carbon analysis; 

c) Total metallic impurities; 

d) Oxygen and nitrogen analysis; 

e) Open and closed porosity; 

f) C/M and (C + 0 + N) M ratios; 

g) Autoradiography for plutonium homogeneity; 

h) X-ray diffraction for solid solution formation; 

i) Metallography for microstructure. 
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1+.4.1.3.7 Process Contr0l 

The foll0wing effects will be investigated as required for overalJ. process 

control: 

a) ·The effect of various metallic impurities; 

b) The effect of various nonmetallic impurities (e.g., 0 0 , N~ and.H2); 
'-- c.. 

c) Selecti0n of techniques for ge0metry and density control; 

d) Selection of methods for stoichiometry control; 

e) Methods of impurity control. 

4.4.1.3.8 Thermal Property Evaluation 

Ex-reactor thermal.tests will be performed 0n the mixed carbide pellets 

merely to confirm already available data. These tests are not intended to be 

extensive. These will include: 

a) Thermal conductivity determination; 

b) Melting point analysis. 

4.4.1.3.9 Physical Property Evaluation 

Ex-reactor mechanical properties such as compres~ive creep will be 

determined to establish the slumping characteristics of the fuel column which 

may occur in-reactor. In addition, tests must be run to determine the compat

ibility of the fuel with cladding materials and bonding material (i.e., liquid 

sodium). 

4.4.1.3.10 Irradiation Testing 

To be discussed in a later subtask. 

4,4.1.3.11 Additional Efforts 

Major programmatic emphasis above has been placed upon the development of 

the fuel which provides a solution to the carbon transport problem. In the 

unlikely event that surprises are encountered during in-reactor testing, 

31 



emphasis will be placed upon other processing routes. The most likely second 

contender is the hydrogen reduction process to provide stoichiometric material. 

Considerable effort will also be expended in providing a stoichiometry

yield-processing cost relationship which will be helpful in seeping additional 

fabrication development effort. 

Effort will also be expended on the development of large scale fabrication 

of uranium carbide for both the axial and radial blankets. 

Fluidized bed products will be characterized and pellets made from powder 

prepared by this process will be evaluated after feasibility of the ANL process 

has been demonstrated. 

4.4.2 

l) 

2) 

3) 

Subtask II: Fuel Element Vent Development 

Obiectives 

To develop a vent machanism which will eliminate fission gas pressure 
buildup within the rod as a result of release of fission gases after 
adequate holdup times to permit effluent activity to be no greater 
than that of Na-22. 

To demonstrate via statistical testing programs that the vent concept 
is highly reliable. 

To develop specifications and fabrication procedures for successful 
vent concepts. 

4.4.2.2 Discussion 

The vent mechanism must be capable of: 

l) Elimination of fission gas pressure buildup and resultant elimination 
of this contribution to cladding stress; 

2) Prevention of sodium-bond expulsion and subsequent gas blanketing of 
the fuel in the event of a cladding rupture ar 4~ point below the 
bottom of the fuel column. Out-of-pile tests have incorporated 
porous ceramic plugs containing dispersions of silver and silver 
halides at the top of the fuel elements. The fission product halides 
(iodine a.no bromine) combined with the silver and 1-rere retained in 
the ceramic plug. The fission produced alkali elements (cesium and 
rubidium) reacted with the silver iqdide to form alkali iodide and 
silver. Such a plug concept will eliminate the possibility of 
plugging of the vent mechanism or release to the sodium coolant by 
deposition of the fission products. 
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Although the fulfillment of all of the economic and fuel conservation 

advantagP.s offered by the mixed carbides is not totally dependent upon the 

successful development of a vent concept, the demonstration of a successful 

concept will permit designs and costs consistent with those used in this study. 

The alternative, of course, is to utilize a fission gas plenum which we con

sider as undesirable and unrequired since we are convinced tha.t a highly reliable 

and functional vent mechanism can be developed and demonstrated if adequate 

attention is addressed to this area. Therefore, we believe that an adequate 

verit mechanism can be demonstrated at the time that a commitment is made for an 

LMFBR demonstration plant which is fueled with mixed carbide. 

4.4.2.3 Program 

The development program should be initiated with a vigorous design and 

ex-reactor testing effort to establish a viable vent design. 'l'his effort should 

address itself to the development of.appropriate vent designs meeting the 

following performance requirements: 

l) Release of fission gases with reduced activity into the coolant 
f'olj_owing a controlled in-vent holdup time; 

2) Prevention of volatile fission products (Cs and I) from sealing 
the gas outflow system; 

3) Accommodation of sudden large gas releases from the fuel during 
transient conditions without straining the cladding; 

4) Provision for reliable vent de~ign with effective in-reactor oper
ating 1i fe of 25 , 000 hours. 

An initial concept of a vent mechanism worthy of further development 

consists of two components in series; a porous plug for the entrapment of volatile 

alkali and halide fission products (primarily Cs and I), and a capillary or diving 

bell component for controlled time retention of fission gases prior to release 

into the sodium coolant. 

The porous plug evaluation will consist of the determination of the effi

ciency of volatile product trapping, its chemical and physical stability under 

isothermal and thermal cycling conditions and compatibility with the cladding, 

fuel and sodium. 
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The capillary and diving bell components will.be evaluated under isothermal 

and thermal gradient conditions. Emphasis will. be made on establishing an 

adequate size for these components to retain fission gases for adequate time 

prior to release and for provisions to accommodate large volumes of fissibn 

gases released during transient conditions. The capability of these devices to 

perform without plugging of the vent system will be establishe.d. Additional 

ex-reactor tests will be performed in sodium lo0ps in which the sodium inventory 

will be adjusted t6 provide oxygen and other impurity ;evels consistent with the 

maximum.expected in a large operating IJzyBR system. 

All of the above effort will be on the bases of ex-reactor tests with 

fission gas release systems incorporating release rates and forms typical of 

those expected uzider in-reactor conditions. A statistically significant number 

of vent mechanisms will be tested under simulated in-reactor steady state and 

anticipate~ transient conditions. 

It is important that a viable vent·design be developed very early in the 

pr0gram. A design which will work is needed for inclusion in early irradiation 

efforts. It is imperative that a "reference design" be evolved early so that 

the irradiation testing of fuel rods cari be used also t0 demonstrate the funct~on 

of the "reference" vent. 

Early testing will be performed in loops already in existence at the 

Liquid Metal Engineering Center. Later testing will be performed in loops which 

are especially constructed for the carbide fuel element engineering effort. 

Irradiation testing of these vent concepts "is described in a later subta.sk. 

4.4.3 

4.4.3.1 

l) 

2) 

3) 

Subtask III: . Sodium Bond Development and T.est ing 

Objectives· 

To develop a method .for economically producing a sodium bond between 
mixed carbide fuel and the stainless steel cladding. 

To develop nondestructive testing meth0ds- for determining the 
efficacy of the bond. 

To demonstrate that the heat transfer capability. of the bond will 
be retained under anticipated steady state and transient operating 
conditions. 
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4.4,3.2 Discussion 

The UNC method( 5 ) of sodium bonding consists of loading a sodium pellet 

at the bottom of the fuel pellet column, heating the loaded fuel pin to 

approximately 800°C and vibrating until eddy current scanning indicates the 

presence of a continuous bond over the entire surface of the fuel pin. 

Westinghouse( 6) has experienced limited success using vibratory methods to 

remove voids from the sodium bond during the assembly of fuel pins and is 

evaluating the.ANL method of impact bonding developed for EBR-II sodium-bonded 

fuel pins. LASL( 7 ) is centrifuging to remove bubbles from the sodium bond. 

Nondestructive bond evaluations .are generally bein~ performed by eddy current 

testing. Any void of approximately 0.075 inch in diameter and thickness greater 

than about 0.001 inch can·be detected. This is adequate since the calculated 

bubble size that can cause serious heat transfer problems is on the order of 

.0.2 inch in diameter. Eddy current tests are not adequate for the identification 

of nonwetted conditions or very thi~ void? (less than 0.001 inch thick). For 

these conditions, ultrasonic inspection with a lithium sulfide crystal may be 

adequate. No major problems in fabricating fuel with an integral sodium bond 

are anticipated. 

Current technology, however, is very meager on bond performance evaluations. 

The EBR-II fuel is sodium~bonded, but it is not prototypical of LMFBR fuel. 

Considerable useful information will be obtained from the limited irradiations 

of sodium-bonded mixed carbide rods being performed by UNC, Los Alamos and 

Westinghouse. However, emphasis must be placed upon burnups in excess of 

50,000 Mwd/MTM since it is in these burnup regions that an increase in the 

amount of fission gas released from carbide is encountered. Sudden transients 

will increase the rate of fission gas release. The influence of these transients 

on bond performance ·needs to be assessed .• 

4.4.3.3 Progra..'ll 

Although there is a great urge to perform ex-reactor tests on the ability 

of fission gas bubbles to migrate through the sodium as.a function of release 

rate, temperature, total gas content, sodium annulus thickness (beginning, 

middle, and end-of-life), and pellet stack configuration, there is considerable 

question concerning the validity of these ex-reactor tests. Nevertheless, a 
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limited number of tests will be performed ex-reactor to establish, in a cursory 

manner, some of the conditions which might be conducive to fission gas bubble 

formation and retention in the sodium bond. 

The limited ex-reactor program will provide for the introduction of gases 

at the bottom of a fuel column by degassing a porous ceramic plug or by direct 

bleeding of gas into the bottom of a fuel rod. These tests will be performed 

with varying pellet to cladding gaps. Tests will be performed with various 

surface conditions of the pellet and cladding and with various traces of impur

iti.es in the sodium, such as oxygen, nitrogen, carbon, eesiwn and iodine. The 

object of this test is to determine whether a gas bubble can develop and stagnate 

in a localized area to produce a cladding hot spot which is sufficient to cause 

cladding damage. The effect of pressure buildup followed by sudden depressuriza

tion will also be investigated. This condition could occur by means of the 

plugging of' a. vent followed l>y sudden clad failure or unplugging. 

Major programmatic effort on bond efficiency will be centered upon the 

results of irradiation tests and will be discussed in a later subtask. 

A second effort on this subtask will address itself to the development 

and testing of economical and reliable methods for providing a sodium bond 

during rod fabrication as well as the development of reliable nondestructive 

methods for determining bond integrity. 

!~. 4. 4 

4.4.4.1 

1) 

2) 

3) 

4) 

Subtask IV: Carbon Transport 

Objectives 

To verify ex-reactor results indicating a solution to the carbon 
transport problem through use of hyperstoichiometric mixed carbides 
containing monocarbide and discontinuous second phase sesquicarbide. 

To evaluate alternate solutions. to the carbon transport problem in· 
the unlikely event that problems are encountered with the use of 
simple structure control of monocarbide plus sesquicarbide in 
hyperstoichiometric compositions. 

To establish the maximum equivalent carbon content limit in the fuel 
which is compatible with acceptable carbon transport and with 
economical fuel fabrication methods. 

To verify that uranium carbide for the radial and axial blankets is 
amenable to a similar solution to the carbon transport problem. 
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4.4.4.2 Discussion. 

The motivation for this portion of the program is based upon the premise 

that sodium bonding is essential if mixed carbides are to achieve their maximum 

thermal potential. It is our belief that carbon transport from the fuel to the 

cladding, via sodium represents one of the major barriers to the utilization of 

t.he sodium-bonded, hyperstoichiometric mixed ·carbide fuel concept. We believe 

that a solution to the carbon transport problem in sodium-bonded mixed carbide 

fuels can be achieved. Of the concepts discussed earlier, we believe that 

major programmatic efforts should be expended on the development and testing of 

mixed carbides containing controlled sesquicarbide-monocarbide phases on the 

bases that doubling times are not altered and fabrication cost penalties are 

essentially zero since these structures are readily produced in a sintered 

product which contains 0.1 w/o Ni as a sintering aid. Hydrogen reduction 

represents another promising solution to the problem and has been relegated to the 

role of a backup effort. In this l13,tter respect, the Los Alamos program will 

be followed with great interest. 

The approach which has been selected as the basis for this design with 

respect to minimizing carbon transport to the cladding is one which relies on 

structure control within the hyperstoichiometric mixed carbide. The higher 

carbon phase is the sesquicarbide which is discontinuous within the monocarbide 

matrix. Carbon transport from this type of structure at anticipated LMFBR 

temperatures has been found to be quite small and acceptable. 

4.4.4.3 Program 

A series of isothermal and thermal gradient ex-reactor tests will be per

formed to verify results already obtained at other installations. The aim will 

be to demonstrate that the fuel fabricated as part of this development effort 

exhibits carbon transport characteristics typical of those encountered in 

curren~ programs. Furthermore, thermal gradient tests will provide indications 

of whether this parameter is a factor. As part of Subtask I, limits with respect 

to economical control of carbon contents will have been established. It is 

imperative that these upper limits be evaluated with respect to carbon transport 

potential. An iterative effort may be required if borderline conditions are 
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encountered. The objective here is to establish an upper limit of carbon content 

amenable·to control of c~bon transport. 

In the unlikely event alternate solutions to the problem become necessary 

as a result of either ex~reactor or in-reactor test results, the development of 

these alternate solutions will be given high priority. Therefore, considerable 

emphasis will.be placed upon the results of irradiation tests of sodium-bonded 

elements being performed by QNC, Los Alamos and Westinghouse. Although the 

number of in-reactor tests·are less than could be considered as statistically 

significant, the results vil-1 establish trends which will be recognized in the 

pursuit of this subtask. · Obviously, if major deviations from contemplated 

processing schemes are dictated by these early irradiation results, major changes 

in the process development subtask w1ll also be required. Conversely, as 

advanced or more economically attractive fuel processing schemes are evolved 

as part of Subtask I, these will be evaluated with respect to their potential 

impact on carbon transport and testing will be initiated on fuel concepts in-

val v·ing major deviations f'rom those already tested. 

There is some indication that uranium carbide exhibits a greater tendency 

to transfer carbon than does the mixed carbide even if the same monocarbid~

sesquicarbide structures are developed. Tests will be performed on UC and, if 

differences in performance are found, the variation in performance as a function 

of Pu content will be assessed. 

Final proof testing will be required via extensive in-reactor programs 

described as part of Subtask V. 

4.4.5 

4.4.5.1 

l) 

2) 

3) 

Subtask V: Irradiation Testing 

Objectives 

To netermine free swelling rates for mixed carbide fuels and to 
determine whether there is a burnup dependency. 

To nemonstrate the adequacy of the sodium heat transfer bond. 

To evaluate carbon transport frem the fuel te 'Lhe eladding at high 
burnups and heat ratings. 
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4) 

5) 

4.4.5.2 

To demonstrate the adequacy of the vent design. 

To demonstrate fuel rod and bundle performance at·: peak burnups in 
excess of 100,000 Mwd/MTM andwith linear heat ratings up to h5 

· kw/ft. 

Disc1,1ssion 

Significant information on the performance of .the sodium-bond, carbon 

transport from the fuel to the cladding arid performance of the vent can be 

obtained from properly designed irradiations in thermal fluxes. Information will 

also be ob.tained with respect to free swelling and fission gas release. However, 

more applicable data concerning fuel rod and fuel assembly performan~e will be 

obtained as a result of irradiations in EBR-II even in light ·of limitations 

discussed in earlier parts of this section. Therefore, the _irradiation program 

addresses itself to parallel efforts in both thermal and fast fluxes. 

Although the program description below emphasizes burnup and linear heat 

ratings as target parameters, most rods will contain vents and sodium bonds and 

will be evaluated with respect to the ability ot' the vent to function as well as 

the efficacy of the sodium bond to provide adequate heat transfer under fission . 

gas release conditions associated with stea~ state and transient conditions. 

In addition, carbon transport from the fuel to the cladding will be assessed. 

The confirmation of adequate vent performance during in-reactor tests 

will require special capsule designs and, in the case of EBR-II, may require the 

design of fission gas containers to prevent release within EBR-II. 

It .is anticipated that EBR-II irradiations can be performed without a 

capsule requirement after some confidence in the mixed carbide performance in 

EBR-II has been established as a result of successful irradiations. 

4.4.5.3 Program 

4.4.5.3.1 Thermal Irradiations 

' The target burnup for most of the thermal irradiations will be 75,000 

Mwd/MTM on the basis that this burnup is sufficiently beyond the threshold 

burnup for high gas release and that the functions of the vent and the sodium 

heat transfer bond will have been adequately tested under high fission gas 
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.release condi tons. In addition, free swelling data will be obtained and will 

require minor corrections for differences in radial burnup distribution within 

the fuel. An earlier assessment of the performance of these carbide fuels will 

be obtained via the irradiation of a limited number of rods to peak burnups 

of 25,000 and 50,000 Mwd/MTM. 

Approximately 95 rods will be irradiated. under the following target condi-

tions: 

·l< 

** 

**** 

Thermal Irradiations 

Peak Heat nating**** Peak Burnup**** 

Series No. No. of Rods (kw/ft) (Mwd/MTM) 

l* 5 30 25,000 

5 40 25,000 

5 30 50,000 

5 40 50,000 

15*** 30 75,000 

15*** 45 75,000 

2** 15*** 30 75,000 

15*** 40 75,000 

15*** 45 75,000 

Fabricated on basis of current UNC technology. 
Fabricated by pilot plant technology. However, not fabricated in pilot 
plant. 
Five of these rods are to be purposely overpowered at 1/3, 2/3 and at 
end of life. The amount of overpower will be equivalent to that antici
pated in the plant. 
There will be a range within the rod as a result of axial peaking. 
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4.4.5.3.2 Fast Flux Irradiations 

Irradiations in EBR-II will be aimed at demonstrating burnup and heat 

rating performance capability of fuel rods and fuel assemblies under fast flux 

conditions. Furthermore, free swelling rates for the fuel will be determined 

and the efficacy of the vent and sodium heat transfer bond will be demonstrated 

under steady state and transient conditions. Determinations will also be made 

of carbon transport from the fuel to the cladding as well as fission gas 

release.* 

The fundamental parameters which will be used as a basis for the design of 

these irradiation samples will be obtained from results of programs already 

under way at Los Alamos, UNC and Westinghouse as well as results obtained in 

England and France. Therefore, an early commitment in EBR-II can be made with 

little undo risk. 

The program, as currently envisioned, is summarized below. Some of the 

test conditions may be changed as the program evolves. However, it is likely 

that the number of rods irradiated will remain the same. In the summary pro

vided below, identification has not been made of fuel assemblies. A number of 

these will be irradiated and the rods to form these fuel assemblies have been 

included in the summary. 

~ * For later use in safety analyses 
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Fast Flux Irradiations 

Series No. No. of Rods* 

Peak Linear Heat Rating** 

(kw/ft) 

Peak Burnup** 

(Mwd/MTM) 

l*** 

2**** 

3 

4 

* 
** 
*** 

**** 

4.4.6 

25 30 75,000 

25 30 100,000 

25 30 125,000 

25 40 75,000 

25 4o 100,000 

25 40 125,000 

25 45 100,000 

25 45 125,000 . 

Approximately 50 rods under conditions which are not yet definable, 

Approximately 50 rods under conditions which are not yet definable. 

Some of these will be in the form of fuel assemblies. Some rods will be 
overpowered at l/3, 2/3 and at end of life. 
There will be a ran~e within the rod as a result of axial peaking .. 
Fabri~ated on the basis of current UNC technology. 
Fabricated by pilot plant technology. However, not fabricated in pilot 
plant. 

Subtask VI: Program Management 

4.4.6.1 Objectives 

l) 

2) 

3) 

4) 

5) 

To provide overall technical and administrative coordination and 
management for the Fuels and Materials Programs. 

To provide necessary.liaison between design efforts and research 
and development programs. 

To remain abreast of all pertinent activities at other installations 
and to ensure proper liaison between these activities. 

To r.ontinuously·review program ob,iectives, results and required 
emphasis with the aim of redirection into high priority areas. 

To update the program plan and budget on.a yearly basis. 
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4.4.6.2 Program 

We believe that a Fuels and Materials Project Office should contain three 

engineers charged with the responsibility of meeting the above objectives. 

The senior individual responsible for all of the Fuels and Materials Progran1 

efforts will manage this office and function from this office. 
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Figure4-l 
Fuels and Materials R and D Schedule and Milestone Chart 

Subtask I Calendar Year 70 71 72 73 74 75 76 77 78 79 80 

1 2 3 4 
I Development of Fuel Fabrication Processes 

.\l'\7 '\1 \7 
I 

5 6 7 
II Fuel Element Vent Development 

~ \7 \7 
I 

' 

8 9 10 

Ill Sodium Bond Development and Testing 
\7 

11 12 

IV Carbon Transport 
'\1 \7 

v Irradiation Testing 13 14 15 16 
Thermal Flux \1 \7 \7 \7 

17 18 19 20 21 22 23 
Fast Flux 

l\7 \7.\7 \iv \1 '\1 

VI Program Management 

-

I 
I 

I i I 



Figure 4-1: Fuels and Materials Dev-elopment Milestone Legend 

L Complete Fuel Fabr icat.ion Process Evaluation and Development. 

2. Complete construction of' Fuel Fabrication Pilot Plant. 

3. Pilot plant shakedown completed" Ready to fabricate. 

I~. Complete Development of the most promising alternate. Fuel Fabrication 
Process. 

5. Complete the desi~n, Lhe fabrication. and the testing of four possible vent 
concepts and choose reference design .• 

6. Testing of reference design is completed, 

7. Complete reference design refinements. 

8. first stage uf fabrication development completed. 

9. Sodium-bond fabrication development and testing is complete<L 

10. Complete bondl.pg proeess improvement and cost reduction prograrrL 

ll. Cc.,mplete isothermal and thermal gradient ex-reactor tests. 

.12. Complete tests of the backup carbon transport preventive technique. 

13. Complete Series 1 thermal irradiations to burn ups of 25,000 M'ird/H'l', 

]I+ . Complete Series l t.herma1 ·irradiations to burn ups of 50,000 Mvrd /tiiT'. 

15 ,. Ce::~p.let.e the Series 1 therm~l i:cradiations to burn ups of 75,000 i\h1d/H'r. 

J6. Complete the Se.des 2 thermal irradiations to burn ups of 75,000 E\vd/Hl', 

1?. Complete Series l fast irradiations to '75 ,000 Mwd/MT burnup, 

18. Complete Series 1 fast. irradiationp to 100,000 Mwd/MT burrn.:.p., 

19. C;;;mplete Series 1 fast irradiations to'l25,000 Mwd/MT burnup, 

20. Complete Series 2 fast irradiations to 100,000 Mwd/MT burnup. 

21. Complete Series 2 fast irradiations to 125,000 Mwd/MT burn up .. 

22. Complete the Serle~:; 3 .irradiations. 

23. Complete the Series 4 irradiations. 
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Table 4-l. Summary of Estimated Costs 

Calendar Years 1970 through 1975 

Total 
B 

Man-years 

! 

I 
Eng. & 
Scient. 

Lab. + 0/H 

ISubtask I: Dev. of Fuel Fab. Proc .! !12 
I 

Fuel Element Vent Dev., 13 

90 

26 

1,680,000 

520,000 
I Subtask II: 

Subtask III: Sodium Bond Dev. & 1 

Test. 

Subtask IV: Carbon Transport 

Subtask V: Irradiation Testing* 

Subtask VI: Program Management 

TOTAL 

• I 

6 
4 

49 

12 

*Will require $100,000 in Calendar Year 1969 

16 

6 

92 

6 

240,000 

160,000 

1,960,000 

480,000 

I 
I 

Tech, 
Draftsmen, 

Others 
Lab. + 0/H 

1,800,000 

560,000 

320,000 

120~000 

1,840,000 

120,000 

$ 
DDC 

I r 
( 

. \ i 
Total· $, ! I Ba~ed on 196~ ( $)! 

i No escalat1on 1 

I ( $ X 10-6) I 
! 

13,3~~,000 II 

I 240,000 

6.83 

1. 32 

300,000 

130,000 

3,230,000 

60,000 

0.86 

0.41 

7.03 

0.66 

17.11 



'rable 4-2. Detailed Program 

Subtask I: DeveLopment of Fuel 
Fabrication Processes 

Process evaluation 

Scale-up plans 

Pilot plant layout 

Construct pilot plant 

Shakedown 

Operation 

Conversion plant product eval. 

Feed material product devel. 

Oxide to carbide conversion 

Carbide powder characterization 

Pellet fabrication 

Pe 11et characterization 

Proc~ss evaluation 

Thermal & physical prop. eval. 

Uranium carbide process eval. 

Evaluation of alternate 
processing routes aimed at 
cost reduction 

Further development of most 
promising alternate fuel 
processing route 

r-·--·· 

-·------ ... 
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4 
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Table 4-2. Detailed Program (Cont. ) 

Subtask II: Fuel Element Vent 
Development (Ex-Reactor 
Effort only) 

Detailed mechanical design 

Fabrication of Mark I 

Testing of Mark I 

Fabrication of Mark II 

Testing of Mark II 

Fabrication of Mark III 

Testing of Mark III 

Fabrication of Mark IV 

Testing of Mark TV 

Reference Design 

Fabricatj_on of Reference Design 

Testing of Reference Design . 

Design Refinements* 

Testing of new designs* 

* only if needed 

1970 

I 
I 

-+ 

I ~ 

---. 
-

I -t 

I 
I 

I 
I 
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Table 4-2. Detailed Program (Cont.) 

Subtask III: Sodium Bond 
Development and Testing 
(Ex-Reactor Effort) 

Evaluation of sodium bonding 
methods 

Development of nondestructive 
test apparatus for bond voids 

Fabrication development and 
testing 

Ex-Reactor testing for fission 
gas release effects 

Process improvement-cost 
reduction 

Subtask IV: Carbon Transport 

Isothermal tests (M & S)* 

Thermal gradient tests (M & S)* 

Tests of alternate fuels** 

Tests of possible backups 

* Mono plus sesquicarbide 

1970 

~ . 

Devel. 

·** Based on results of Subtask I effort 
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Table 4-2. Detailed Program (Cont.) 

Subtask V: Irradiation Testing 

THERMAL 

Evaluate facilities 

Design capsules and samples 

Safeguards 

Series 1: 

Fabricate samples and ··capsules 

Irradiate plus Post irrad. 
exam and test 

25,000 Mwd/MT 

50,000 Mwd/MT 

75,000 Mwd/.MT 

Series 2: 

Fabricate samples and capsules 

Irradiate plus Post irrad. 
exam and test 

FAST 

Evaluate facilities 

Design capsules and sample·s 

Safeguards 

1969 

-II 

-

--t 

~ 
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Table 4-2. Detailed Program (Cant. ) 

Series 1: 

Fabricate samples and capsuies 

Irradiate plus Post irrad. 
exam. and test 

'7 5 , 000 MYTd/MT 

100,000 Mwd/MT 

125,000 Mwd/MT 

Series 2: 

Fabricate samples and capsules 

Irradiate plus Post irrad •. 
exam and test 

100,000 Mwd/MT 

125,000 Mwd/MT 

Series 3: 

Fabricate samples and capsules 

Irradiate plus Post irrad. 
exam: and test 

Series 4: 

Fabricate samples and capsules 

Irradiate plus Post irrad. 
exam and test· 

I 
1969 
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Vl 
w 

Calendar Year 1970 

A B ODC ($) A 

(A) 

Subtask I 5 10 250,000 8 

Subtask II 4. 8 100,000 2 

Subtask III 2 6 100,000 2 

Subtask IV 1 2 50,000 1 

Subtask V(B) ~3 28 520,000 2 

Subtask VI 2 1 10,000 2 

Table 4-3. Yearly Costs by Subtask 

A and B in Man-years 

1971 1972 1973 

B ODC ($) A B ODC ($) A B ODC ($) 

(A) (A) (A) 

15 500,000 8 15 300,000 5 10 1,700,000* 

6 50,000 2 6 25,000 2 3 25,000 

5 100,000 1 3 50,000 1 3 50,000 

2 30,000 1 1 25,000 1 1 25,000 

2 100,000 12 32 650,000 5 5 500,000 

1 10,000 . 2 1 10,000 2 1 10,000 

1974 1975 

A B ODC ($) A B ODC ($) 

** (A) ** (A) 

8 20 $300,000 8 20 $300,000 

2 3 25,000 1 2 15,000 

-- --

-- --
8 13 940,000 8 11 480,000 

2 1 10,000 2 1 10,000 

(A) It is assume(l that Pu will be .supplied by the AEC with no direct c0st to the program. Therefore, .costs for Pu 
are not included. 

* Includes $1,500,000 for pilot plant facility 
** Assumes use of pilo,t plant for production of LMFBR demonstration plant core loadings 

(B) Will need 2A .and 2B and $40,000 ODC during the second half of Calendar Year 1969. This is equivalent to lA 
man-year + lB m&~-year. (Total $ = $100,000) 



5.0 SAFETY 

5.1 INTRODUCTION 

The AEC LMFBR Program Plan for Safety ( 1 ) has been reviewed in 

light of safety studies and requirements 0f the C-E reference LMFBR 

design. With the exception of its almost exclusive implementation 

with gas-bonded oxide fuels, the plan was found to be generally appro

priate and to the point in terms of identification of problems and plans 

for their solution. It would not be unreasonable, therefore, to 

simply endorse the Program Plan as it stands, with the qualifi(;ation 

that implementation of the investigations involving sodium-bonded carbide 

fuel ought to be given a substantially higher priority. This is, in 

fact, C-E's general and most important conclusion and recommendation with 

respect to LMFBR Safety research and development. 

In view of this general conclusion, it would not be useful to repeat 

the development of detailed programs for all areas covered in the AEC LMFBR 

Program Plan. Rather, particular areas have been selected, either 

because they are closely associated with and affected by the particular 

characteristics of the C-E design or because they are judged to be 

particularly important. 

The identification and definition of Potential Safety Issues in the 

LMFBR Program Plan (page 10-43) is especially good and provides an 

excellent reference point for relating the particular items selected to 

the overall LMFBR Program Plan. The following tabulation of potential 

safety {ssues presents essentially the same issues identified in the 

Program Plan except for the issue of the Intrinsic Safety of the Reactor 

and its subsidiary issues. The reasons f1':lr this addition to the list are 

discussed below. Although essentially the same issues are involved, some 

reorganization and renaming has been done to reflect C-E's point of 

view towards these issues. Entrained Gas and the Behavior of Sodium

bonded. Fuel have been pulled out as separate issues because the former 

is thought to be more generally significar1t·and the latter is.particularl.y 

significant to the C-E concept. Sodium' !Boiling, on the other hand is, 
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especially for sodium-bonded fuel, too closely connected with fuel and 

clad failure phenomena to be identified as a separate and distinct issue. 

The issues are placed in four groups in which the primary issue is 

listed first and subsidiary and related issues follow. 

Potential Safety Issues 

I. Adequacy of Core Protective Systems 
I 

Accident Definition 

Safety Instrumentation 

Probabilistic Evaluation 

II. Fuel Assembly Integrity 

Propagation of Fuel Element Failure · 

Sodium Boiiing, Pressure Pulses and Associated Effects 

Behavior of Sodium-bonded Fuel 

Entrained Gas 

III. Definition of Hypothet.i.cal Accidents 

Core Slumping 

Energy Partition and Absorption 

Sodium Boiling, Pressure Pulses and Associated Effects 

Equation of State and Fuel Properties 

Sodium Fires 

Fission Product Release 

Behavior of Molten Fuel 

Meteorological Distribution 

IV. Intrinsic Safety of the Reactor 

Core Reactivity Coefficients 

Core Mechanical Stability 

Quality and Design Standards 

Group IV lists issues related to the first level of safety concern 

described in the Program Plan (WASH-1110, page 10-34) and these issues 

are considered in various parts of the plan. Therefore, it was not the 
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omission from the Program Plan of consideration of these i sues that 

prompted their addition to the list, but rather the desire to complete 

this list of issues as seen from the reactor engineering point of view. 

These four groups are seen as the four primary issues for which the reactor 

engineer needs resolution at an appropriate lev~l depending on the reactor 

in question, e.g. , experimental plant, qemonstr1.tion plant or commercial 

·plant. The R&D areas which were selected are d:~rectly related tr:> ·these 

four primary issues. 

The requirements of the commercial plant are the concern of tiis 

discussion; however, this does not mean that ·:;he demonstration pla,_lt is 

not relevant. Quite the contrary; one of the key purposes of the 

demonstration plant is to resolve some of thes: safety issues for the 

commercial plants that follow. This is particularly true with respf:ct to 

issues involving the intrinsic safety of the reactor since judgement with 

respect to such factors as the adequacy of the Doppler effect cannot. be 

made in the abstract, i.e., without consideration of ~ll the charact,,ristics 

of a particular reactor. Furthermore, the issue of Quality and Design 

Standards will be initially resolved only·when standards which are 

adequate with respect to safety are also shown to be achievable in 

practice by the building and licensing of. the demonstration plant. ':l~1e 

demonstration plant is also the most practical and i-n some cases the only 

place for the final resolution of short term and long term system anc. 

subsystem stability and predictability questions. In a more general 

sense, it will be the designing, building, licensing and operating of an 

appropriate demonstration plant which, for that type of plant, wUl 

resolve the is sue of overall safety at a confidence level which ·Hill. 

allow similar commercial plants to follow. 

Of course this is not meant to imply that the demonstration plant will 

resolve all safety issues; certainly the majority of the specific 

questions (core slumping, sodium fires, etc.) must be attacked individually 

with the sorts of investigations described in the Program Plan. These 

investigations will provide essential input to the Preliminary Safety 

Analysis ~eport (PSAR) for the demonstration plant and the licensing 

procedures for the plant will provide feedback to the investigators as 



to the adequacy and appropriateness of their work. Continued investi

gation through the demEmstration plant phase and concurrent with the 

construction of commercial plants will be essential in many areas. Few 

issues will be finally resolved in one step or by one self-contained 

program. Several steps will be in~olved, each of which will increase 

the confidence in and efficiency of the solutions. The demonstration 

plant is one of these steps. 

The programs which are outlined in the following discussions 

concentrate more on those elements which must precede the licensing of 

the demonstration plant and/or which are proposed to be done concurrently 

with this phase of development. Specif~c contributions of the demonstration 

plant to safety development are also indicat.ed in appropriate areas. 

The R&D tasks and subtasks which have been selected as particuJ.a:r.ly 

important and relevant to the C-E design are described in the following 

sections. Where feasible, these have been coordinated with the Program 

Plan in terms of task titles and task numbers. The approach has been 

to identify the most appropriate task (e.g., 10-2.4, Fuel Failure and 

Melting) and subtask (e.g., 10-2.4.4, In-~ile Test--Steady-State Reactors) 

and put the main body of the proposed work under that task. In this 

context, it is intended that other subtasks are implied to be appropriate 

and adequately described. For instance, subtask 10-2.4.1, Catalog of 

Fuel Failure Incidents, is an appropriate part of task 10-2.4, is 

adequately described and need not be repeated. 

5.2 CORE CONFIGURATION SAFETY STUDIES (Subtask 10-1.1.0) 

5.2.1 Program Definition 

All safety considerations reJated to the reference core configuration 

are to be gathered and analyzed under this task. Particular attention is 

to be paid to the inherent characteristics of this configuration with 

regard to Doppler effect, void effect, fuel behavior during accidents, 

structural effects, etc.; however, protective systems will also be 

integrated into the study. This is not an experimental task, rather it 
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will use results of experiments and analyses obtained from other Safety 

tasks and Physics, Core Design and other research and development areas. 

Of necessity, studies in various specialized areas (e.g., Physics) 

must be generalized to a certain extent with respect to core configuration. 

Also, it is seldom possible to answer important safety questions without 

reference to a specific reactor. Thus, for example, Physics studies 

will provide the tools for calculating Doppler effects. In this task, 

these tools will be used to calculate Doppler effects for the reference 

core configuration (and related configurations) for various core conditions, 

and the required transient analysis will be made to determine whether or 

not the Doppler provides adequate safety margins considering all the other 

characteristics of this specific configuration. 

By application of results of studies of specific problems to the 

reference configuration, this task will determine the significance of 

these results and will evaluate the progress of these studies and thus 

provide essential feedback to maximize the efficiency of research and 

development. This will be a continuing effort which will develop 

accident and transient analyses of the reference concept in terms of all 

available experimental and theoretical information in order that an 

informed judgement on the inherent safety of the concept can be made 

and so that determinations can be made of the effectiveness and appro

priateness of various design modifications and compromises for safety. 

An important part of this effort will be the development of general 

and specific safety related design.criteria for the core and protective 

systems. 

This task also includes the study of safety questions related to 

the demonstration plant. Particular consideration will be given to 

differences in the state of knowledge on safety questions at the time of 

the design of the demonstration plant and the commercial plant. Design 

criteria appropriate for the demonstration plant will be developed. 

One important function of the demonstration plant will be to contribute 

to LMFBR development in the safety area. Appropriate studies will .be 

made to insure that this contribution will be maximized. This will include 

the. definition of safety related tests t·o be done in the demonstration 

plant. 
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5.2.2 Description of Current Technology 
I 

The state of the art can best be summarized by reference to the 

safety studies reported in Volume III of the Tasks II and III Report( 2 ), 

to other safety studies, ·to discussions for proposed LMFBRs, and to the 

licensing documents for Enrico Fermi, EBR-II and SEFOR. A great deal 

of material has been published on LMFBR .safety, most of which has some 

relevance to the reference concept. The bulk of this material, however, 

is more extensive than intensive, more general than specific. Studies 

of the type reported in Ref (2) should be extended in more depth. An 

initial set of general design criteria has been formulated but these 

need testing in terms of practicality, adequ~cy and relevance. 

5.2.3 New Information Needed 

The new information needed is an organized synthesis and interpretation 

of information gained from experience, analysis and experiments relevant 

to the reference concept. This information should focus on the inherent 

characteristics of the reactor, especially transient characteristics, 

considered within the context of practical protective systems and engineered 

safeguards. Based on the state of knowledge at a given time, and the type 

of plant under consideration (demonstration ~lant or commercial), a 

practical set of general and specific design criteria which assure safety 

is needed. This would include a definition of Design Basis Accidents. 

Also needed are definitions of appropriate system compromises for safety 

and the effects of these on reactor performance. Whether these compromises 

are motivated by a need to be conservative because of inadequate knowledge 

or whether they are essentially permanent characteristics of the system 

needs to be established. This sort of information will help direct 

research and development programs. Documentation of this synthesis of 

concept oriented information is needed in a form appropriate for critical 

evaluation by authoritative and independent safety groups (e.g., ACRS) . 

. 
5.2.4 Program Description 

The proposed program would be a continuing effort with two principal 

~ phases: the Demonstration Plant Phase and the Commercial Plant Phase. 
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Each phase will include transient studies, development of design criteria, 

documentation for independent review and identification of research and 

development. 

5.2.4.1 Demonstration Plant Phase 

The purposes of the Demonstrat.ton Plant Phase of the Core Configuration 

Safety Studies are as follows.: 

l) Identification of the role and purpose of the demonstration 
plant relative to development of safety of the <.:un<.:ept; 

2) Development of specific design criteria for the demonstration 
plant; 

3) Specification of tests and observations to be made on the 
demonstration plant; 

4) Documentation of the ~afety characteristics of the concept 
demonstration plant. 

Transient studies will be made on various sized plants, including 

commercial sizes. Variations on the basic core configuration will be 

studied including various degrees of pancaking and various amounts of 

moderator. These will include sensitivity analyses relative to uncer

tainties in input parameters. Those characteristics which are sensitive 

to plant size and core configuration will be identified. These studies 

will aim at the general question of the role of the demonstration plant 

by comparative studies of early and later plants and evaluation of 

alternate paths leading to the commercial plant. 

In the light of the long term objectives of LMFBR development and 

the state of knowledge at various points in time, these studies will 

consider the question of conservatism in the demonstration plant. 

Attention will be focused on the balance of conservatism between inherent 

characteristics (Doppler, power density, void effect, etc.) and 

protective systems, engineered safeguards and siting. The contributions 

of other LMFBR demonstration plants will be considered in this evaluation. 

Since it is assumed that the sodium-bonded carbide concept will not be 

used in the first LMFBR demonstration plant, it will be appropriate to 
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consider the complementary roles of prior plants. For instance, the first 

plant may have a soft spectrum cor.e ir:1 order to be conservative with 

respect to the Doppler effect prior to in-service demonstration of the 

response and reliability of protective systems. A later demonstration 

plant may consider that the response and reliability of protective systems 

.will have been demonstrated sufficiently to allow a hard spectrum core. 

On the other hand, it may be determined that the first hard spectrum core 

requires extra redundancy of protective systems because its inherent 

stability has not been sufficiently proven in service. Implicit in these 

questions is one of the possible roles of the demonstration plant, i.e., 

in this example, demonstration of the safety and practicality of a hard 

spectrum LMFBR. By examination of the safety and other implications 

of this and other possible plant characteristics (positive void effect, 

high power density, etc.), the appropriate balance can be struck which is 

consistent with safety based on the state of the art at the time of the 

demonstration plant and which makes maximum contribution to advancement 

toward the goals of the LMFBR development program. 

Specific design criteria will be developed partly as a result of the 

studies outlined above and partly in parallel to these studies. Starting 

from the general design criteria now being developed for LMFBRs, specific 

criteria will be formulated and examined for practicality, adequacy and 

consistency with the features and purposes of the plant. These criteria 

will constitute a major section of the documentation of the safety of the 

demonstration plant. Other major sections of the safety document will 

be design descriptions of safety-related features and the results of 

transient analyses. 

Safety-related tests and observations to be made on the demonstration 

plant must be carefully planned in advance in order that the necessary 

facilities and instruments are Jprovi.ded, so that qualified and authorized 

persons will be in the right place at the right time and so that inter

ference with orderly startup and operation of the plant is minimized. 

Tests must be justified and alternate methods of acquiring the data 

evaluated. 
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Studies in this area will concentrate on the following items which 

are most important and most appropriate. 

l. Statistical reliability data 

a) Components 

b) Protective system 

c) Fuel system 

2. Core stability data 

a) Power, temperature and flow reactivity coefficients 

b) Mechanical stability 

c) Fuel burnup effects on stability (fuel redistribution, 

subassembly bowing, regional power shifts, etc.) 

3. Operational data 

a) Verification of predictions - reactivity, radiation 

levels, temperatures, etc. 

b) Operational flow, temperature and reactivity transients -

magnitude and frequency 

c) Cover gas activity and cleanup system efficiency, 

activity releases, etc. 

4. Other special tests 

a) Tests of l.ocal flow blockage detection systems and 

other in-core instruments 

b) Emergency cooling systems tests 

Test observations will be categorized as ordinary (usual for any 

reactor) or extraordinary (special because the reactor is first-of-a

kind). The test program will be doclimented including schedules, costs 

and justifications. 

5.2.4.2 Commercial Plant Phase 

The purposes of the commerd.a.l plant phase of the core configuration 

studies are as follows: 

1) Development of specific design criteria fer the con~ercial 
plant; 
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2) Identification of safety research and development required 
to support licensing of commercial plant; 

3) Documentation of the safety characteristics of the commer-cia 1. 
plant. 

The Commercial Plant Phase will start at a low level parallel to 

the Demonstration Plant Phase and will serve as a point of reference 

for demonstration plant work. The later commercial plant work will depend 

to a considerable extent on what sort of demonstration plant is eventually 

evolved. An unlikely but certainly desirable state of affairs might 

be that the demonstration plant would not be significantly compromised 

for safety. In this case the commercial plant studies would be limited 

to investigations of the effects of size, factoring in results of 

experience with demonstration plants and latest theoretical and experimental 

developments, and perhaps some inquiring into siting questions. It is 

more likely, however, that the commercial plant will represent an 

advancement over the demonstration plant in several areas related to 

safety (e.g. higher power density fuel, more regular core geometry, less 

moderator, new in-core instruments and protective systems, etc.). Each 

such change will be evaluated from the safety point of view in the light 

of the current state of the art. An important product of studies of' this 

nature will be a carefully reasoned and documented projection of' which 

advancements should be permissable. This will reduce uncertainties .in 

establishing the inherent characteristics of the commercial plant prior 

to licensing. These advances would be reflected in up-dated specific 

design criteria for the concept. 

5.3 FUEL FAILURE AND MELTING (Task 10-2.4) 

5.3.1 Program Definition 

Transient and steady state fuel failure thresholds and mechanisms 

are to be established for sodium-bond~d carbide fuel. Normal fai lure-K· 

mechanisms are to be established as part of Fuels and Materials Research 

and Development. with close coordination with this subtask. The effect 

*Failures that occur under normal operating conditions. 
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of various operational and accidental transients on integrity of fuel is 

to be establ1shed. Mechanisms and thresholds of fuel failure under severe 

accident conditions will be established. Conditions under which single 

pin failures will tend to propagate to adjacent pins will be determined. 

5.3.2 Description of Current Technology 

An·excellent general review of the state-of-the-art in this area is 
(l) 

contained in the LMFBR Program Plan ·and need not be repeated here, 

The significant points for sodium-bonded carbide can be summarized as 

follows. 

l. 

2. 

3. 

No irradiation testing of sodium-bonded carbide elements which 
have experienced power or temperature transients has been 
done. No theoretical mechanisms for fuel failure due to 
transients short of fuel melting or bond boiling have been 
identified for this fuel; therefore, it is not now possible 
to set meaningful limits on operation of fuel which has 
experienced transients in this range. Since quite severe 
transients are possible withput the immediate damaging effects 
of fuel melting or bond boiling, there is a wide "gray" 
range which needs investigation to determine if failure 
mechanisms exist. 

Only one TREAT experiment involving sodium-bonded carbide has 
been performed.(3J This experiment suggests that, for certain 
power transients, the failure mechanism for this fuel is 
different than for gas-bonded ceramic fuels. In this case, 
vaporization of the bond apparently caused the fuel to become 
thermally insulated from the clad prior to fuel melting. 
Then when fuel melting progressed to the point where contact 
with the clad occurred, rapid, general and rather violent 
dispersion of fuel and clad occurred. This was attributed 
to high localized sodium vapor pressure caused by very hot 
fuel and clad coming into contact with the sodium coolant. 
Similar experiments with sodium-bonded metal fuels have not 
shown similar failure patterns.(4) 

The problem of failure propagation has not received much 
experimental attention for any fuel system and none for the 
sodium-bonded carbide system. In one related experiment,(5) 
loss of the sodium bond occurred in a uranium carbide specimen 
during an irradiation test. Increased temperatures caused 
accelerated swelling to the point where fuel contacted clad 
and reduced fuel temperatures. Although clad failure did not 
occur before the termination of the experiment, it was 
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predicted that it would occur after an additional exposure 
of 5,000 to 10,000 Mwd/MT. Fuel power density during this 
test was sufficiently low, however, that fuel melting apparently 
did not occur after loss of the bond. Theoretical predictiuns 
of fuel temperatures after loss of the bond in the reference 
LMFBR design indicate that melting would occur except near 
the end of life when the fuel-clad gap is small. 

New Information Needed 

Failures and failure mechanisms associated with normal operation will 

be studied under the Fuels and Materials research area. However, in 

order to prevent failures under normal operation which could be caused 

by previous off-normal operation, there needs to be a study of the effects 

of operational and accidental transients on subsequent fuel behavior. 

Part of the studies in this area will be done under this subtask. This 

is one of the three topics listed below on which new information is needed. 

Topic 

1. Effect of accidental transients 

on fuel integrity. (Series I 

Tests) 

2. Propagation of single pin 

failures. (Series II Tests) 

3. Mechanisms of fuel failure in 

unprotected transients and 

propagation from plugging of 

a single subassembly. (Series 

III Tests) 
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Information Needed . 

Failure history and condition of 

fuel pins which have experienced a 

short term coolant temperature 

transient approaching bond boiling 

and a short term power transient 

approaching bond boiling and/or 

fuel melting. 

a) Behavior of a fuel pin cluster 

in which bond loss has occurred in 

a single pin. 

b) Behavior of a fuel pin cluster 

in which clad rupture has oc.curred 

in a single pin due to excessive 

fuel swelling. 

a) Behavior of a single fuel pin 

in flowing sodium during a flow 

transient and a power transient 

severe enough to cause bond boiling 

and fuel melting. 

b) Behavior of a cluster of fuel 

pins under above circumstances. 



The investigations listed under topic 3 have two objectives which 

are combined because essentially the same experiments are proposed to 

obtain the needed information. The plugging of a single subassembly is 

not an unprotected accident; however, it leads to the same local conditions 

as·a general pump failure without protective system action. In the case 

of the latter accident, the information is needed in order to allow fairly 

realistic prediction of the ultimate outcome of such an accident. For 

the case of subassembly plugging, there must be assurance that unmanageable 

propagation to adjacent subassemblies will not occur before the event is 

detected and the reactor is shut down. 

5.3.4 Program Description 

5.3.4.1 In-Pile Tests - Steady State Reactors (Subtask 10-2.4.4) 
I 

The objectives of the in-pile tests in steady state reactors will 

~be to provide the bulk of the new information needed which is 'listed 

under topics (l) and (2) above. For tests related to topic (1), 

preconditioning of some test samples ~ould be done in EBR-II and/or a 

transient reactor (TREAT) prior to steady state testing. The initial 

steady state tests would be done in thermal test reactors. Later, 

confirmatory tests would utilize both FFTF and Safety Test Facility (STF). 

5.3.4.1.1 Series I Tests 

It is apparent that if sodium bond boiling and/or fuel meltipg occur 
.· 

as a result of any·accident other than a local coolant restriction, a 

potentially unsafe situation would result. However, there is a large 

margin of safety between norma-l operating conditions (peak fuel temper

ature = 2300°F, peak bond temperature = l300°F) and the fuel melting point 

(4300°F) and the bond boiling point (l700°F). Because of this large margin, 

rather severe accidental power or flow transients could occur without 

producing either bond boiling or fuel melting; however, such transients may 

produce other effects in the fuel, bond or clad (excessive swelling, 

fission gas release, etc.) which would leave the core in a potentially 

unsafe condition. 
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The AEC General Design Criteria for Nuclear Power Plant Construction 

Permits( 6) require that, "core protection systems together with associated 

equipment, shall be designed to prevent or suppress conditions that could 

result in exceeding acceptable fuel damage limits." Series I tests are 

aimed at definition from the safety v~eWpoint of acceptable fuel damage 

l:i.mits for sodium-bonded carbide and to thus provide essential benchmarks 

for the design of core protective systems and for safety evaluation. 

The initial test program is based on the assumption that these limits 

are near-to but short-of the boiling point for the bond and the melting 

point for the fuel. Initial tests would therefore be designed to .reach 

peak fuel temperatures of ~4000°F and/or peak bond temperatures of ~l600°F. 

(Typical overpower transients starting from full power reach these 

conditions in l to 10 sec depending on the rate of reactivity insertion 

(see ref 2).) The main variables in these tests are the exposure (burnup) 

of the fuel at the time of the transient and the type of transient 

(power or flow), Since the power tra~sients are more severe, these 

would be studied first. Details of subsequent tests would depend on the· 

results of initial tests. The proposed testing sequence is as follows: 

l) ·steady-state irradiation at normal full power conditions to 
predetermined exposure. · ( 0; 25 ,000; 50,000 Mwd/MT) ; 

2) Exposure to transient; 

3) Nondestructive examination; 

4) Destructive examination of a fraction of the specimens; 

5) Steady-state irradiation of +emainder of specimens over a 
range of exposures (5,000- i5,000 Mwd/MT); 

6) Destructive examination. 

A total of 15-20 specimens would be tested in the initial phase of 

these tests. Long term irradiations subsequent to the transient are 

not planned because it is the status of the fuel immediately after a 

transient which is of prime importance to safety. The nature of the 

damage (if any) produced by the transient will have to be assessed by 

both out-of-pile examination and in-pile tests in order to make a final 



judgement as to whether acceptable fuel damage limits have been exceeded. 

It will be important to keep in mind that acceptable fuel damage from 

the safety viewpoint may not be the same as acceptable f~el damage from 
I 

the economic viewpoint. For this reason,, relatively hig{l probability 

operational transients would be expected to be limited to a narrower range 

than the more severe low probability transients to which safety criteria 

must be applied. 

5.3.4.1.2 Facilities 

Initial testing would be done in sodium capsules in thermal test 

reactors (GETR, MTR or ETR) with the transients being done in TREAT 
. . 

(unless some acceptable method for accomplishing the transients in one 

of the thermal test reactors could be worked ·out). Exa.rri.inations would 

be made in existing hot cell facilities. ·Later confirmatory tests on 

larger clusters of f~el rods would be done in FFTF (pre-irradiations) 

and the Safety Test Facility (STF). The STF presumably would be well 

suited for this work because the transient and subsequent short term 

steady exposure could be done without moving .the fue·l. · 

5.3.4.1.3 Series II Tests 

The Series II 'Tests will investigate the problem of propagation of 

single pin failures under riormal operating conditions. Failures of two 

types will be studied: clad failures due to e"x~essive fuel swelling and 

failure (loss) of the sodium bond. Since propagation due to excessive 

swelling will also be investigated in the development of oxide fuels, the 

effect of loss of the sodium bond will receive prime attention in these 

studies. 

Two distinct modes of bond loss have been identified: (l) a 

low-level clad rupture followed by verit plugging, gradual buildup of 

internal pressure due to fission gases and gradual ejection·of the bond 

through the rupture, and (2) vent plugging and buildup of internal 

pressure followed by a low-level clad rupture and rapid ejection of the 

bond. The consequences .of the latter sequence of events may be more 

severe; therefore, it will be studied first. 
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Such experiments may be performed in one of several ways: 

l) -Direct simulation by expelling the bond at power through 
application of gas pressure from an external source or by 
rupturing a prepressurized pin; 

2) Indirect simulation by rapid_ insertion of an unbonded pin 
into an operating ~est reactor or by a rapid power increase 
of the reactor with the unbonded pin already inserted. 

Simulation of the slow loss-of-bond situation is more straight

forward. This would be done by inserting an appropriately defected 

unvented pin in the test reactor and allowing nature to .take its course. 

The important variables in these tests are the fuel exposure (burnup) and 

the fuel pin linear power. The critical heat transfer effect of burnup 

is determined by the thickness of the fuel-to-clad gap when loss of the 

bond occurs. This can be simulated by varying the gap on unirradiated 

fuel. Initial tests ·would be done this way; however, the behavior of 

the fuel subsequent to bond loss could be significantly influenced by 

retained fission gases and other characteristics of higher burnup fuel. 

Therefore, tests with preirradiated fuel will also be done. 

The only important effect of bond loss may be excessive fuel 

swelling; therefore, the bond loss stUdies could provide the bulk of the 

information needed with respect to propagation due to excessive swelling. 

Excessive swelling might also occur as a result of undetected errors in 

fuel fabrication. Depending on results obtained from bond loss experiments, 

the excessive swelling experiments would set up to complete the picture 

of failure propagation potential and appropriate measures for its control. 

A typical experiment would employ a single fuel pin either fully or 

partially loaded with pellets known to swell excessively (e.g., hypo

stoichiometric UC). This pin would be surrounded with normal pins. 

All propagation studies wiJJ be aim~d at answering two main 

questions: 

l) What are the qualitative and quantitative effects of the 
defective pin on the 6 ad-jacent normal pins? 

2) Do any of these effects tend to propagate beyond the 6 
adjacent normal pins? 



The second question is the more important one from the safety 

point of view. 

5.3.4.1.4 Facilities 

A total of 10-:15 experiments in thermal test reactors is projected. 

Initially, several single pin bond loss capsule experiments would be done, 

followed by 5-10 experiments usin~.seven-pin clusters in a capsule-type 

assembly with an internal flowing sodium cooling system. Several 19-pin 

experiments in a package or integral loop faciiity would complete the 

initial phase. Confirmatory tests in a fast flux environment would be 

planned for STF with preirradiation in FFTF. Five to ten 19-pin 

experiments are anticipated. Existing hot cell facilities would be used 

for post-mortem examinations. 

5.3.4.2 In-Pile Tests - Transient Reactors (Subtask 10-2.4.5) 

5.3.4.2.1 Series III Tests 

Series III Tests are designed to provide information on the behavior 

of fuel pins and assemblies under conditions which are expected to 

produce severe fuel damage, i.e., during transients in which fuel melting 

and/or bond boiling occurs. These experiments will provide base-line data 

for the definition of design basis accidents involving the core. They 

will also provide information vital for evaluation and design of protections 

against propagation of local coolant blockage situations. The phenomena 

of prime interest in these studies are: 

1) The mechanisms and dynamics of phase changes and movement of 
fuel, coolant and clad and the resulting effects on reactivity; 

2) Pressures created as a result of sodium vaporization and 
vapor bubble collapse and the effect of these pressures on 
structures; 

3) The mechanisms and dynamics of interaction between blocked 
and unblocked adjacent subassemblies; 

4) The response of outlet themocouples, fission product and 
delayed neutron detectors, .reactivity meters and other instrument 
systems explicitly involved in protection against propagation 
of local incidents. 
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Initial experiments would be single-pin experiments in a packaged 

loop in TREAT. The principal variables are fuel exposure and type 

and severity of the transient. Within the limitations of the TREAT 

system, simulations would be made of overpower transients at constant flow 

and coolant flow transients at constant power. Power transients that 

.could be caused by credible reactivity insertions in the reference reactor 

generally lead to bond boiling prior to extensive fuel melting (see ref 2). 

Therefere, the important difference between flow and power transients is 

the temperature and power density of the fuel at the time bond boiling 

starts. By adjustment of.initial temperfltures and the shape of the TREAT 

power pulse, conditions approximating the two types of transients can be 

created. Experiments would be highl! instrumented. After evaluation of 

the results of single-pin experiments, several 3 to 7-pin experiments 

would be performed. 

TREAT experiments are not expected to be particularly valuable in 

developing information on interaction between subassemblies (melt-through) 

because of the TREAT reactor's lack of ability to sustain power after 

melting the 1"ueL These experiments would indicate, however, the most 

likely conditions immediately following flow blockage (fuel concentrated 

or dispersed) which would improve calculational models for predicting 

melt-through times. The measurement of pressures would also help 

predictions of interactions. Depending on results of these tests, specific 

capsule-type melt-through experiments rna~ be proposed for a thermal test 

reactor. More likely, however, resqlution of questions in this area would 

be made with larger-scale experiments in STF. 

Scale is expected to be an important factor in determining the 

magnitude of pressures and other effects when fuel melting occurs. Tests 

involving the equivalent of a complete s~bassembly in STF are therefore 

considered particularly important in this test series. The most serious 

credible incident that could be contemplated for the reference core is the 

sudden blockage of coolant to a subassembly while at pOwer. Therefore, 

STF experiments would concentrate on this accident. A series of 3 to 5 

blockage experiments is projected starting with a 7-pin cluster and 

working up to larger numbers of pins to determine the effect of scale. 
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These experiments would be coordinated with Series I and II experiments 

and it is anticipate.d that at least two of the assemblies fabricated for 

earlier tests could be reused in these destructive tests. 

5.3.4.2.2 Facilities 

TREAT and STF have been indicated as the prime facilities for 

Series III tests. Postmortem examinations would be done in existing 

hot cell facilities. 

RESEARCH RELATED TO HYPOTHETICAL ACCIDENTS (Task Area 10-2) 

The program of research related to hypothetical accidents.outlined 

in the LMFBR Program Plan covers the essential issues well. However, 

there are several particular areas ·which are especially important and 

which should receive fir~t attention. These are: 

1) Development of analytical procedures and performance of 
experiments which will yield more realistic estimates of 
rea~tivity changes that could result from fuel. melting and/or 
sodium boiling. (Subtasks 10-2.2.1, 10-2.3.3, 10-2.4.4 and 
10-2.4.5); 

2) Development of analytical procedures and performance 
experiments which will yield better estimates of the 
work-energy from vaporization of fuel and/or sodium. 
10-2.2.2, 10-2.2.4, lo-2;4.5, 10-2.3.4 and 10-2.9.1). 

of 
effective 

(Subtasks 

What is most urgently needed are initial experiments in each of 

these two areas upon which analytical models can be based. The first 

type of experiment is that type described above under section 5.3, Fnel 

Failure and Melting-Series III experiments. These will provide an 

initial picture of fuel and coolant behavior movement whid1 t.:C:Lu be used 

to predict reactivity during severe transients for the sodium-bonded 

carbide system. Since there is some evidence that this behavior is 

significantly different than the behavior of metals and gas-bonded 

oxide,( 3 ) it is important to establish as soon as possible the extent 

and scope of essentially specialized re.search required for this fuel 

system (as opposed. to generally applicable·research, such as that to be 

done in the area of sodium fires). 
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In the area of work-energy yield estimation, it is important that 

TREAT experiments of the type sugges·Led by Miller· and Dickerman ( 1 ) be 

performed at as early a date as is practical. These experiments were 

suggested in connection with equation of state measurements; however, 

the method of determining the equation of state involves measurement of 

the physical work produced by the vaporization of a fuel sample, therefore 

the experiments would yield directly applicable data. Furthermore, these 

experiments should include fuel vaporization (and/or melting) -in the 

presence of sodium as well as in a vacuum so that the secondary effect 

of sodium vaporization can also be determined directly. 

Work-energy produced by sodium vaporization from molten or fragmented 

fuel can also be studied out-of-pile with the type of experiments described 

under Subtask 10-2.3. 4-. These experiments are consider_ed especially 

important for the sodium-bonded carbide system, again because of the 

results of the one TREAT experiment ( 3) with this fuel. 

Completion of these experiments and the development of analytical 

models based on their results should provide sufficient information for 

conservative upper-limit type of estimates usable in evaluating contain

ment of the demonstration plant. Their results will also form the basis 

for definition of additional experiments and theoretical development for 

larger plants. Because it is not clear at this time whether these 

experiments will point in the direction 0f further investigation of 

Bethe-Tai t type of accidents or in another directi_on, it is not practical 

to attempt to outline research in this area beyond the initial phases 

indicated. 

-5.5 PROTECTIVE SYSTEM (Task 10-3.1) 

The purpose of this task is to outline protective system development 

programs in those areas specific to our reference design which are either 

not included in the AEC LMFBR Program Pl~n or are not cove·red in enough detail 

in that plan to satisfy our design requirements. A development program 

for the entire protective system and its components will not be prepared 

since much of our system development is already described in the Program e Plan. The specific areas of interest discussed in this subtask are: 
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A Method for Protective System Design Deyelopment and Evaluation, Outlet 

Thermocouple Development, Development of Local Plugging Detection, and 

the Development of a Reactivity Meter. 

5.5.1 Protective System Design Development and Evaluation 

Program Definition 

In this task, the protective system will be evaluated to determine 

how it can best accomplish the goals required of it. 'l'hese goals, as 

determined for our reference design, are specified in the AEC General 

Design criteria as modified for LMFBRs in Volume III of the Task II and 
( 2) 

III report and can be summ~rized by the following: The protective 

system combined with the inherent safety characteristics of the core 

must guarantee that no credible accidents, including those in which 

portions of the protective system fail to respond, should produce either 

gross meltdown of the fuel or gross voiding of the core. Included in 

this evaluation will be an analysis of each credible accident in terms 

of what is the best way of providing' this protection; that is, what and 

.how many reactor parameters must be monitored and connected to the trip 

circuits. The probability approach will be effectively used to determine 

how well each accident must be protected in order to reduce to an accept

ably low value the probability of it causing gross core namage. This 

acceptably low value must also be determined" From this probability 

analysis will come the answers to questions such as: Is a double 

protective system required? Does a double protective system with separate 

principle gain significant protection? How many separate trip signals 

must be provided for each postulated accident? When does too much 

safety instrumentation become disadvantageous? Is a cocked rod needed 

during refueling? 

5.5.1.2 Description of Current Technology 

Protective systems have been designed and successfully employed in 

several LMFBRs in the United States* and abroad.** It is impossible to 

* 
** 

FERMI, EBR-II, SEFOR 
Dounreay, R~psodie 74 



know at this time whether similar systems will be adequate for large 

power reactors; however, it is felt that much of the technology g;::d.ned 

_will be applicable. Double protec'tive systems appear to be the trend 

now in both. water reactors and sodium .reactors. The water reactors 

employ control rods as one system while the other system usually operates 

on a different principle such as s·oluble poison. So far, the separate 

principle idea has not been carried over to LMFBRs because of the 

technical difficulties involved; therefore, two completely separate 

control rod shutdown systems are normally used. The primary system, 

called the safety rods, is always fully withdrawn during operation and 

is used for no other purpose but safety. The secondary system consists 

of the normal shim-regulating rods which are scrammed from any position. 

Both of these shutdown systems are fast-acting and can detect· the 

malfunction and shut down the reactor.before any damage is incurred 

following most credible accidents. Sufficient excess reactivity is 

provided in each system to assure an ample shutdown margin during all 

expected normal and abnormal conditions. With both systems inserted in 

the core simultaneously, the reacto~ i$ $UbGritical by several percent 1n 

reactivity. The number of trips avai1able for any given credible accident 

varies from plant to plant and accident to accident; however, usually a 

minimum of two has been provided, The basis for determining the amount 

of protection provided by the protect.ive system is rather nebulous and 

probably is a result of the oesigner's experience and engineering 

judgement. Cocked control rods have been provided in at least one 

reactor(S) to protect against the refueling accident. Other LMFBRs( 9 ,lO) 

as well as many water reactor systems depend upon a large shutdown margin 

during refueling to guarantee that this type of accident is not credible. 

A variety of' other shutdown devices and systems have been suggested for 

backup safety during operation or refueling. These include neutron flux 

activated mechanisms such as controlle'd fuel-bundle expansion, meltdown 

rods, and core differential expansion wedges, as well as liquid poison 

injection systems (i.e., lithium), similar to boron injection into water 

reactors. Technical difficulties ·have rendered most of these ideas 

impractical up to now. 

75 



The detection of local plugging and preventing it from either 

causing failure or causing the propagation of failure has not been a 

major consideration in the past. However, since the occurrence of such 

an accident in an operating LMFBR(ll) with its resulting problems and 

delay time in getting back into operation, increased concern has been 

given to the possibility of avoiding such an incident in future plants. 

It has been suggested that this might best be accomplished by proper 

design of the fuel bundle inlets ~lus additional detection equipment in 

the protective system. 

The inherent reactivity feedback characteristics of the reactor 

have been considered in the design of the protective systems. The 

primary contribution from these effects is to provide additional and 

sufficient time to activate and accomplish the necessary protective 

action during any credible accident. Metal-fueled fast breeders have 

depended largely on the negative fuel expansion coefficient to achiev·e 

this effect while fast ceramic-fueled breeders will depend on the 

negat.i. ve fuel Doppler coefficient. Other effects, both positive and 

negative, such as material density changes are small compared to these, 

but are also included 'n the analysis. The core radial expansion reactivity 

effect can be made strongly negative by proper core design, e.g., spacers 

and core clamp. This effect reacts slowly compared to the Doppler since 

it f0llows the structure or coolant temperature rather than the fuel 
- (12) . 

temperature. Therefore, it has been suggested that a large core 

expansion effect might be quite advantageous in the loss of flow accident. 

5.5.1.3 New Information Needed 

Since this task is system design oriented rather than a basic 

research and development program, the information required is primarily 

input data which will allow evaluations of the.protective system or 

portions of the protective system for determining how well these systems 

and subsystems perform their function. This system evaluation will be 

based on the probability approach as briefly outlined in Subtask 10-4.2. 



The information needed to successfully complete this evaluation includes 

the following: 

l) Failure history and probqbility data for all components of 
the protective system; 

2) In areas in which data is not now available, techniques should 
be developed for estimating the probability of failure; 

3) Data on the confidence level of any given detector, assuming 
it is operating normally. That is, how sure are we that the 
instrument will detect the change in the parameters that it 
is designed for, even if it is functioning properly; 

4) 

5) 

5.5.1.4 

Determination of what is an acceptably low value for the 
overall probability of failure of the protective system for 
any accident; 

A final set of specific design criterion for the protective 
system of LMFBRs, similar to those·already in existence for 
water reactors. 

Program Description 

Two basic analyses must precede the design and evaluation of the 

protective system. This includes first of all, determining the goals 

and the requirements of the protective system. These will be established 

by the development of specific design criteria for LMFBRs which are 

already part of the Safety Program Plan designated Task 10-4.1. The 

other area involves the detailed studies of all accidents which are 

expected to be prevented by the protective system. Again, the Safety 

Program Plan has completely outlined these studies in the following 

Subtasks: (10-l.l.l) Summary of Potential Malfunctions and Faults, 

(10-1.1.2) Definition of Initiating Conditions for Reactor Accidents, 

(10-1.1.3) Analysis of Initiating Accidents. This finally leads to the 

specific purpose of this task which is tp design and evaluate the protective 

system, using the information generated in.the studies described above. 

An analysis of the core protective system (Subtask 10-1.1.4) is 

included in the Safety Program Plan; however, it is not sufficient to 

perform the design and evaluation we feel necessary for our protective 

system. Therefore this area will be developed in some detail for our 
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reference design. From the results of the accident analysis combined 

with the specific safety design criteria, the design of the protective 

system can be determined. At this point, the inherent reactivity 

feedback coefficients will have already been tentatively set and factored 

into the accident analysis, and will be changed later only if the 

protective system evaluation requires it. The protective system design 

and evaluation will include the following: 

1) Identify and determine the reactor parameters which will 
be monitored for detec'):.ing abnormal operating situat.ions. 
This ·will include estimates· of the instrument's opera.t:i.ng 
characteristics, i.e., response times, reliability etc.; 

2) From the results of the accident studies, dP.termine the 
protection available for each separate accident, that is, 
how many independently measured parameters will be effective 
in preventing the accident. from causing damage to the reactor. 
All protective action for each accident including alarms, 
power setback and scram should be specified; 

3) Perform a probabilistic evaluation of the entire protective 
system. The results of the .fault tree analysis which is 
performed as part of the accident studies, combined with the 
protective action spe~ified for each accident, will be used 
as a guide for this evaluation. The evaluation will determine 
or consist of the following: 

a) Determine and apply the failure probability data to all 
components of the Protective System. This will also 
include allowance for the detectors' confidence level. 

b) Determine and apply t_he probability data to the basic 
malfunction or accident. That is, the probability that 
any specified acclU.eut. will be initiated (e.g., control 
rod ejection, etc.) must ·be known. 

c) For each accident (b~sic malfunction), use probability 
analysis to determine the final probability that the 
accident will proceed through this chain of malfunctions 
and cause core damage or core destruction. The accident 
fault tree will be used to trace each accident from its 
initiation, through the protection system and to the 
final consequences. 

d) Compare this final probability for each accident with the 
acceptable value. If it does not meet the acceptable 
criteria, additional protection must be provided in the 
protective system. Conversely~ if the accident is found 
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to be overprotecte.d, some trips might be removed if not 
needed elsewhere.' However, the entire list of accidents 
must be evaluated be.fo:te the latter can be determined, 
since these additi~nai trips may be needed to meet the 
criteria in some accidents while in others they may 
appear to be redundant. 

e) Redesign the protec~ive system or other parts of the 
safety system if it is found necessary or advantageous. 
Furthermore, at this' ·point, it may be necessary to change 
the internal reactivity feedback coefficients (e.g., 
Doppler, structural, etc.) to obtain the required safety. 
If so, it will also be necessary to perform additional 
safety analysis calculations. The probability analysis 
will again be performed to determine if the redesigned 
system meets the requirements. This iterative procedure 
will be used until the design requirements of the safety 
system are met. 

4) From the results of this evaluation several design decisions 
and criteria will be determined. These include: 

a) the minimum number of ·scram trips for any accident; 

b) whether scram trips on several different parameters are 
preferrable to several tTips on one parameter; 

c) on which accidents it is·desirable to incorporate a 
power setback signal.; 

d) whether two (or three) fast acting shutdown systems of 
the same principle (e.g., scram rods) is safer than two 
systems of different principle, one fast and the other 
slow; 

e) whether the refueling accident requires a cocked rod; 

f) whether for local plugging, the protective system will be 
capable of: 

i) detecting the phenomenon and preventing significant 
damage to the plugged subassembly, and/or 

ii) preventing the propagation of damage to adjacent 
. subassemblies; 

g) whether entrained gas detection is necessary. 
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5.5.2 Local Plugging Detection 

5.5.2.1 Program Definition 

The .provision of equipment and instrumentation that determines when 

the flow through an individual subassembly is either blocked or becoming 

blocked will be necessary on at least the first generation of LMFBRs. 

Past operating history of experimental fast breeders has proven this 

to be desirable for preventing long and expensive operating delays due 

to local fuel failures, while current safety analyses of future large 

LMFBRs indicate that it will probably be needed to satisfy design 

criteria. Several techniques involving the measurement of different 

local parameters appear feasible. These include the measurement of 

local subassembly flow, channel temperatures, channel pressure, strain 

in channel walls, and the detection of incipient local sodium boiling by sonic 

devices. 

In our reference design, three lines of protection were provided for 

the detection of local plugging and the prevention of its consequences 

from propagating. These are: 

l) In-Core thermocouples; 

2) Reactivity Meter; 

3) Fission Gas and Delayed Neutron Detection. 

Protection for two types of local flow blockage, i.e., complete or 

partial, is provided in the reference ~esign. The partial blockage 

situation is monitored by a computer controlled in-core thermocouple 

system which will detect a flow reduction early enough to prevent it 

from becoming a large plug with subsequent damage to the fuel subassembly, 

The computer and its data analysis are not considered an integral part 

of the protectiv~ system but are used only to obtain operating information 

and to increase the probability of detecting local plugging before it 

can cause damage. With proper core and subassembly design, the most 

realistic and probable type of plugging will be slow and will allow 

plenty of time for d~tection. This detection system is tailored for 

that type of blockage. It is recognized that a small percentage of 
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outlet thermocouples may be inoperable during a year's refueling cycle 

(they can be replaced during refueling). Therefore, a subassembly may 

be unprotected by this system at any given time. There appears to be no 

economically feasible way of avoiding this problem, Thus, the basic 

philosophy is to provide highly reliable· thermocouples which will insure 

one good measurement in a very hig;h percentage of the subassemblies. This 

system is designed primarily to increase operating efficiency and to 

protect the plant owner's investment by reducing the risk of extended 

outages. It is not intended as part of the safety system required for 

the protection of the public; however, by reducing the probability of 

local fuel failures, it increases the overall safety of the system. 

Complete or partial blockage which immediately causes.r.hannel 

voiding cannot be detected early enough to be prevented by any· .detection 

system. ThereforP., thP. :function of the detection system is to ,react 

early enough to limit the damage to the blocked subassembly(s) and 

prevent failure propagation. · .. 

From the results of our accident analysis, it is evident that. the 

fewer the subassemblies simultaneously blocked, the more difficult it is 

to make prompt detection. Thus, the blockage of a single subassembly is 

more difficult to detect and will result in a longer delay than the 

blockage of several. This occurs because the positive reactivity effect 

from sodium voiding of one subassembly is so small that it is undetectable 

until fuel meltdown tru~es place a few seconds later. The reactivity 

meter (Section 5. 5. 4, Reactivity Meter) might separate the change from 

the normal background noise and expected normal changes; however, a 

scram on t~is signal alone is probably not feasible. Therefore, the· 

reactivity change must be used in coincidence with another signal such 

as delayed neutron activity in the primary sodium or fission product 

activity in the reactor vessel cover gas which would be detected several 

seconds after the first· gross clad failure, A more definite reactivity 

signal will occur after the fuel melts and begins moving out of the 

seed region. This -reactivity change is large enough to be confidently 

detected with the reactivity meter and can be used as a protective action 

scram signal. 
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Flow blockage, and subsequent voiding of several subassemblies will 

avoid these problems because the positive reactivity addition from voiding 

is large enough to be confidently detected by the reactivity meter .. 

Furthermore, it results in power changes large enough to cause high 

power and outlet temperature level trips. In such cases, the reactor 

will shut down before much fuel has melted in the blocked subassemblies, 

preventing any failure propagation. 

).5.2.2 Description of Current 'l'echnology 

There is very little past experience in directly determining the 

occurrence of local plugging in a single subassembly. Although such 

events have occurred in LMFBRs in the_past, their detection locally 

'vas not foreseen, but they were eventually detected by the gross core 

monitoring ·equipment after significant local fuel damage was incurred. 

Both the FERMI ( 11 ) and the SRE·( 13 ). fuel failure incidents were caused 

by local subassembly plugging and neither were positively indicated 

until the gross fission product monitoring systems exceeded their 

limits and shut the plants down. In both cases, earlier indications 

were. available from a few scattered sub,assembly outlet temperatures and 

reactivity calculations; however, due to the uncertainties in these 

measurements, a positive identification of this abnormal condition 

could not be made. It was suggested later that if individual subassembly 

instrumentation, i.e., temperature, flow, etc,, had been available, both 

of these incidents could have been av<'l:i.c'lecl. 

Thermocouples have been used at the subassembly outlets, in several 

reactors as discussed in the next section (Section 5.5.3, Outlet 

Thermocouples), but they have not been used to indicate the flovr in 

each subassembly. In most instances, they were used primarily to 

-provide operating information. Direct measurement of flow by some type 

of flowmeter has never been done on indiyidual subassemblies; however, 

much of the development of small sodium loop flowmeters will be 

applicable. This includes such types as permanent-magnet or eddy-current 

flowmeters. Background information for these and other types is given 

in detail in the Program Plan, Task 4-7.5, Sodium Flow Sensors for Use 

on Fuel Assemblies. 
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New Inf0rmation Needed 

Since little work has been none in this area, the new in:t'ormation 

needed consists basically of the c'leveloprnent of a sysLem of components 

.that will confidently detect the flow plugging of each fuel subassembly. 

This system must have a fast response time in the order of 1 second or 

less. The cemponent.s of the system.including the sensor mutoL be 

replaceable, preferably during operation immediately after failure, or 

at least during each refueling interv~l.· The system must include a 

continuous automatic evaluation of the data generated and then supply 

this information to both the operator and the protective system. 

5.5.2.4 Program Description 

The development of a variety of possible sensors for measuring 

J:H:irameters affected by flow blockage, is an important part of the AEC 

Program Plan for Instrumentation and Control. None of these have yet 

been proven for this purpose in an LMFBR; however, direct and indirect 

measurement of local flow by flowmeters and thermocouples, respectively, 

appear to be the most promising. Flowmeter development and installation 

is included in Task 4-7.5. Programs for testing and developing 

subassembly flowmeters of the permanent-magnet, eddy-.current and turbine 

type are outlined in Subtasks 4-7.5.6, 4-7.5.7, 4-7.5.8 and 4-7.5.9. 

Flow can also be measured indirectly from temperature data suppli~d by 

thermocouples placed in the subassembly coolant channel. The develop

ment of these sensors is described irr.Section 5.5.3, Outlet Thermocouples. 

Another indirect method of determining flow is to measure the pressure 

at some point in the subassembly channel. These sensors will be 

developed as part of Task 4-7.7. Detection of the early physical effects 

of flow blockage adds another possibility to the list of possible sensors. 

The detection of incipienL sodium boiling falls into this category and 

attempts to develop this technique are outlined in Task 4-3.4. 

The development of an installation design for these sensor systems 

that permits easy. repairs and replacement will be incorporated into the 

design ef the first demonstration plant. Separate development of such 

a system would be impractical since :lt must be closely tied to the 
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specific details of the core and primary system design. A computerized 

data evaluation system is generally outlined in Task' 4-4o2, Applications 

for Computers, but will require more specific development during the 

design of the demonstration plant. However, general programs for 

analyzing flow and temperature data and creating instructions for the 

operator on the protective system can be developed now and should be 

included in the computer applications task. 

5.5.3 Outlet Thermocouples 

5-5-3-l Program Definition 

In light of recent operating experience in several LMFBRs, .it 

appears advantageous andprobably necessary to know continuously the 

characteristics and condition of each ·fuel subassembly <'luring operation. 

This implies the provision of some type of instrumentation in all 

subassemblies that continuously supplies operating dat~ such as temperature, 

pressure, flow, etc. to a sy_stem ·monitor. The easiest and most reliable 

instrumentation considering the current state of technology is the outlet 

thermocouple. One or more thermocouples can be placed in each subassembly 

to measure the coolant temperature and can indirectly be used for deter

mining changes in flOIV or power.. The problem is to develop long-lived, 

reliable thermocouples and a method for inserting them in each subassembly 

during operation, yet have them removable and replaceable at least during 

refueling. This task involves the development and testing of such 

thermocouples under the reactor conditions prevalent in LMFBRs c, It 

further includes the study and design development of a method for 

handling and placing the thermocouples in the reactor. The third,and 

very important objective of this tasr._ is t0 devise a system t:or retrieving, 

analyzing and using the information generated from these thermocouples. 

Outlet thermocouples ·are expected to perform at least· two functions. 

The first is to provide information on the operating characteristics 

. of each subassembly for the purpose of' detecting any impending failure 

condition. This infermation will furth,er provide an indication of local 

failure due to flow blockage and voiding·. · The second prime function of 

the thermocouples is to provide scram signals to the protective system. 
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The philosophy here is to permit a rapid response to gross core changes 

(i.e., power transients, etc.) rather than to scram on changes in any 

single subassembly. Therefore, only a select few thermocouples will' be 

used in the protective system at any given time. However, as thermocouple 

reliability is increased it.may eventually be possible to scram on 

signals from.any individual subassembly. 

5.5.3.2 Description of Current. Technology 

Thermocouples placed in the outlet of fuel subassemblies have been 

used in several currently operating sodium-cooled reactors and have 

produced some rather encouraging.results. All of these plants have 

been small relative to a large fast breeder and hence have required a 

comparative-ly small numl.Jer of thermocouples. Furthermore, most of these 

. plants(
8 •9 •14

) used outlet thermocouples on only a few of the sul.Jassemblies 

rather than on all. However, the French reactor, RAPSODIE, has thermo

couples placed in the outlet of every fuel bundle and has had remarkably 

few thermocouple failures. That is, out of 165 outlet thermocouples, 
. . ( 15) 

they have experienc:ed only five fallures over the lifetime of the 

reactor until Nov., 1968, This indicates a very high reliability for 

thermocouples of this type. These. thermocouples are all individually connected 

to the protective system, two per subassembiy, and scram on a one-out-of-two 

basis. In addition the five failed thermocouple's were easily removed 

and replaced. during a refueling shutdown.. The temperature information 

from these thermocouples is received and analyzed by .a computer. This 

computer continuously compares the meaf;mred value to an expected 

computed value and automatically scrains the reactor if a given 6.T is 

exceeded on any single measurement. ·With the exception of a few problems 

with the computer(l5 ) at the beginning of operation, this method has 

reportedly worked.well. 

In EBR-II and Hallam, a few selected outlet thermocouples were used 

in the protective action trip circuits to provide early scram protection 

during abnormal operation. Outlet thermocouples in FERMI were used 

basically to supply information to the operator for purposes of determining 
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the conditions locally within some regions of the core. The thermocouples 

performed these functions satisfactorily and reliably in all the plants. 

Following the FERMI incident, it was postulated(ll) that if some method of 

automatically analyzing the thermocouple data immediately had been available 

the ~ocal meltdown may have been avoided< This was said to be a possibility 

even with the few outlet thermocouple::; that were provided, 

It should also be emphasized that most current 1000 Mwe LMFBR designs 

indicate the requirement for outlet temperature measurements in all fuel 

subassemblies. The purpose is primarily to protect the core from local 

flow blockage and the resulting core damage. The operating temperature 

for trese thermocouples is somewhat higher (1100-1200°F) than those used 

in.the·r.eactors described above (800-900°F); however, this is not expected 

to create m~y additional problems since there is much long term out-of~ 

pile testing and data at these higher temperatures. 

5.5.3.3 New Information Needed 

The development of thermocouples that operate reliably in high 

temperature sodium and under conditions of high neutron flux, has 

progressed successfully over the past few years so that these sensors are 

now essentially a proven state-of-the-art technique. _Therefore, detailed 

basic development of the thermocouple itself is no longer of prime 

importance but., instead, tests and development are needed for applying 

these devices in LMFBRs and obtaining and processing the outlet subassembly 

temperatures. This development requires information in the foJ.J.owing 

areas: 

1) Testing of various types of already developed thermocouples 
in an LMFBR environment, i, e., high integrated fast flux at 
temperatures of l000-1200°F, to determine which meet a 
lifetime requirement of at least 1 year and maintain a high 
reliability. The thermocouple chosen should have an accuracy 
of at least ±1 percent under these operating conditions; 

2) Methods must be developed for either reducing the temperature 
drift during i:r.·radiation or determining it ar.r.nrately enough 
to make a proper adjustment in the output temperatures; 
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3) Develop a method of placing the thermocouple into the subassembly 
channel. This will involve, as a minimum, a trade-off study FJ.nd 
testing of either placement in thermocouple wells filled with 
an intermediate fluid or direct immersion of the thermocouple 
into the flowing coolant. Response times of the various methods 
tested will be an extremely important consideration. These 
times are required to be on the order of 51.0 second; 

l1.) A method must be developed and tested for efficiently getting 
the thermocouples in and out of each subassembly either during 
0peration or at least 'during the refueling shutdown interval. 
Furtherm0re, some form of positive identification is needed to 
determine if the thermocouple is in its pr0per location; 

5) A system must be developed and tested that will continuously 

6) 

5.5.3.4 

read and gather this temperature data and then evaluate it in 
terms of the function reqi.l'ired of the outlet thermocouples. This 
will require some type of computer or possibly two computers, one 
used as a backup; 

The reliability of the thermocouple measurements must be investi-· 
gated t0 determine if it is high enough to permit a scram from 
signals in each separate subassembly. 

Program Description 

Much of this development is already included in pr0grams which are 

discussed in the LMFBR Program Plan. Although in some instances, the 

necessary specific information called out above is not listed identically 

in the program plan, it will be generated by one or more of the programs 

outlined. The purpose of this progr~ then is to list the research and 

development necessary to accomplish the specific purpose of measuring and 

evaluating the subassembly outlet temperatures even though portions are 

already covered in the program plan. This will serve to guide the R&D 

towards the successful accomplishment of this very ·important goal. 

A program f0r the testing and development of the thermocouple in the 

LMFBR environment is completely outlined in Task 4-7.3, Temperature Sensor 

for General Use. A determination of the reliability and life of various 

types of thermocouples is the· purpose of Subtask 4-7.3.4 .. Irradiation 

effects will be determined as discussed in Subtask 4-7.3.5. 'Information 

needed to determine if either a well design or a direct immersion system 

can be used will be available upon completion of Subtask 4-7.3.4 and 
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Subtask 4-7.3.7 .. The decision on using each individual subassembly thermo

couple signal for r·eacter scram or only to provide detailed operating 

information for early warning of abnormal operation can only be made after 

all phases of the thermocouple development program are completed, i.e., 

Task 4-7.3. 

The development-of a method for inserting these thermocouples through 

the reactor primary containment boundary and into each subassembly, will 

best be accomplished during the detailed design of the reactor primary 

system. Also at this time,_a system of removing and replacing failed 

thermocouples will be r'leveloped. A cbmputer system for retrieving and 

evaluating this outlet temperature data will be developed as an integral 

part of the reactor core and safety system design. Most of these deve·l opment 

problems will.be included and resolved in the design of the demonstration 

plant. Furthermore, although FETF may not be prototypical of a large LMFBR, 

attempts will be inade to include much of this program in its design 

development ·program .. 

5.5.4 .Reactivity Meter 

5.5.4.1 Program Definition 

It is proposed, as a result of our protected accident studies, that 

a reactivity meter be developed which can be used as an integral part of 

the protective system. Its function will be to continuously measure the 

reactivity of the (~ore during operatio:n and to gencro.te a scram signaJ :if 

the difference between this measured and ·a calculated value exceeds some 

preset ~p. It should also be designed to scram if the change in reactivity 

is excessive. It is hoped that such an instrument will penni t the 

immediate rletection of small local voids within the. core. That is, the 

reactivity effect associated with the blockage and voiding of a few (or 

possibly even one) subassemblies or gas bubbles transiting the core will 

be detected by this instrument. In most cases, this detection will not 

occur. in time to prevent damage to the locally voided subas.semblies, but 

will scram the reactor in time to prevent failure propagation. Reactivity 
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effects caused by movement of small amounts of fuel resulting from local 

melting will be detected. TI1is is expected to produce a significant 

reactivity change some time before possible melt-through to adjacent 

subassemblies. Detection by the reactivity meter will shut down the 

reactor in time to prevent melting into adjacent areas. 

5.5.4.2 Description of Current Technology 

Reactivity meters have been used on several reactors as an operational 

aid; however, they have never been incorporated into the protective system. 

A device of this type was described by the French(l6), where its uses 

were said to include (1) control rod calibration, (2) the analysis of 

dilution effects of poisons, (3) evaluating temperature effects and xenon 

poisoning, all three of which are essentially measurement analyses. It 

has more recently been employed as a control device for assisting regulation 

of the reactor. On Rapsodie(l6), th~ reactivity meter is used primarily 

for the surveillance of the startup and for stabilizing the reactor at a 

given power where even the smallest movement of the shim rod is immediately 

visable. Changes in reactivity of the order of ~0.01% 6k/k were discernible 

with this instrument system. 

The reactivity meter, as currently used, operates off any parameter 

in the reactor which represents neutron power. Neutron flux as measured 

in the fission chambers was used as the input signal in Rapsodie. By 

electrical analogy, the instrument solves the reactor kinetic equations 

and delivers an output signal proportional to reactivity (p). 

5.5.4.3 New Information Needed 

The principle and operation of the reactivity meter appears to be 

adequately developed; ho"lvever, j_ts usefulness as an integrated pa1·L of 

the protective system has not been tried and proven. Test data must be 

obtained that will determine if it is possible to detect small reactivity 

changes associated with voids in the reactor. This will involve analyses 

of instrument background noise and the development of techniques to 

reduce it wherever possible. The instrument must not be so sensitive that 
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it creates frequent spurious scrams, yet it must be capable of detecting 

the physical realities within the core. A technique must be developed for 

continuously monitoring and evaluating the output signal and determining 

when the reactor should be scrammed, This may involve comparing to a 

continuously calculated value or simply a rate-of-change procedure. 

5.5.4.4 Program Description 

Subtask 9-5.1.5 of the Physics Program Plan contains a sketchy low

priority program for the development of a reactivity meter to measure 

subcritical reactivity. Some of this development may be applicable to the 

solution of the problem presented here. However, it is not safety oriented 

and is definitely insufficient for the purpose of this task. 

A more conclusive program for the development of a reactivity meter 

for the protective system must include several areas of testing and analysis. 

First of all, tests must be performed on reactivity meters that are already 

developed and available. These tests can be run in either EBR-II, SEFOR, 

or FERMI. Since the input to these meters is usually neutron power, this 

signal can, in most cases, be taken off instrumentation that is already 

available. However, new types of neutron sensors as developed in Task 4-7.1 

(Inst. and Control) may be used in conjunction with this task. Reactivity 

changes over the time interval representative of local voiding will be 

difficult to simulate in EBR-II and FERMI; however, in SEFOR its pulse rod 

can be used effectively to simulate sodium voiding transients. The 

objectives of these tests are to determine the minimum change in reactivity 

that can confidently be measured by these meters and to further determine if 

it is sufficient to provide protection from failure propagation. The 

requirements of the reactivity meters which are necessary to meet this latter 

objective must be predetermined by a detailed investigation of accidents 

resulting in local voiding and.local melting (Section 5.3, Fuel Failure and 

Melting, Task 10-2.4). If these currently available reactivity meters are not 

C~:J.pable of meeting the protective system requirements, a new type ·employing 

techniques such as noise analysis, low frequency oscillation, etc.' a.s suggested 

, in Subtask 9-5.1.5,might prove feasible. Furthermore, it will probably be 
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necessary in most of these instruments to develop techniques to reduce 

the level of background noise interference. The basic problem to be 

solved is to d.evelop a meter sensitiv:e enough to measure small changes in 

reactivity but yet not cause spurious reactor scrams. 

The last major area that must be developed is a system that reads and 

evaluates the reactivity signal and then decides what to do with it. 'rhe 

best system is probably a comparison of the measured reactivity and a 

calculated value. ·This requires the development of a computer system: that 

can accurately calculate the reactivity continuously or at least whenever 

a change is to be made. Subtask 9-5.1.5 provides a program for some gross 

computer reactivity monitoring development; however, more. emphasis should 

be placed on it. Other techniques for evaluating the reactivity meter 

output signal should a.lso be investigated~ These include possible scrams 

on high rate-of-change of reactivity or unexpected changes of reactivity 

exceeding a preset 6p. 
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Figure 5-1 
Safety R and D Schedule and Milestone Chart 

Task I Calendar Year 70 71 72 73 74 75 76 77 78 79 80 

5.0 Safety 

5.2 Core Configuration Safety Studies ~ ~ I~ ~ ~ 5.2.4.1 Demonstration Plant Phase 

6 7 
5.2.4.2 Commercial Plant Phase '\1 \1 

5.3 Fuel Failure and Melting 8 9 10 
a) Tests in Thermal Reactors 

'\} '\} \J 

11 12 13 
b) Tests in Fast Reactors (STF) \J \J· \1 

5.5 Protective System Development 14 15 16 18 

5.5.1 Protective S('stem Design · \l\1 \1 \1 

1119 
I Developmen and Evaluation 

& fJ 
5.5.2 Local Plugging Detection \1 

I l 

1 

22 23 2 4 
5.5.3 

\1 \J \1 
Outlet Thermocouples l I 

25 26 2 7 
5.5.4 Reactivity Meter 

\1 \1 

' 

J' I I 



Figure 5-l: Safety Development Milestone Legend 

1. Design criteria for demonstration plant. 

2. Documentation of safety characteristics of demonstration plant. 

3. Demonstration plant PSP~. 

4. Specification of safety tests and observations for demonstration 
plant. 

5. First summary report evaluating startup and operational safety of 
demonstration plant. 

6. Design criteria for commerci~l plant. 

7. Commercial plant PSAR. 

8. Completion of single pin series II and III tests. 

9. Completion of single pin series I tests. 

10. Completion of multiple pin tests in thermal reactor. 

ll. Complete failure propagation tests in STF. 

12. Acceptable fuel damage limits established. 

13. Complete large cluster series-III tests. 

14. Protective System Requirements Finalized. 

15, Credible Accident Analysis Completed. 

16. Complete Preliminary Protective System Design. 

17. Preliminary Protective System Failure Probability Data Prepared. 

18. Complete Final Protective System Design. 

19. Choose Plugging Detection Equipment for Demonstration Plant; Preliminary 
Tests Completed. 

20. Complete Design of Plugging Detection Equipment and the Computer 
Data. Evaluation System. 

21. Results Available on Operation of Plugging Equipment in Demonstration 
Plant. 

22. Thermocoup~e Testing and Development Completed. 

23. Complete Design of Reactor Thermocouple Installation. 

24. Results Available on Operation of Outlet Thermocouples in Demonstration 
Plant. 
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Figure 5-l: Legend (Cont.) 

25. Testing of Reactivity Meter Complete. 

26. Development of Computer System for Calculating Reactivity is Complete. 

27. Results Available on Operati0n of Reactivity Meter in Demonstration 
Plant. 
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Table 5-l. Safety H&D 

Manpower and Cost Estimate 

-----------------~--··-------'--.:.-.,---------------,--------·---· ·• 

; Costs - 106 $ 
---···-···-·-·-· ...... ···- .... ---·-····---·~-----···-·.,.-·. --· ..... -··· 

__ Man~~~~~~----··--····-~--~-~_:~-~~-~~~···-·-····~····_- ···-·---~:~_e-~---··· ---·· _ .. 
Scientists 1 Labor !Materials 

& Other & . ; · & Equipment Facilities 
_ ·-........ _ .... _._ ------- Engineers . Overhead ! Services 1 

--------~- ·----H•·------· ----------~-- ~-- o••o•.--- ·--- -- ·'-·•-•o ·--------~--------··· ------------ •••·---

Task 

5.0 Safety 

5.2 Core Configuration 
Safety Studies 

5.2.4.1 Demonstration 
Plant Phase 30-40 10-15 l. 2-l. 6 6 ~ 3-0.4 -- --

5.2.4.2 Commercial 
Plant Phase 20-30 7-10 o. 8-l. 2 0.2-0.3 -- --

5.3 Fuel Failure and I 
Melting 

I 
I I ; 

i 

·I a) in 
I I Tests thermal I 

reactors* 
i 40-60 2.6-3.9 

I 
0. 7-1.0 

I 
50-70 0.3-0.5 --

b) Tests in fast reactors 

I (STF)* 30-50 50-70 2.3-3.6 0.4-0.8 0.4-0.7 --

5.5 Protective System 

I 
Development 

5.5.1 Protective System 
Design Development I 
and Evaluation 18-23 6-10 0.7-1.0 0.3-0.7 

I 
-- --

5.5.2 Local Plugging 
Detection 35-45 45-55 2.4-3.0 0.7-1.0 

I 
0.4-0.6 --

5.5.3 Outlet Thermo- I couples 20-30 30-40 l. 5-2.0 0.5-0.7 0.5-0.7 --

5.5.4 Reactivity Meter J0-15 12-18 0.6-0.8 0.3-0.5 0.2-0.3 --

i 
* Irradiation unit costs exclu ed i 

'---· 

.. 

e 
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6.0 CORE DESIGN 

Items requiring rather extensive research and development in 

the cor~ design area for the reference design include the fuel element, the 

fuel subassembly and the control subassembly. The research and development 

effort needed to produce a vented, sodium-bonded mixed carbj_de fuel element 

is outlined in Section 4.0, Fuels and Materials, and is not discussed in 

this section. The latter two items, fuel subassembly and control subassembly 

are discussed in this section. 

6.1 PROGRAM DEFINITION 

6.1.1 Fuel Subassembly 

Fuel elements are contained in larger assemblies for convenience. 

These subassemblies provide the desired thermal-hydraulic environment 

and mechanical configuration needed to meet the functional and performance 

requirements desired from the reactor core. For the C-E reference 

design, research and development is required in the areas of heat transfer, 

hydraulics, structural-mechanics, manufacturing-fabrication and materials. 

The functions of these areas in regard to the tuel subassembly are: 

1) Heat Transfer 

To determine by appropriate analysis and out-of-reactor tests 
the spatial distribution of temperatures and thermal performance 
within the fuel subassembly; 

2) Hydraulics 

To perform appropriate analysts and out-of-reactor tests to 
assure the desired rate and distribution of coolant flow for 
removal of heat from the fuel elements and for the hydraulic 
holddown of the core; 

3) Structural-Mechanics 

To determine the hardware required to maintain spatial orientation 
of the fuel elements and assurance of structural integrity under 
reactor operating conditions; 
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6.1.2 

4) Manufacturing-Fabrication 

To determine the feasability of fuel subassembly configuration 
and provide appropriate process and controls to assure reliabJe, 
structurally sound fuel subassemblies; 

5) Materials 

To provide data for the selection and to determine requirements 
and to assure acceptability by testing of materials to be used 
in the fuel subassembly (excluding fuel and cladding). 

Control Subassembly 

Shim-regulating and safety control rod subassemblies of the poison 

type are employed. Methods of packaging, aligning, guiding and cooling of 

the control material must be considered. Development requirements for the 

control subassemblies are somewhat similar to the fuel subassemblies. but 

require emphasis in the areas of structural-mechanics and thermal-hydraulics. 

Functions of these areas in regard to the control subassemblies are: 

l) Structural-Mechanical 

6.2 

6.2.1 

Sinoc opc1·atiun r~4_uires movement of a poison element bundle 
within the core, factors such as vibration, wear, galling and 
structural loads must be evaluated both by analysis and out-of-. 
reactor tesLs; 

2) Thermal-Hydraulics 

t 

Variable heat generation and. rapid transients associated with 
control rod insertion requires evaluation by analysis, and 
development of a mechanical configuration to accommodate this 
effect. 

DESCRIPTION OF CURRENT TECHNOLOGY 

Fuel Subassembly 

6.2.1.1 Thermal-Hydraulics 

The coolant flow passages in the C-E LMFBR fuel subassemblies 
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consist of circular ducts containing bundles of finned rods. ·It is 

reasonable to assume that the resultant coolant shear stress distribution 

may be quite different for these types of fuel element configurations 

than for those found in other types of ducts and passages. Previously, 

tests conducted at AI have shown that the use of Moody smooth-tube friction 

factors in conJunction with the equivalent diameter concept was a 

satisfactory method for prediction of pressure drops across a variety of 

f l l t f . •t• (l) ue e emen con 2gura 2ons. 

With the present state-of-the-art, accurate determination of pressure 

losses across fuel rod spacers and entrance and exit hardwa:re is not 

completely predictable. Attempts to determine these losses· using semi

empirical equations have been made. ( 2•3 ) However, results from pressure 

drop tests across fuel rod spacers similar to the various LMFBR designs 

indicate that no singlP. correlation can be used to accurately predict the 

pressure drop across end spacers of various designs. It may be concluded 

that hydraulic testing of entrance and exit hardware will, no doubt, always 

be required because of the complex geometries associated with these 

components. When it is considered that fuel rod spacers and entrance and 

exit hardware usually represent greater than 50 percent of the total 

pressure drop across a fuel element, the need for this testing becomes 

more apparent. 

Technology of steady-state heat transfer is adequate from the fuel

element cladding outward, although improvement in mixing correlations 

would be valuable in reducing hot-channel factor allowance for undercooled 

and/or overheated flow ligaments or portions of a flow ligament. 

Knowledge of the degree of fluid interchange within a fuel element 

bundle is essential to all reactor designs to establish the extent of 

excess coolant flow and appropriate hot-channel factors. Knowledge about 

the mechanism of coolant mixing will enable optimization of fuel element 

designs and provide information pertaining to circumferential heat transfer 

variation within fuel bundles, especially finned pin clusters. Accurate 

prediction of coolant mixing phenomena in the LMFBR fuel design is not 

possible with existing technology. Experimental testing must be utilized 

to adequately define the parameters which affect coolant mixing in fuel 
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assemblies. It is possible that a semi-empirical equation can be formulated 

from analytical and experimental studies 1vhich will a.<lequately predict 

coolant mixing. Information is required concerning the effect of pin 

spacing, pin geometry, and coolant flow rates on the mixing process. 

The temperature distribution within the fuel element is dependent 

upon the nature of the coolant flow through the bundle. Velocity profile 

studies are required to ensure the adequacy of coolant flow ~ithin all 

regions of the fuel assembly wherein hot spots might develop as a result 

of nonuniform cooling of individual fuel elements. 

LMFBR experience to date with the Fermi reactor has shown that, for 

certain subassembly-nozzle and support-plate seat designs and for certain 

conditions of minor misalignment between the two bearing surfaces, coolant 

can leak past the subassembly nozzle. Owing to the low pressure just 

downstream from the leak, cavitation may be produced. 

Common materials of LMFBR construction (Type-300 stainless steel) do 

not resist pitting damage from cavitation, although Stellite and other hard 

alloys offer considerable improvement. When cavitation causes this type of 

pitting, the situation usually gets progressively worse until, at some point, 

the bearing seat becomes so badly gouged and the leakag~ flow rate so great 

tha4 sufficient back pressure is created at the vena contracta of the leak 

to avoid further cavitation. By the time this equilibrium is reached, the 

subassembly may lose an excessive fraction of its intended flow, and 

stainless-steel particles resulting from the cavitation could be distributed 

throughout the primary sodium system·. 

6.2.1.2 Structural-Mechanical 

Fuel element support systems can be considered either continuous or 

intermittent, but many variations ~re possible. With current technology, 

a clear-cut choice cannot be made and a comprehensive survey of the 

analytically selected possibilities, with experimental evaluation of several 

promising candidates, is required. 

There is no apparent consensus on the best way to space and support 

cylindrical fuel elements on a triangular pitch. Continuous straight hollow 
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tubes, continuous spiral wires, and many types of intermittent support grids 

are in contention. The qualitative merits and disadvantages of each type 

have been recorded, but as yet no comprehensive effort to identify the 

optimized choice for short and long term usage has been reported. 

Moreover, there is no agreement on the required axial intervals of 

intermittent support. The range is 4 to 12 in. with the British PFR design 

at the conservative extreme. Since pin deflection for a given lateral load 

varies as the cube of the unsupported length, a factor of three spread in 

spacer intervR.ls reflects a major spread in engineering judgement of what 

lateral loads will be present or how much deflection can be tolerated. 

Generally, current practice for fixing fuel elements in t.hP. core is to 

anchor them to a bundle structure using mechanical keepers in the lower 

end caps, tie t~e bundle structure to an integral part of the main

subassembly hardware, and employ a holddown device to prevent hydraulic 

forces from lifting the subassembly. Typical holddown devices use a 

mechanical arrangement in the form of a latch at the nozzle end or a 

restraining force at the handling end. Also, hydraulic holddown is another 

possibility. Some hydraulic designs can be defeated by nozzle plugging. 

Downflow coolant is advantageous in eliminating the holddown problem, 

though inherent disadvantages generally are considered to outweigh this 

advantage. Some of the disadvantages are the requirement of higher 

performance of top-of-reactor seals and ·the action of thermal convection 

opposite to forced convection. 

In turbulent flow parallel to the longitudinal axis of' a fuel element, 

there is superimposed on the main motion in the direction of the axis, 

a subsidiary motion at right angles. Vibrations become significant when 

these small forces are able to supplement each other to produce large 

forces. Significant vibrations can occur when certain resonance conditions 

cause large periodic exciting forces or when exciting forces are in 

resonance with.the natural frequency of the system. 

A basic reference on the phenomenon of tube vibra.tion with flow 

parallel to the tubes is available; Burgreen(
4) and coworkers studied arrays 
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with 1, 13, and 37 tubes in a 6-inch diameter; however, densities per unit 

length, rigidities, and end connection were varied. Strain gages were used 

to determine the amplitude of vibration, requiring an assumption concerning 

the deflected shape of the vibrating rod. Normally, the amplitude of 

vibration was not constant, with first one tube and then another vibrating. 

The fact that all the tubes did not have exactly the same natural frequency 

and that· there was interaction on occasion at the supporting ends, caused 

some scatter in the data. Although self-induced tube vibrations in a 

high-velocity stream were observed, they are not satisfactorily understood. 

The results do indicate a type of flow-induced tube vibration which could 

cause fatigue of the tube elements. 

Data are available ( 5 •6 ) on self-induced vibrations of finned tubes in 

transverse flow. However, the results are_very conflicting. The fins have 

a definite but poorly- understood effect on tube vibration. Data for 

preventive design are not available. ·The usual preventive measure is to 

increase the tube vibration frequency and to decrease its amplitude by 

adding constraints (spacers) along the tube length; however, the mere 

prP.i'\Pnrp of the spaccro introduces UH= J?U~~:;ibili ty ot" t"retting-fatigue 

problems between spacers and fuel elements. Clearly, a program of testing 

of specific fuel subassembly design under the full range of anticipated 

operating conditions is required to verify design adequacy. 

Axial and radial ·loads will be imposed upon the fuel assemblies during 

operation in the LMFBRo While standard structural calculations are used 

for design of assemblies, the complexity of the geometries of end hardware 

require testing of design concepts to verify the. calculations. The concept 

of utilizing large safety factors in providing structural support is not 

applicable in reactor core design, where compromise of efficient heat 

transfer, efficient coolant flow, and minimum metal-coolant ratios can 

greatly affect the efficiency of power production. Further, this loading 

may significantly affect vibration characteristics and must be considered 

under that phase of testing. 

To assure the desired rate of coolant flow to the fuel-element bundle, 

the subassembly nozzle must seat firmly and seal adequately against the 
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core support grid, which constitutes the top of the coolant feed plenum. 

Deformation of the support plate or subassembly nozzle, or cavitation damage 

(pitting) of the seat, can seriously disrupt normal coolant service. In 

Fermi, it became necessary to use stellite in the support plate because the 

stainless steel seats became pitted--presumably due to cavitation from 

. leakage flow. 

The structural integrity of the fuel subassembly depends on the soundness 

of welds and the strength of the wrapper tube to prevent bulging from the 

coolant pressure at the upstream end. Hexagonal wrapper Lubes are superior 

to square tubes in resistance to pressure deformation, because of less 

unsupported width of flat stock for a constant internal area. Cylindrical 

tubes of the reference design need to withstand a minimum stress. 

The design provision for accommodating thermal expansion is acceptable 

when movement of the fuel subassemblies does not cause an increase in reactivity 

with temperature. There are several ways to accomplish this. In the Fermi 

reactor, fuel subassemblies contact their neighbors only at the plane of 

spacer pads slightly above the core midplane, and the tops of the subassemblies 

are gathered inward by the holddown device, creating a tight core in the 

cold condition. Heating then forces the subassembly to assume an S-shape, 

with a net outward movement of fuel. Other methods employing split-bundled 

arrangements, etc., are considered. In these designs, the normal curvature 

resulting from thermal bowing causes a net movement away from the core 

centerline. However, thermal operating effects, structural changes - creep 

distortions are not clearly established and must be determined by careful 

analysis and experimental tests. Mockup tests for determining the effects 

of core clamping have been performed recently for SEFOR. ( 7 ) Additional 

data are needed for application toward the C-E LMFBR core clamping design. 

Isothermal endurance testing is required to verif'y the long term 

structural integrity of subassembly components--chiefly the fragile fuel

element support structure--in the temperature and flow environment for which 

they were designed. A 1000-hour test in sodium at 125 to 150 percent of 

nominal flow at maximum service temperature is considered an accepted proof 

test. Vibrational-fatigue problems in the design would show physical 
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evidence of inadequate design in less than 1000 hours. Thermal-gradient 

tests--to comrni.ssion a subassembly design for reactor service--should 

include an endurance test under prototypal the:rrnal-gradient conditions with 

many thermal cycles to demonstrate the ability of the subassembly hardware 

and support structure to accommodate expansion and contraction of components 

without deleterious effects, such as fretting, galling or permanent 

deformation. 

6.2.1.3 Manufacturing and Fabrication 

The manufacturing and fabrication technology which is required to 

provide LMFBR. fuel subassemblies is partially available. The materials and 

fabrication technical base for the fuel element are presented in section 4.0. 

As with all fuel subassembly design, stringent specifications must be 

established to assure a reasonable control in the design variables that can 

affect core performance. Items involved are control of design tolerances, 

weld integrity, materials control, inspection and nondestructive tests, and 

processes and techniques which will provide low cost reliable subassemblies 

where a large number of units are involved. 

The use of helical wire wrap for fuel element spacing has been used in 

other systems. The use of circular fuel subassemblies with BeO moderator 

channels is unique in C-E LMFBR design and will require development. 

In general, for the materials considered for the LMFBR fuel subassembly, 

limitations on size-shape-machinability-formability~weldability-costs, 

fabrication methods and techniques, and the effect of fabrication on properties 

are required. 

6.2.1.4 Materials 

An effective interchange of design requirements and available material 

properties is required to establish a reliable fuel subassembly that will 

withstand the environmental influences during (a) fabrication, (b) non

destructive testing, (c) loading, (d) service life, and (e) unloading, 

cooling and shipping periods. Careful analysis and experimental testing 

of representative fuel subassemblies are required to assure reliable performance. 
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The fuel element and subassembly is generally designed to allow 

provision for some measure of resistance to plastic deformation. Adequate 

ductility is necessary for fabrication and to accommodate other deformations 

experienced by the fuel subassembly. · Fuel element components must withstand 

stress and strain cycling. Vibration· and fluctuations in coolant pressure, 

variation in temperature and transients raise the possibility of' fatigue 

failure. 

Factors such as radiation induced property changes, corrosion resistance 

and others must be carefully evaluated by both design and materials 

consideration before acceptance in the LMFDTI system. 

6.2.2 Control Subassembly 

The control subassembly is the in-core portion of the reactivity 

control system which consists of the control rod bundle, the housing or 

guide channel and hardware required for support and coolant control. The 

drive mechanism is discussed in Section 1.0, Component Design. 

Because of the heat generated in high-flux reactors, all fast .reactor 

control rods are immersed in the reactor coolant. Variable control of the 

coolant flow is accomplished in the EBR-II by opening more flow passages 

(holes in the inlet nozzle) as the fueled control rod is raised into the 

core. This is especially important in fueled control rods in which the 

heat generation changes significantly for the in and out positions. Variable 

control of coolant flow also is im~ortant f6r poison rods, 

Some control rods incorporate "followers" rather than simply displacing 

sodium,in the channels. Examples are void spaces above and/or below the 

active region and fuel followed by poison. Control rods have been designed 

as clusters of poison or fuel. elements; annular, canned poison; and internally 

cooled cans. 

In most designs, the control subassembly is detachable from the drive 

mechanism to facilitate fuel handling and replacement, the control subassembly 

can be handled by the fuel-handling machinery, and the guide tube is 

ri~idly connected to the core:... support grid,_ with provision for its· removal. 
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The guide tube also may provide lateral support to the fuel subassemblies 

or support and spacing for core instruments. The control rods may occupy 

a core-subassembly position or a special location may be providede For 

core-subassembly locations, the guide tube usually is similar dimensionally 

to a standard subassembly with the centro~ rod sliding or rolling inside. 

Thermal-hydraulic design of control subassemblies involves considerations 

similar to those of fuel subassemblies. Other areas include: 

Choice of poison material; 

Compatibility of poison material with container; 

l) 

2) 

3) 
10 

Pressure buildup by helium liberated from boron [B (n,a) reaction]; 

4) 

5) 

6) 

1) 

Integrity of materials under irradiation; 

Variable heat generation with insertion; 

Wear or galling of control rod in guide tube; . 

Fail-safe features; 

8) .snubbing of "scram rod". 

Boron carbide, either natural or enriched in B
10

, is the most popular 

poison because: 

1) Experience using it is most extensive; 

2) Neutron-absorption characteristics are predictable and good; 

3) Compatibility with sodium is reasonably good. 

However, it has some disadvantages, i.e.: 

1) Radiation damage; 

2) Evolution of helium; 

3) Compatibility problems with stainless steel at high temperature--

a) carburization at l300°F · 

b) B-Ni eutectic at l022°F. 

Tantalum has been proposed as a poison material. Although the absorption 

cross section is l·ow, the density is high. Therefore, on a volume basis, 
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in currently considered 11 soft 11 spectr\l.ID fast reactor cores, it is nearly 

as effective as B4c. Advantages of Ta are: 

l) A (n,y) reaction; thus no' helium is evolved; 

2) A high-temperature refractory metal; 

3) Compatibility with cJean sodium (usable as a bonding agent). 

The main disadvantage of Ta is its high chemical affinity at high temperature 

for oxygen; therefore, it·may require cladding. 

Wear and galling of the guide tube is a serious problem, because it 

might lead to failure to operate at a crucial time (a stuck-rod accident). 

Rollers.have been considered, but more research and tests on suitable 

materials are required. The present practice of loose ·fits and articulation 

needs further evaluation. 

Fail-safe features include provision for rods to drop under the 

influence of gravity into their least reactive position in the event of a 

power failure and means to preclude rod flotation. 

In some designs the scrammed rods.are snubbed in the drive mechanism. 

In others, the rods are released and snubbed in the lower part of the 

guide tube. Both types need review-~the first because the drive mechanism 

·may 11 dragn during the fall; the second, because of potential shock or 

damage in the core. 

Generally, methods are available for designing c.ontrol rods. Definitive 

data are needed to establish the compatibility of B4c in stainless steel, or 

an alternative cladding is required. 

6.3 NEW INFORMATION NEEDED 

6.3.1 Fuel Subassembly 

6.3.1.1 Thermal-Hydraulics 

Information regarding the thermal behavior and hydraulic performance 

as well as interrelated mechanical characteristics of LMFBR fuel subassemblies 

108 



and components is needed in support of design and optimization efforts. 

Specific nee.ds are: 

a) DeterminHtion by analytical methods and experimentation of 
the pressure drop versus flow rate characteristics of LMFBR 
fuel assemblies in order to optimize the design and to provide 
information for sizing the reactor cooling system; 

b) Determination by analytical methods and experimentation of 
the vibrational characteristics of LMFBR fuel subassemblies 
under simulated reactor flow conditions, to ensure that the 
dynamic behavior of the fuel channel is sufficiently stable 
to meet requirements imposed by reactor operation; 

c) Determination by analytical methods and experimentation of the 
details of heat transfer and transport in the subassemblies 
including the effect of fluid interchange between the channels 
of proposed fuel assemblies for the LMFBR core. Included in 
this effort are evaluation of the effect of interchannel fluid 
interchange and other heat transfer effects on parameters 
affet.:ting fuel element design and reactor perfElrmance, such 
as the hot-channel factc:ir for coolant temperature rise and 
element peaking factors, and the development of mathematical 
models for predicting the degree of.fluid interchange in 
closely spaced finned-rod arrays and the local variations of 
clad temperature. 

A spiral wire spacer has been selected for the LMFBR fuel element 

spacer design. Adchtional information h; required both by analytical and 

experimental verification to establish an optimum wire pitch (axial support 

intervals) from a thermal-hydraulic and mechanical performance standpoint. 

The spacer design will be evaluated for: 

a) The required axial intervals of support to prevent bowing of 
elements due to thermal and lateral pressure gradients; 

b) Pressure loss and possible maldistribution of coolant flow 
associated with the support scheme; 

c) Vulnerability to.flow-induced vibration and fretting oamage 
to fuel element cl~d, subassembJy shroud. 

A hydraulic holddown scheme has been selected for the core fuel and 

blanket subassemblies. Analytical and experimental verification of this 

design is required in the following areas: 

a) The ability of the holddown to perform safely and reliably 
under normal and abnormal reactor operation; 
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b) 

c) 

6.3.1.2 

The possibility of subassembly inlet nozzle plugging and effect 
on holddown; 

Determination of core subassembly grid plate seal configuration, 
seal leakage, cavitation or erosion. 

Structural-Mechanical 

New information related to the fuel subassembly and associated 

components is needed.in support of the C-E LMFBR design in the following 

areas: 

a) Establishment of criteria for the fuel element spacer and 
definition of the properties of material(s) required to meet 
life requirements. The technology needed. for confident design 
of fuel-element support structures is not available. The 
advantages and disadvantages of continuous and intermittent 
grids, the required frequency of intermittent supports to 
prevent autocatalytic thermal bowing, a means for compensation 
to radiation induced swelling of fuel-element cladding, the 
influence of grids on the surface temperature of the fuel
element cladding performance in regard to vibration and fretting, 
and the hydraulic resistance of support system candidates 
need much better understanding. A loop facility specifically 
designed for the endurance testing of fuel subassemblies in a 
properly imposed thermal gradient is needed. Also needed is 
in-reactor capability to test, under prototypal thermal gradient 
conditions, a. sufficiently large structurally representative 
portion of' a fuel subassembly; 

b) Establishment of functional requirements and a method of fuel 
subassembly holddown o.nd core clamping system. Necessary 
analytical and experimental investigation should be performed 
to provide assurance that the holddown and clamping scheme will 
be acceptable for LMFBR usage. For the C-E reference design, 
a hydraulic holddown principle is employed and the design will 
require evaluation by both hydraulic and mechanical tests. Core 
clamping employs a temperature activated principle. Structural 
loads imposed on the fuel subassemblies by the clamp, and 
resultant elastic and possible permanent deformations must be 
evaluated; 

c) Structural integrity of the C-E reference design fuel subassemblies, 
because of the unique usages of moderator channels, must be 
evaluated analytically and experimentally. Load simulation tests, 
thermal transient tests and vjbration tests will be required. 
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Analytical and experimental verification is required in the area of 

the core-fuel handling interface in the following catagories: 

a) Provision for handling stuck subassemblies or design of 
schemes for prevention of stuck subassemblies; 

b) Effect of bowed or distorted subassembly removal. Allowable 
bow and core refueling c.learances; 

c) The selection of suitable materials for points of contact in 
the core subassemblies to prevent high temperature diffusion 
bonding or cavitation-erosion. Structural performance of the 
fuel subassemblies must be evaluated for .load conditions as a 
result of shipping, handling and refueling insertion and 
withdrawal, as well as those loads incurred under in-reactor 
operation; 

d) 

e) 

6.3.1.3 

Since integral BeO moderator channels are employed with the 
fuel subassembly, a means for venting or management of fission 
gases must be determined and evaluated by analytical and 
experimental methods; 

Because of the use of long slender fuel elements and the overall 
length of the fuel subassemblies employed in the LMFBR design, 
additional information is needed in the area of high velocity 
flow induced vibrations, both from the standpoint of fuel 
element spacer selection and overall subassembly structural 
integrity. 

Materials 

Sodium, high-temperature, and high-energy neutrons produce conditions 

in LMFBR fuel subassembly hardware not encountered in LWR systems. Only 

a few reactors that have been built have incorporated some of the service 

conditions of LMFBR plants. 

The applicable areas where special materials considerations exist in 

the design of the fuel subassemblies are partially listed below: 

a) shroud tube; 

b) spacers (fuel elements); 

c) seal seats; 

d) orifices and nozzles; 

e) fasteners; 

lll 



f) spacer pads; 

g) handling head-outlet port; 

h) holddown and support grid (fuel element). 

The missions and environments expected for these component areas can 

be predicted in only a general way for reactor8 yet to be dP.sie;ned. Even 

the proposed initial service conditions for FFTF will be more severe than 

any achieved to date. When fuel burnup, specific power, core temperature 

and plant availability have been increased to the goals anticipated for 

commercial plants, the reactor core components will have planned exposures 

to conditions well beyond present experience. It is expected that 

quanl..ltative characteristics of material properties will be vitaJ, and a 

potential for improved materials will oevelop. Since the plants will be 

large, small reductions in size and weight of the components will produce 

important "multiplier" cost savings. Thus economic considerations alone 

will force close attention to d~sign "factors of safety" for the materials 

used in the core subassemblies. 

The main structural materials of current interest for the LMFBR fuel 

subassembly are the austenitic stainless steels (mainly Types 304 and 316). 

The information on material properties required by the designer is outlined 

in table 6-1. Only a small part of this information is available; generally 

the basic properties data with sorn'e scattered information available in 

the other categories listed in the table. 

Data on the effects of radiation on. these materials, have been uneven 

in completeness. Material irradiation exposures expected in FFTF will 

exceed presently available data by a factor of 10 to 1000. Similarly, 

while some data are available for the higher temperatures of interest, 

little data are available for temperatures between about 600°F and l000°F. 

Also, data on dynamic properties and combined effects of temperature and 

irradiation are sketchy. 

The Fuel and Materials Section (4.0) provides an indication of the 

radiation effects to be expected and some mechanical properties needed 

for design of subassembly structural elements. However, structural 
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elements involve different shaping processes, such as casting and 

forging, and small but possibly important differen<..:es in composition. 

Heavy section welds produce local areas differing from the parent metal in 

composition, microstructure, heat treatment, and residual stress. Unlike 

other structural elements, cladding can and will be tested in the precise 

geometry to be used. Changes in geometry generally affect mechanical 

properties in ways which are not yet well understood. Irradiation induced 

swelling, ·such as that found to occur in the clad, may also prove to be a 

problem in other structural elements of the core, particularly those in 

.which tight dimensional tolerances are necessary. These problem areas may 

pose questions of reliability and safety. 

Facing materials are used for ~urposes such as bearings, bearing points, 

and the load-bearing surfaces of seals·. The current program at LMEC should 

provide information useful for Flt''l'F and early Demonstration Plant design, 

particularly in conjunction with the collection, review; evaluation, and 

publishing of handbook data by BNVfL. Th~ present emphasis is on the 

Stellite and Colmonoy alloys, and on the nitriding treatment for stainless. 

€tccl. Use ur ~uual~-bearing alloys should be minimized, however. 

While present LWR designs appear to offer few materials problems in 

this area, the anticipated increase by a factor of 10 or greater in core 

neutron fluence for the LMFBR will result in similar increases in irradiation 

levels for adjacent components and will require more extensive irradiation 

data than is available now. Similarly, the increase in core outlet temper

atures from FFTF levels will considerably increase the operating temperature 

of many adjacent components. The indicated maximum temperature will be 

increased along with both the average temperature and the maximum temperatures 

for many components. These larger commercial plants will require larger 

and heavier sections in structural members. This will tend to increase 

thermal stresses due to both increased t~ermal gradients and transients. 

An effective interchange of design requirements and available material 

properties is required to establish a reliable fuel subassembly that will 

withstand the LMFBR environmental influences during (a) fabrication, 

(b) nondestructive testing, (c) loading, (d) service.life, and (e) unloading, 
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cooling and shipping periods. Careful analysis and experimental testing 

of representative fuel subassemblies are required to a~sure reliable 

performance. 

The fuel element and subassembly are generally designed to allow the 

provision for some measure of resistance to plastic deformation. Adequate 

ductility is necessary for fabrication and to accommodate other deformations 

experienced by the fuel subassembly. Fuel subassembly components must 

withstand stress and strain cycling. Vibration and fluctuations in 

coolant pressure, variation in telJlperature and transients raise the 

likelihood of fatigue failures. 

Other factors such as radiation induced property changes, corrosion 

resistance and others (table 6-1) m:us.t be carefully evaluated for both design 

and materials consideration before acceptance in the LMFBR syst~m. 

Table 6-1. Materials Information Required for 
Fuel Subassembly Design 

Basic Properties 

Tensile-compressive-shear strength, hardness 

Ultimate-yield, Young's Modulus, Poisson's ratio 

Coefficient of thermal expansion, heat capacity, thermal conductivity · 

Notch sensitivity, ductility 

Fatigue life for high cycle stress 

Stability of Properties 

Effect on above properties of irradiation, temperature, temperature cycling, 
time. Also effect of these on dimensional stability. 

High-temperature (500 to 1400°F) cre~p rates and .stress to rupture. 

Fabricated components (welds and heat~affected zones), skin effects, 
biaxial stress. 

Thickness, nominal composition, grain size, heat treatment, impurities, and 
fabrication·variations. 

(Continued) 
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.Table 6,...1 (Cont. ) 

Compatibility With Na 
I 

Corrosion rate as function of time and of sodium temperature, impurities, 
and velocity. 

Stress ~orrosion, effect of material transfer to and from components by 
sodium. 

Erosion rate as function of sodium temperature and velocity, material 
ratios in coupled systems. 

·Compatibility with Adjacent Materials (including same material) 

Self-welding or diffusion bonding ·as a function of temperature-time-contact 
pressure. Galling. Chemical compatibilt ty. ·Coefficient of friction and 
wear rates (for selected pairs of materials). ·Fretting corrosion. 

6.3.1.4 Manufacturing a.nd Fa.hd.c:a.tion 

Due to the severe operating environment -·and quality required for the 

reactor core subassemblies' informati_on on manufacturing and fabrication 

development is needed in the following areas. 

6.3.2 

a) Development for the fabrication of the circular subassembly 
shroud with welded moderator channels and evaluation of 
alternate moderator attachment methods. An evaluation of 
weldability, welding distortions and structural integrity 
is required. 

b) 

c) 

Methods of fabricating and installing BeO moderator in fuel 
subassembly moderator channels must be determined. 

For the complete fuel subassembly, assembly techniques and 
methods for controlling straightness and dimensions are 
required. Standards, quality control measures and inspection 
methods must be determined to assure a consistently reliable 
fuel subassembly. · 

Control Subassembly 

R&D information requirements related to the control subassemblies fall 

into the areas of thermal-hydraulics, struct'ural-mechanical and materials. 

For the LMFBR, information is needed in the following areas: 

a) Determination by analy"t:ica,l and experimental methods of the 
hydraulic characteristics o~ both the shim-regulating and 

". 
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6.4 

safety control rod subassemblies. Also an evaluation of 
control element spacers and end support hardware is required; 

b) Determination by analysis and experimental tests of appropriate 
means for control rod cooling regulation that will not raise 
excessive thermal stresses on the control rod shroud and allows 
a safe operating .temperature for the control rod materials 
under all conditions; 

c) Analytical and experimental investigations of the dynamic and 
vibrational characteris·tics are required to assure that the 
control rod subassemblies will meet the operational requirements 
imposed by reactor; 

d) The selection and demonstration of safe, reliable operation of 
the reference cohtrol roP..holddown scheme. The present reference 
scheme employs a hydraulic concept with a mechanical backup 
holddown; 

e) Wear, galling and operating clearance of the control rod bundle 
within the guide-shroud must. be evaluated to establish a design 
arrangement and materials that will avoid the possibility of 
a stuck rod accident; 

f) An evaluation by analytical and experimental means is required 
to guarantee that the Gontrol rod bundles drop freely under 
the influence of gravity when scrammed and to prevent rod 
flotation under operating· conditions; 

g) Other considerations such as materials selection and fabrication, 
which are needed for the fuel subassemblies, are also required 
for the control rod bundles, and other hardware associated with 
the control subassemblies. Data are needed on the compatibility 
of B4C with stainless steel and the use of tantalum in the 
sodium-nuclear environment. 

PROGRAM DESCRIPTION 

6.4.1 Fuel Subassembly 

The objectives of this activity .are to obtain, by analytical methods 

and out-of-pile experimentation, information regarding the mechanical. 

characteristics, thermal behavior and hydraulic performance of~the LMFBR 

fuel subassemblies and their components and to evaluate the information 

in terms of LMFBR design parameters. 'l'he results of this effort are 

required in support or design and optimization efforts on LMFBR fuel 
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subassemblies to ensure an economic and reliable product. The four basic 

activity areas for this program are as follows: (l) thermal-hydrauli.cs, 

( 2) structural-mechanics, ( 3) manufacturing and fabrication, and ( 4) materials 

selection and performance. 

A description of these activities for the fuel subassembly development 

(excluding the fuel and cladding) is presented in the following. 

6.4.1.1 Thermal-Hydraulics 

An analytical and experimental program to improve pressure-loss 

correlations and define fluid mixing factors, local heat transfer effects 

and a flow-induced vibration threshold for the most attractive fuel element 

support systems will be performed. The scope of the program will be to 

develop drag coefficients, vibration threshold limits and mixing coefficients. 

for several support systems in the parametric envelope defined in the 

reference concept. Also verification an~ performance characteristics of 

the hydraulic holddown will be determined by experimentation. 

Tests will be performed in a hot water loop, with transparent test 

sections instrumented with velocity and static pressure taps, vibration 

sensors, ·dye-injection apparatus and load cells. 

The program will also investigate the problem of support-plate 

cavitation where the following areas will be investigated: (a) The design 

and selection of subassembly nozzle and support plate seating surfaces, 

(b) Evaluation of the possibility of cavitation from typical fabrication 

tolerances and credible misalignments of the mating surfaces, and (c) Water 

testing of several promising designs in a loop in which cavitation can be 

detected by sonic means. 

The problem of thermal bowing, which is considered the major reason 

for fuel element thermal-hydraulic. instability, will require the use of 

an electrically heated fuel element mockup in flowing sodium. The use of 

this mockup will also be helpful in heat transfer and mixing studies. 

Testing will also demonstrate long term structural endurance, resistance 

to fretting, galling and stability of a fuel subassembly unQer simulated 

LMFBR conditions. 
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6.4.1.2 Structural-Mechanical 

A program of analytical and experimental evaluation will be utilized 

employing water testing and sodium testing in the following areas: 

(a) Mechanical performance and endurance of the fuel element spacer design, 

(b) Performance of the wrapper tube (shroud) design and other fuel subassembly 

hardware under pressure loads, bending from simulation of core clamping, 

and simulated refueling loads. Vibration tests and thermal transient tests 

will also be performed to evaluate structural integrity. 

The structural strength of the overall fuel subassembly will be 

determined for the operational loads which might occur under reactor 

conditions. Tests will be performed to establish mechanical stability of 

fuel subassembly hardware and di~ensions under simulated thermal soaking 

and cycle exposure and mechanical loadings. 

A structural vibration survey of the mocked-up fuel subassemblies will 

be conducted to determine natural frequencies and general response of the 

various subassemb~y components, particularly the fuel element spacers. 

Tests will be conducted in water loops with mockup fuel subassemblies 

to r1etermine other dynamic response characteristics. 

Environmental tests of fuel subassembly arrays will be performed in a 

sodium test loop at temperatures and coolant velocities equivalent to 

those expected in the C-E LMFBR. 

The problem of lateral support and vertical'holddown of the core 

subassemblies will be investigated. Hydraulic holddown and an alternate 

mechanical means will be evaluated. Consideration will be given to the 

system malfunction thermal expansion, loss of flow, pressure reversal, etc. 

6.4.1.3 Manufacturing-Fabrication 

Because of the stringent operating env:Lronment, the reliability 

required, and the quantity involved in the construction and assembly of 

LMFBR fuel subassemblies, specifications, process methods and controls 

must be established. 

Methods of fabricating the fuel qubas sembly shroud, fuel element 

spacer, etc., must be developed both for fabrication of test articles and 
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future LMFBR purposes. Manufacturing processes that provid.e uniform 

(material and dimensional) shroud tubes and other components of the 

fuel subassembly must be established. Sui table welding techniques for 
. . 

attachment of the moderator channels to the shroud tube must be established. 

A manufacturing fabric:ation progr_am for the fuel subassembly hardware 

(excluding the fuel element) will be performed. The program will be 

interrelated to the structural-mechanical materials program and will 

concentrate on the following areas: 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

6.4.1.4 

Developing methods and process for welding moderator channels 
to the circular shroud tube; 

Developing methods for installing BeO moderator material into 
moderator channels; 

For weld joints, developing welds of adequate strength and. 
uniformity, and methods of inspection and acceptable standards; 

Developing suitable methods for fabricating fuel element 
spacers and methods of attachment to fuel elements or shroud 
tube; 

Determining practical tolerance dimension control, straightness, 
shrinkage due to welding and other factors which may cause 
variance in the fuel subas.s:embly configurations; 

Developing methods and processes for assembly of the fuel 
element bundle, alignment of spacers and inspection 'techniques 
utilizing test fuel subassemblies; 

Monitoring and assisting the Fuel Recycle Program (Section 8 
AEC Program Plan) to provide specifications on such items as 
required tolerances, anq guidance.on alternative fabrication 
processes that may be more economical or better able to meet 
rigid tolerance requirements. 

Materials 

' In th~ design of the fuel subassembly, consideration is required in 

the areas of material selection from the standpoint of sodium compatibility, 

mechani~al properties, high temperature service and other factors. A 

program will be performed both analytically and experimentally to assist · 

those needs of the Fuel and Materials effort, discussed in Section 7 of 
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the AEC Program Plan. Related efforts will encompass the following areas: 

6.4.2 

a) Performing a structural-mechanical analysis combined· with th.e 
results of initial water mockup tests, the functional 
requirements and material properties required for the components 
that make ·up the fuel subassembly will be determined; 

b) Determining basic material requirements for those portions of 
the fUel subassembly where vibrational or thermal fatigue and 
thermal shock must be considered in the operational lifetime; 

c) Determining requirements and establishing suitable materials 
such as spacer pads, and other diffusion or wear resistant 
coatings associated with the fuel subassembly; 

d) 

e) 

Determining whether tentatively selected materials and welds, 
etc., will provide satisfactory performance throughout in-core 
life; 

Developing alternate design arrangements or material selection 
in the event th8.t specific material properties will not be 
present at end-of-life, e.g., the shroud tube at a neutron 
fluence of 1023 nvt. · 

Control Subassembly 

Because of the long in-core life, and high reliability required of the 

reactivity control system, R&D will be required before the final design 

stages of the control subassembly. The development of a suitable control 

subassembly requires interfaces with the control rod drive mechanism 

(Components Design, Section 7.0), and safety (Section 5.0). 

A program is required to investigate in detail the in-core portion of 

the control subassembly, both shim-regulating and safety, in the areas of 

packaging, aligning, guiding and cooling of the control elements. Development 

areas for the control subassemblies are somewhat similar to the fuel 

subassemblies, but more emphasis will be placed on structural-mechanical 

and thermal-hydraulic aspects. In particular, evaluations by water and 

sodium loop tests will be performed in the following areas: 

a) Determining the effects of vibration, bowing, thermal transients, 
and flow variation on C'ontrol subassembly structural integrity. 
The effect of core clamping, heatup and cooldown, scram 
forces, etc., will be evaluated by mockup tests; 
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6.4.3 

b) A means of preventing galling or excessive friction of the 
control bundle within the guide tube, either by means of 
hard coaten surfaces or roller devices will be developed; 

c) A means to accomodate variable heat generation, a large 
temperature difference across the guide shroud and rapid 
transients associated with control rod insertion will be 
analyzed and developed; 

d) The tantalum and boron carbide materials tentatively selected 
for the control subassembly elements will be investigated for 
sodium compatibility, jacketing selection, fission gas 
management and the ability to meet operational life requirements. 
This effort will be closely interrelated with the Fuels and 
Materials program; 

e) A means for preventing control rod float due to upward 
hydraulic forces will .be evaluated and determined; 

f) Since under scram conditions large acceleration forces are 
j_mposed upon the control subassembly, the structural integrity 
of the control bundle, support rod and control bundle end 
rings will be evaluated by analysis and mockup tests in 

g) 

water; 

Cooling requirements of the control rods are variable with 
inc;;Prt.Pn posj.tion, To a,.chieve a minimum bypass flow when 
rods are withdrawn an_d mininlize thermal gradients in the 
shroud-guide, a variable coolant inlet control is desirable. 
Analysis and tests will be conducted to develop an appropriate 
coolant control device. 

Facilities and Equipment 

To perform the necessary te-sting - development required to determine 

thermal performance and hydraulic characteristics, the use of ex-reactor 

test loops will be required. Initial hydraulic testing will be performed 

in a water test loop capable of simulating velocities or Reynolds numbers 

equivalent to those expected in the LMFBR fuel subassembly. The test 

loop will be equipped with three or more test stations to allow simultan

eous testing of fuel subassembly mockups. 

A sodium test loop will be required to conduct small scale thermal 

bowing and heat·transfer investigations. The test station will have 

provision for electrical heating to mock up thermal characteristics in 

the fuel elements, either in partial section or in full scale. The 
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sodium loop should be equipped with three or more. test stations to perform 

structural-mechanical and isothermal endurance testing. This test loop 

and associated equipment will be used to verify the long term structural 

integrity of subassembly components in a temperature and flow environment 

for which they were designed. If available, existing industry and 

Government-owned sodium loops are considered adequate to perform the Core 

Design experimental war~ in this program. 

Specialized test equipment is required for measurement of coolant 

mixing and fuel element vibration. 

Welding and nondestructive inspection equipment will be required to 

effect assembly of the fuel subassembly and to assure adequate integrity 

and quality control. 

Combustion Engineering manufacturing and mate~ials facilities will be 

utilized for manufacture, inspection and basic materials test and evaluation. 

Subcontract developmental efforts will utilize available suppliers' 

facilities. 

Miscellaneous sensing and recording instruments, pressure gages, 

mechanical loading and associated test equipment will be required. 

6.4.4 Manpower and Costs 

For the scope of work envisioned," a manp0w~r estimate for the activity 

areas is outlined in table 6-2< A cost summary itemized for facilities, 

equipment and operating cost, including manpower, is presented in table 6-2 

also. 

6.4.5 Schedule 

Figure 6-1 summarizes the time schedule, including identification 

and scheduling of major milestones. 
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Table 6-2. Core Design R&D 

Manpower and Cost Estimate 

-
j 

10
6 I Costs $ -

Task Man Years Operating Other 

' 
Scientists Labor Materials 

& Other & & Equipment Facilities 
Engineers Overhead Services 

Q..._ .... .. 

6.0 Core Design 

6 .1.1 Fuel Subassembly 60-'70 90-100 3.9-4.5 0.9-1.3 0.3-0.4 0.2-0.'3 

6.1.2 Control Subassembly 30-35 50~60 2.0-2.4 I 0.5-0.7 0.2-0.3 0.2-0.3 
I 

. 

e 
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Figure6-1 
Core Design Rand D Schedule and Milestone Chart 

Task I Calendar Year 70 71 72 73 74 75 76 77 78 79 80 

6.0 Core Design 

1 2 3 4 5 6 7 
6.4.1 Fuel Subassembly 

'\7 \1\1\1 \1 \1 \1 
I I I 

8 9 10 11 ~ 6.4.2 Control Subassembly '\7 \1 '\7 \1 

' 



Figure 6-l: Core Design Development Milestone Legend 

1. Begin thermal-hydraulic and mechanical analysis of fuel subassembly. 

2. Begin design of fuel subassemblies to be tested in test facility. 

3. Begin fabrication of test units fE>r both water and sodium test loops . 

. 4. Begin development of fuel subassembly manufacturing techniques. 

5. Complete testing of fuel subassemblies in water and sodium loops. 

6, Complete test evaluation and choese .. fuel subassembly design for 
demonstration plant. 

7. Obtain results on fuel subassembly performance in demonstration plant. 

8. Complete analysis and begin design of control subassemblies for testing. 

9. Fabricate test control subassemblies. 

10. Complete mechanical and thermal-hydraulic testing in both water and sodium.-

ll. Complete test evaluation and choose control subassembly design for 
demonstration plant. 

12. Obtain results on control subassembly performance in demonstration ·plant. 
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7. 0 COMPONENTS DESIGN: REA€TOR VESSEL AND REACTIVITY CONTROL SYS'l'EM 

DEFINITION 

In the LMFBR plant all of the component elements associated with the 

reactor and reactor coolant systems are of interest. Items such as the steam 

generator, liquid metal ptimps, intermediate heat exchangers, core-component 

handling system, reactor vessel system, reactivity control devices, etc., will 

re~uire some degree of development. Since the C-E LMFBR follow-on study was 

directed toward the heat generation portion of the -reactor, this components 

development program is directed t,owarci the reactor vessel and reactivity 

control devices. More specifically the areas re~uiring research and development 

for these component systems are as follows. 

7 .l.l Reactor Vessel 

Reliability and safety impose severe demands upon the design and fabrication 

of LMFBR reactor vessels and components. Relative to LWR systems, higher temp

eratures and use of sodium coolant impose unusual and demanding re~uirements in 

the design, ±'abrica.tiou a.wl operation of LMFBR rPFI .. r.tor. vessel systems and 

associated components. The areas related to thermal-mechanical design, material 

behavior and field fabrication of; the reactor vessel re~uire development 

beyond the present state-of-the-art. 

Emphasis in the reactor vessel development Program Plan is on the thorough 

development of design, performance, and fabrication technology. Analytical 

design tools are re~uired to better understand material behavior at vessel 

discontinuities, at locations of. thermal gradients and shocks. Vessel closure 

considerations and methods of support must be refined. Design features most 

suitable for LMFBR service will re~uire development and testing. Maintenance 

procedures and inspection and surveillance methods will re~uire investigation 

and development. Thermal-hydraulit: performance of the reactor vessel system 

re~uires additional analytical investigation and development. 

Analytical and experimental investigation of internal components such as 

the reactor core radial clamp, core holddown arrangement, core temperature 

monitors, hermal baffles and shielding, etc., are re~uired. 
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Additional development is required for the ~eactor vessel closure with 

its seals, bearings and mechanisms. The aspects of shop or field fabrication of 

large LMFBR vessels, in addition to design, handling and testing require further 

evaluation and development. 

7 .1.2 Reactivity Control Devices 

High core power densities, and requirements for reliability and safety 

associated with larger LMFBR plants create a need for advanced technology for 

control devices. The large LMFBB cores impose severe configuration limitations 

on the interrelated design of control devices and the fuel handling system. Design 

improvements over existing reactivity control devices include increased relia

bility, improved maintainability, and reduced unit costs. A development 

program is required for near term application and longer term more advanced 

concepts. In general, the following areas will require investigation. 

1) Environmental testing of bearings, seals, mechanical elements and 
electrical devices will be performed. Both components and test 
element configurations will be tested over a range of temperatures 
(up to 1200°F) . 

2) Development of new reactivity-control drive systems will be aimed 
toward early demonstration plants. Full scale units will be 
designed, fabricated and tested under simulated reactor conditions. 

3) The sLudy of reliability and maintenance, as well as the establish
ment of quality assurance measures for the design, manufacture, 
inspection and testing of mechanical hardware will he accompliohed. 

7.2 . DESCRIPTION OF CURRENT TECHNOLOGY 

7.2.1 Reactor Vessel 

State-of-the-art for reactor vessels has been developed primarily for the 

LWR industry utilizing ferritic-steel, heavy-wall, high-pressure vessels 

(up to 2,500 psi) designed for temperatures in the area of 600°F. LMFBR 

vessels will require designs for low pressure, using thin walls of austenitic 

materials, probably larger than water reactor vessels, and will bP. exposed to 

sodium coolants at temperatures up to 1200°F. 
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The existing U. S. vessels for sodium service (Fermi, Hallam, EBR-II, 

and SRE) range in size up to 26 ~t dia by 33 ft high and have been designed 

£or operating temperatures up to l000°F except for SRE, which was operated 

for short term at up to l200°F. 

LMFBR reactors may utilize the same or similar basic concepts; however, 

design details differ widely to suit the considerably diverse operating 

parameters. Reactor components directly reflect these varying requirements 

in design features or specific operational considerations, particularly to 
. . 

accomodate the accurate indexing and positioning requirements for fuel handling. 

Presently, reactor vessels are. c~tegorized as: the "pot-type" containing the 

primary system submerged in sodium, as incorporated in EBR-II, and the "loop

type" with the primary system coupled externally to the vessel, as in Fermi, 

Hallam, and SRE. 

Both the EBR-II and Fermi designs incorporate several similar features, for 

example: under-the-plug refueling with under-sodium transfer and storage within 

the sodium containment vessel; use of stainless-steel-clad graphite neutron 

shields; and outer primary tanks. In addition, the problem of dimensional 

stability and alignment of heavy, multiple assemblies supported on relatively 

thin-walled high temperature str~ctures or each from a separate reference datum, 

is of special signific~nce to refueling and is inherent in both designs. However, 

the physical arrangements differ great~y, particularly in the method of support, 

reactor-vessel and primary-tank int,ernals, closure head and coolant circulation. 

The EBR-II reactor vessel is carried on a structural-steel base, consisting 

~ of horizontal beams that distribute the reactor load to the primary tank, which 

in turn is hung from a steel column structure. The independently supported 

primary tank cover assembly contains a double-plug indexing system for refueling 

as well as ports for the primary-system components located within the primary 

tank. Radiation shielding surrounds the reactor vessel, and sodium within the 

primary tank is at the nominal core inlet temperature of 700°F. 

Both the reactor vessel and primary shield tanks of Fermi are bottom

supported, with the top cover carried by the shell of both vessel and tank. 

The single indexing refueling plug used is thicker than the EBR-II plug, since 

the top of the core is not shielded. 
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No reactor vessels have failed to date. Lack of adequate statistical 

evidence, by reason of the limited number of vessels with limited operating life, 

prohibits direct extrapolation of present experience to future LMFBRs. A more 

comprehensive state-of-the-art is compiled in the LMFBR Components Program 

Plan, Section 3. 

7.2.2 Reactivity Control Devices 

The type (shim or safety) and location (top mounted or bottom mounted) of 

the reactivity control 'element has a significant effect on the drive system 

design in regard to speed, requirements for scram time and acceleration, spatial 

configuratiun and mechanism details. 

Most of the ma,jor liquid metal fast reactor facilities. built or under 

construction incorporate electro-mechanical drives, where electromagnets provide 

quick ro<l .release. SEFOR uses hydraulically operated drives activated by quick 

opening valves located outside the reactor vessel. Mechanical or pneumatic 

devices are used, depending on rod weight to assist gravity insertion and in

crease scram acceleration. 

A number of sodium reactor plants also use electro-mechanical control rod 

drives for regulation and shim purposes, in addition to performing as 

safety rods for scram. 

Dounreay is unique in that the drive mechanisms are not sealed from the 

reactor environment. All other plants use~seals to isolate the drive mechanism 

power unit, drive train and electromagnet from the sodium and inert cover gas 

blanket. Thus, only the gripper and extension shaft are exposed to the sodium. 

Shock absorption of the control element bundle is provided by hydraulic 

dash pots located both outside aqd within the reactor. Internal dash pots use 

reactor coolant as the fluid med~um. 

In general, the performance of control and safety rod drives has met oper

ational and safety requirements. However, service reliability and mechanical and 

electrical maintainability require improvement to meet the operational life 

requirements expected for large LMFBR plants. 

Problems with mechanical elements (similar to those encountered for fuel

handling components) need to be resolved. Methods of sealing need to be improved, 
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especially with increased stroke lengths. Erratic and large friction loads on 

reciprocating shafts have been obtained with standard packing glands. Welded, 

nested type reciprocating bellows have been used with good success. However, 

reliability must be improved, anq spring constants reduced for those cases 

where the scram is through the bellows seal. 

High-temperature sodium, inert cover gas, and radiation environmental 

conditions preclude the use of conventional bearings and lubricants. Metal

to-metal galling, self-welding, and wear are problems that require care in 

selection of materials. In general, the criteria applied to bearings for 

fuel-handling components also are appli.cable to bearings for drive systems, 

i.e., hard contact surfaces and base metal highly finished surfaces, and 

minimum unit loads. Experience indicates that the use of thrust bearings under 

sodium should be minimized, and sleeve bearings should have larger clearances 

than those normally used wtt.h conventional lubricants. 

Methods for alignment, raising and lowering of the gripper as well as the 

gripper itself are areas of majo~ concern. Drive shafts, generally long and 

slender, require close tolerances and straightness to assure alignment between 

the d1·i ve Luil L and the core control element. 

Grippers for the engagement of the drive shaft to the control bundle or rod 

have incorporated cam operators ~ctuated by contact with the control-element 

assembly as a function of position. The designs must be fail-safe, particularly 

where the gripper acts as the scram latch in Fermi. Material selection, geo

metrical arrangement (assuring adequate clearance for minimizing jamming by 

contaminants), stress concentrations, etc., must be considered in the gripper 

design. Use of springs for scram assist must be examined closely to assure 

against any tendency to cause bonding, relaxation at the high operating temper

atures, and changes in spring constants due to radiation effects. Internal 

dashpots which use s9dium must be designed to assure the alignment and clearancE'!s 

necessary to avoid jamming and contaminant _plugging. 

Electromagnet latches used for release of safety rods must be positively 

actuated, rapid in response, fast acting, and fail-safe to assure negative 

reactivity insertion, and must be consistant with space restrictions and high 

operating temperatures. Electromagnets are usually sealed from the environment. 
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Fermi utilizes a separate scram system at the gripper below the seal, and EBR-II 

scrams through the seal. The effects.of differential thermal expansion of the 

drive-element with the reactor system (core and vessel) must be considered in 

designing the drive. Development of. improved mechanisms leading to greater 

design simplicity is expected to provide a more reliable, more readily main

tainable sysLem. 

Drive-system orientation and spatial configuration have a significant 

effect on both facility and reactor design as well as on the procedures re

quired for fuel handling. Location of the urive units directly above the core, 

as for Fermi and EBR-II, required mounting on the refueling rotaLlng plug. As 

a result, positive interlocks are required to assure control-element placement 

in positions of maximum negative reactivity prior to removal of the drive units 

before refueling. The offset Dounr~ay system eliminates this problem but 

requires a more complex system located within the deleterious reactor 

environment. 

A more detailed state-of-the-art is presented in the AEC LMFBR Components 

Program Plan (Section 3). 

7.3 NEW INFORMATION NEEDED 

7.3.1 Reactor Vessel 

The stringent operating environment imposed by the LMFBR creates specjal 

problems related to: materials, performance characteristics (thermal, hydraulic 

and mechanical), dimensional 'stabi.Li ty au<l safety. 

Data on physical properties must be determined as a function of time and 

environment for materials that are considered for vessel construction. The 

effect of fabrication processes and weld zones on material properties must be 

determined. 

Analytical tools for the determination of the effects of rapid thermal 

transients and thermal gradients associated with the sodium coolant in the 

sodium containment vessel must be developed. Particular areas of interest are 

the ·coolant nozzie, closures and flange connections and other areas of structural 

discontinuities .. In addition to stress analysis, techniques to assure structural 
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integrity, method::; of evaluating the geometric changes due to temperature 

difference and material plastic flow associated with high operating temperature 

vessels must be be determined. 

Use of sodium coolant with its relatively high thermal conductivity leads to 

more severe thermal transients and flow or temperature maldistri_bution than those 

normally encountered in water systems, resulting in greater thermal-stress 

conuitions. The significance of thermal transients is further increased by the 

greater thermal expansion and lower thermal conductivity of the austenitic steels, 

as compared with the ferritic steels used for LWR's. Therefore, system designs 

for both reactor and sodium containment vessels must compensate for these effects 

by using thermal and flow baffles. Analytical procedures and design arrangements 

suitable for LMFBR vessels must be developed and proven by experimental evalua

tion. 

Attainment of close dimensional alignment between many operating mechanisms 

is difficult to maintain because of geometric changes due to temperature differ

ences and material relaxation. Assurance of stable dimensional relationships 

is required for reliable control-rod movement; predictable geometric coefficients 

of reactivity under all ope:ratj.ne; rondi tiona; pn~ul<..:tabj_e flow distribution for 

core coolant, structural and shield cooling; and positive retention of core 

configuration are needed. Methods of supporting internal interacting subassemblies 

from a common, fixed, nonshifting datum must be developed. This datum must be 

maintained at a limiting temperature well below the plastic (creep) range using 

a material-geometry combination such that there is no displacement due to 

differential thermal expansion. 

The reactor vessel system must provide safety features to prevent ejection 

of fuel and control rods from the core; to assure submergence of the core in 

sodium if a rupture occurs in the primary containment; and to assure blast 

containment. Particular attention must be paid to the structural design of the 

shield cover and refueling plug. Specifically, the design must accommodate the 

kinetic energy acquired by various parts involved in a nuclear-power excursion. 

Also needed are methods of supporting reactor and sodium-containment vessels 

and vessel closures. The advantages and limitations of top support vs bottom 

support and use of the sodium-containment vessel as a support for the reactor 

~ vessel must be determined. 
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Along with the design development, there is need. to determine: requirements 

and methods for providing continuous surveillance and maintenance of the vessel 

over the 30-year projected operating lifetime; methods for reliable analytical 

predication of vessel performance as a function of both static and dynamic oper

~ting conditions; and the procedures needed to field manufacture the vessel if 

necessary. 

In regard to ASME Boiler and Pressure Vessel Code, Section III, an 

extension of the code rules for design ·and analytical procedures to include 

temperatures in the creep range under steady state pressures and low cycle 

fatigue is needed. 

Additional development and test evaluation for providing radial core 

clamping and demonstration of the hydraulic core holddown is required. Also, 

suitahle means for introducing and supporting thermocouple instrmnentation for 

the core subassemblies is needed. 

The use of flow schemes, bypass cooling and thermal liners to minimize 

operating temperatures of highly stressed internal members and vessel walls or 

nozzles must be evaluated by further analysis and experimental verification in 

the form of hydraulic model testing. 

To compensate for radial pressure losses in the inlet plenmn and to provide 

coolant orificing to specific core subassemblies, further evaluation by analysis 

and experimental tests is required. Schemes for presenting inadvertent dis

location of inner seed, outer seed and blanket subassemblies by use of combina

tion orificing and locating sleeves in the core grid support plenum must be 

determined. Clearance seals required for the core SUlJJ:.IOi:t grid ctruct1.1r~ and at 

subassembly inlet nozzles require both hydraulic and mechanical evaluation and 

tests. 

Thermal bowing and movement or flow induced vibration of the core sub

assemblies within the reactor vessel can be minimized by appropriate use of 

circumferential locking devices. Power-driven or thermal~sensitive actuation 

schemes have been considered. However, additional analytical and experimental 

evaluation by mockup tests is required. 
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Because of the necessity to allow clearances for thermal expansion of 

various vessel internals such as the core barrel, thermal shields, etc., flow

induced vibrations must be carefully evaluated to avoid structural damage. 

Both analytical and experimental evaluation in the form of hydraulic mockups 

(reduced scale) are needed. 

7.3.2 Reactivity Control 

The required functions and system requirements for the reactivity control 

devices must be closely defined, and reliability must be attained through design, 

fabrication and testing of the mechanical elements and electrical devices.· 

Design simplification of state-of-the-art concepts is needed and can be 

obtained through development of mechanical elements and mechanisms. Such 

reactivity control devices and systems would be suitable for FFTF and near

term Demonstration Plants. · 

Future long-term commercial LMFBRs will require new and advanced systems 

having greater reliability, easier maintainability, faster response times and smaller 

space. 

Basic needs related to the reactivity control devices are: 

1) To arrive at a mutual understanding of the functional requirements, 
including suitable criteria for design and fabrication; 

2) To perform a thorough evaluation of the control devices, location, 
method of sealing, etc.; 

3) Development of a more reliable and maintainable mechanism and electro
mechanical elements; 

4) To determine the behavior of materials considered for use under high 
temperature sodium and radiation environment; 

5) To perform studies of concepts for emergency reactor shutdown that 
are independent of the reactor control system; 

6) To obtain performance data from development and testing of a 
prototype reactivity control system. 
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PROGRAM DESCRIPTION 

7.4.1 Reactor.Vessel 

The objective of this effort is to establish a sound technological base to 

permit the detailed design, construction and successful operation of the refer

ence LMFBR reactor vessel and associated components. Technical scope of this 

activity will be app~icable to the C-E LMFBR reference reactor· vessel design 

and related structural and internal components. Basic components of the 

vessel are the vessel body, supports, attachments, and closllre. Vessel internals 

consist of inner core support, retainers, holddown members, thermal uaffles, flow 

devicP. and radiation shielding. 

To develop a sound technological base it will be necessary to provide a 

firm engineP.ring evaluation of potential problem areas associated with the 

concept. Initial preliminary deslgn efforts of vessel designer-fabricators 

will be performed in conjunction with the reactor designer responsible for the 

overall Plant Design. From this, screening of design possibilities, trade-offs 

and technical areas warranting continuing development will be better defined. 

Basic areas of development are presented in this plan. 

The task areas envisioned for the development of the reactor vessel at 

this point in time are summarized in the following: 

7.4.1.1 Design Technology Development 

This activity will employ all major technical disciplines to permit 

prediction of the reactor vessel and components under steady state, transient 

and abnormal operating conditions. 

The technology will be compiled in the form of a work book or design manual 

to allow engineering application for the design, fabrication and testing to 

obtain safe, reliable and economic LMFBR reactor vessel and associated components. 

This activity will also provide guidance and will develop new analytical methods ,.... 

that assist in reactor vessel state-of-the-art advancement. 

This activity will provide analytical techniques for system simulation that 

predict component behavior in the areas of thermal, hydraulic, mechanical and 
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metallurgical considerations. Among the specific design arrangements and 

analytical methods to be evaluated under this activity are: 

~) Analysis of the vesoel structure, closure, cover, flange nozzles 
etc., to predict maximum stress, deflections; distortion etc., due 
to static, thermal pressure and dynamic loading; 

b) Methods of determining temperature d.istributions in structural 
members due to steady.state and temperature transients and that 
due to radiation attenuation; 

c) Investigations of methods or models to predict vessel behavior 
under seismic loadings; 

d) Means for predicting cumulative damage resulting from fatigue, creep 
or ratcheting will be investigated to assure vessel structure life; 

e) Methods of analysis to ·determine the integrity of structures oper
ating in the elastic-plastic range, such as at structural 
discontinuities (sheli-tb-head-joints, closure flanges, nozzle 
penetrations, etc.), 

7.4.1.2 Design Development: Vessel 

The activities of this task are to: 

a) Evaluate the reference reactor vessel design (or alternates) in 
regard to safety, reliability, maintainability, plant performance 
and fabricability; and 

b) Identify major problem areas associated with the reference design 
and prepare appropriate plans for analytical and/or experimental 
evaluation. Typical problem areas will include: (1) a vessel 
support system that· will provide for radial expansion yet minimize 
piping reaction loads~ (2) a vessel support system that will safely 
withstand horizontal and vertical seismic disturbances, (3) temper
ature transients and gradients on critical vessel members, (4) pre
diction of useful life under conditions of plastic creep, thermal 
fatigue and thermal ratcheting, (5) methods of in-place vessel 
surveillance and on-line leak monitoring~ and (6) selection of flow 
distribution, hydraulic reaction, flow induced vibrations, wall 
temperature gradients, gas entrainment, etc.; 

c) Develop techniques and/or hardware to be used for verification of 
LMFBR reactor vessel requirements. Thermal, hydraulic and mechanical 
testing will be performed on full size segments and scaled down 
models. Model and test simulation will be representative of the 
full size vessel components and will reflect thermal transients, 
thermal gradients, pressure and mechanical loadings. 
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7.4.1.3 Design Development: Vessel Closure and Internals 

Activities of this task incl~de: 

a) Evaluation of the reference reactor vessel arrangement in regard 
to closure and basic l:nt.ernals from the aspect ·of reliability, safety, 
maintainability, plant performance and fabricabili ty; 

b) Identification and selection of.major problem areas associated with 
the reference design ar~a,ngement and preparation of o.n appropriate 
plan for analytical and/or experimental evaluation. Typical problem 
areas to be considered a~e: (l} sealing of reactor cover gas, 
(2) dimensional stability of cover, core support grid and reactivity 
control drive, (l) hydraulic flow profile and closure seal leakages, 
( 4) internal heat generation and methods of minimizing large thermA.l 
gradients, (5) maintenance of dimensional stability of core arrange
ment under thermal or .hydr~ulic variations, (6) effect of shock 
loadings (seismic or transients), (7) installation, (8) support of 
temperature or other core instrumentation; 

c) Developing techniques.and/or hardware to evaluate the problems and 
arrive at solutions to meet the LMFBR requirements .. Thermal, hydrau
lic and mechanical testing will be performed on full size segments 

7.4.1.4 

or representative scaled down models. Water loops and small and 
large scale sodium test facilities will be utilized. 

Fabrication Development: Vessel and Internals 

Fabrication standards and specifications are required to assure LMFBR 

vessel and components reliability. Application of current general fabrication 

processes, nondestructive testing techniques, qualification procedures and 

process specifications will be evaluated. 

Standards and specifications will be verified by fabrication and tests of 

adequate models. The activities of this La::;ll.. will include the following: 

a) Current fabrication processes will be surveyed to determine LMFBR 
applicability; 

b) Detailed process specifications and procedures will be prepared; 

c) Process development will be demonstrated by fabrication of selected 
elements, including a description of the development program, data 
obtained and evaluation. 

Field fabrication of LMFBR vessels will be evaluated based on current use 

for some LWR vessels. Particular emphasis will be placed on quality control 

attainable. Specific problem areas to be evaluated are: (a) handling and loads 
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e. 

incurred during fabrication, erection and installation, (b) in-place boring, 

drilling and machining operations, (c) field welding and heat treatment, 

(d) field inspection methods (radiographic, ultrasonic, etc.), (e) inert gas 

shrouding, weld preparation, fit-up, s~ecial fixturing and restoration of com

ponent surfaces. 

Quality control is of utmost importance since many steps of the field 

fabrication process are irreversible. 

Specifications will be developed ~nd used in the fabrication of mockups of 

the critical areas of a field erected vessel . 

. 7. 4.2 Reactivity Control Devices 

The objective of the activity. is to provide a technological base to permit 

the design and fabrication of reactivi~y control drives for commercial LMFBR 

plants. 

Technical scope of the effort will be applicable to the C-E LMFBR refer

ence design and other LMFBR systems with similar operating requirements. 

Included in 'Lln:~ Lt!dmology development is the drive train, drive shaft, latches, 

gripper mechanism, scram assist devices, shock retarders, seals, bearings and 

method for position indication and feedback. 

The task areas envisioned for the development of the reactivity control 

drive system core are summarized in the following: 

7.4.2.1 Design Technology Development 

Major technical disciplines will be employed to predict performance of 

the reactivity control system under steady state, transient and abnormal oper

ating conditions. Technology will be compiled in the form of a work book or 

design manual to allow readily available engineering applj_cation for the design, 

fabrication and testing to obtain safe, reliable and economic LMFBR control rod 

. drive systems. 

Analytical procedures, design methods and design features to be evaluated 

are as follows: 

a) Static and dynamic structural analysis due to thermal, hydraulic 
and mechanical loadings; 
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b) 

c) 

d) 

7.4.2.2 

Analytical models that predict operation of drive systems in 
sodium-sodium vapor environment, dispersion and containment of 
fission products, wear, fatigue of seals and bearings; 

Means for predicting damage resulting from creep, fatigue and 
materials, etc.; 

Methods for predicting the dynamic response of drive system for 
use in plant control system analysis. 

Design Development 

This actiNity covers the design of reactivity control drives. This eff6rt 

will include the description of the design criteria, preliminary analysis, and 

trade-off evaluations and drawings to permit evaluation of the concept potential, 

The specific areas in this task are: 

a) Performance of a preliminary design in sufficient depth to evaluate 
safety, reliability, maintainability, in-plant performance and 
fabricabili ty; · 

b) Identification of major problem areas associated with the LMFBR 
reference design and making preparations for analytical and/or 
experimental evaluations. Some major areas of concern are: 
(l) Effects of relative movement of core area control members due 
to nifferential thermal expansion, (2) thermal and hydraulic 
dynamic influences from core coolant, ( 3) space limitations in core, 
reactor vessel closure, etc., (4) maintainability, cleaning, 
decontamination, (5) reliability of major components, e.g., bellows 
seals, bearings, etc.; 

c) Selected critical mechanical and electrical elements and mechanisms 
of the reactivity drive will be fabricated and proof_ and life tested 
in support of preliminary design selection, fabrication technology 
development and detail design selection. This testing will provide 
analytical technique verification, verify performance predications, 
identify geometric and functional limitations and will provide a 
demonstration of feasibility for LMFBR service. Testing will be 
performed on the basis of application and design-performance 
requirements. Typical data to be obtained for items such as seals, 
bearings, mechanisms and electrical devices are: (l) temperature 
effects, (2) materials compatability with system environments, 
(3) reliability and life, (4) capability of inspection, maintenance 
or replacement, (5) lubrication requirements, (6) requirements of 
load, speed or torque, (7) friction, wear, (8) thermal effects or 
heat dissipation aspects, ( 9) overload limitations, ( 10) effect of 
misalignment and abnormal reactor loads, and (ll) electrical perform
ance characteristics. 

Where possible test facilities used for Core Components Handling Equipment 

development will be utilized. 
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7.4.2.3 Fabrication Development 

This activity will ensure the development of fabrication methods and 

specifications for LMFBR reactivity control drives. 

Maximum use will be made of the state-of-the-art, which will include 

fabrication processes employed in the manufacture of both nur.lear and nonnuclear 

components. Standards and specifications will be verified by fabrication and 

testing of adequate models or mockups. Typical problem areas which may require 

development are: (1) Development of welding techniques for joining dissimilar 

metals, (2) Development of surface treating techniques required to reduce 

friction and the probability of galling, (3)" Special machining operations, e.g., 

bobbing, electrical discharge machining, deep boring, etc., (4) Maintenance of 

straightness and alignment, (5) Contour milling of special shapes, (6) Non

destructive inspection methods, and (7) quality assurance programs to achieve 

reliability requirements. 

7.4.2.4 Prototype Development 

The objectiv~ of this activity iS to provide a detail design and to 

fabricate and perform proof tests on prototype reactivity control drives suit

able for· LMFBR service. Performance analysis, drawings, material selection, 

specifications, procedures, failure and reliability analysis will be completed 

in detail. Representative components will be fabricated from the designs. If 

necessary, iterative designing, testing and designing may be required on 

components before overall system assembly testing is performed. Tests will be 

conducted under simulated plant environment and operating conditions. 

The designer-fabricator will prepare a test program including the items, 

conditions, range and variations in operating parameters, and data required. 

Detail test procedures and facilities best sui ted will be established by LMEC, 

Test duration and conditions will be adequate to assure that a production 

unit, if fabricated and operated in a manner identical with the prototype model, 

will perform as predicted to meet plant requirements. All test data will be 

evaluated by the designer-fabricator of the reactivity control system. This 

testing is expected to determine performance, reliability, maintainability and 

operating life of the reactivity control drive assembly and integral parts and 

subsystems. 
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7.4.3 Facilities and Equipment 

To perform the necessary testing and development related to the reactor 

vessel the use of small scale loops and laboratory facilities and equipment will 

be required. However, technology verification and experimental evaluation will 

be performed only by test on critical portions of the reactor vessel, e.g., 

supports, nozzle penetrations, closure seals, etc. There will be no attempt at 

producing a finished design and testing of a complete vessel mockup in this 

program. Testing of reduced scale models or full scale models of segment or 

critical areas will be evaluated by water testing for the development of 

hydraulic data. Testing of full scale elements or subassemblies of the reactivity 

control devices will be employed. 

Existing industry and Government-owned facilities are considered adequate 

to pP.rform the necessary experimental test work in this program. However, · 

special test equipment is required for measurement of cool.ant mixing, vibration 

and structural loading effects. 

Combustion Engineering manufacturing facilities can be utilized for 

manufacture, inspection and test evaluation. Subcontractor developmental efforts 

will utilize available shop or laboratory facilities. 

Miscellaneous sensing and recording instruments, pressure gages, mechanical 

loading device, and associated test equipment will be required. 

7.4.4 Manpower and Costs 

For the scope of work entailed, a manpower estimate for the two task areas 

(reactor vessel and reactivity control drives) is outlined in table 7-l. A 

cost summary itemized for facilities, equipment and operating cost, including 

manpower, is presented in table 7-l also. 

7.4.5 Schedule 

Figure 7-1 summarizes the time schedule, including identification of major 

milestones. 
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Figure7-1 
Component Design R and D Schedule and Milestone Chart 

Task I Calendar Year 70 71 72 73 74 75 76 77 78 79 80 

7.0 Components Design 

J 2 3 ~ 
7.4.1 Reactor Vessel 

"\1 "\1 

I 
7 t ~ 9 ~ 

7.4.2 Reactivity Control Devices 
\1 \1 

~ ' 



Figure 7-l: Components Design Development Milestone Legend 

l. Complete the analysis and design phase of the reactor vessel and the vessel 
closure and internal design development program. 

o 2. Complete the fabrication development for the reactor vessel. 

3. The testing and evaluation phase of the design development program for the 
reactor vessel and vessel closure and internals is completed. 

4. Finalize the reactor vessel design for the demonstration plant. 

5. Development of the reactor vessel design technology is completed. 

6. Complete the design technology development for the reactivity control 
devices. 

7. Complete the design development phase of the reactivity control devices 
program. 

8. Fabrication development is completed. 

9. The program for the design and testing of a prototype control rod drive is 
completed and a final design chosen for npmonstration plant. 

10. Obtain results on reactivity control drive in demonstration plant. 
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8.0 COMPONENTS DESIGN: FUEL HANDLING SYSTEM 

8.1 PROGRAM DEFINITION 

The following areas of the reference refueling scheme require 

research and development work for the scheme to progress to an operating 

system. 

A. The subassembly handling machine (SAHM) will require performance and 

endurance testing. This machine should be a prototype of the component 

presented in CEND-337, Vol. I. The machine should be complete as shown in 

figure 4-5(l) with the exception of the full shield plug which is not 

required for testing. However, the complete automatic and manual. control, 

full instrumentation, and drive ·mounting plate bearing and atmospheric 

seal must be included. 

B. The subassembly transfer machine (SATM) requires performance and 

endurance testing. It should be pointed out that this machine, because of 

its liquid metal cooling system, may be us.ed in any refueling scheme 

whether hot cell or under-the-piug since it allows immediate removal of 

spent subassemblies from the reactor to external decay storage. The test 

prototype should be as presented in CEND-337, Vol. I, and complete as 

shown in figures 4-3 and 4-4.(l) It should include the following: 

l) Complete automatic and manual control and operating systems; 

2) The carriage on which the machine is mounted; 

3) An exit port with which to mate and seal during testing. 

(l) . 
C. The Spent Subassembly Cask Cart requires performance and endurance 

testing. A prototype of the machine shown in figure 4-7(l) complete with 

automatic and manual operating and control systems is required together 

with interface operating equipment such as: 

l) Seal valve at the exit port; 

2) Hoist to insert and remove finned pots. 

D. The Equipment Removal Container, figure 4-6(l), is another item which 

will be required by all LMFBR plants. A container of this type must-be 
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used to remove and install all large components such as pumps, and IHXs. 

In the C-E reference refueling scheme the container is also used during 

the interchange of the control rod drive island and the SAliM. This 

container will require performance and endurance testing. The large seal 

valve and the hoisting mechanism must be inc1ucled. 

The following R&D items are mechanisms, subassemblies, or technology 

areas which are critical to the refueling scheme components. 

E Th 1 ·. d · 1· h · f. 4 s(l) t b t d . e angu ar pln rlve coup lng s own ln lgure - mus e este • 

The mechanism is used to transmit rotary motion from the SAHM drive motors, 

which are located in an air atmosphere, to the handling tools. within the 

reactor vessel. An essential part of the mechanism is the diaphragm 

seal which prevents gas leakage into or out of the reactor vessel. 

F. The most unique and essential part of the SATM, figures 4-3 and 4-4(l), 

is the subassembly decay heat removal system. A model heat transfer 

system which includes the sodium-filled subassembly transfer pot, one 

complete closed NaK loop, and an externally finned NaK intermediate coolant 

tan$., must be tested. 'T'he system must allov vertical mcvemeut uf the 

closed NaK loop. 

G. An automatic and remote welding system must be developed to be used 

in the cask cart, figure 4-7(l), for welding cover lids onto the finned 

pots after the spent subassemblies have been deposited. The lid welding 

system must include the lid positioning, centering, clamping, rotating, 

and welding. 

H. The heat transfer capabilities of the finned pot system used for 

canning the spent subassemblies in lead-bismuth prior to offsite shipping 

must be tested(l). Tests to determine if the potting compound should 

remain liquid during shipping or whether the compound can solidify and 

still adequately cool the three subassemblies through heat conduction to 

the outside surface of the finned pot are required. This work would also 

include establishing the exact composition of the potting material. 

The following items are of a more general nature. 



J. Operation of complex mechanisms such as ball screws and grippers after 

they have been removed from sodium, stored in an inert atmosphere without 

cleaning, and then returned to sodium service must be investigated. The 

mechanisms must be designed and developed so that they drain dry upon 

removal from sodium and the thin film of sodium which remains does not 

cause a malfunction when they are reinserted into sodium. 

K. A mechanism for effecting a positive atmospheric seal at component 

interfaces must be developed. When one component of the refueling operation 

mates with another in order to transfer subassemblies between them they 

must be sealed to each other by a static seal which prevents air from 

entering and activated gases from leaving the reactor system. In the 

reference refueling scheme(l) these seals are at the mating surfaces of 

all of the seal valves which are located at the exit ports, the lower end 

of the SATM barrel, and the upper end of the cask cart. 

L. Sliding metal bearing surfaces of guides, keyways, and telescoping 

tubes require development since they are integral parts of the working 

mechanisms of all of the refueling components. These bearing surfaces 

must be developed to operate under sodium and in sodium-saturated gas 

atmospheres without the aid of normal lubricants. 

M. A large seal valve which prevents atmospheric contamination during 

equipment transfer with the Equipment Removal Container (ERC) must be 

developed. As previously pointed out in paragraph D the valve is a 

critical part of the .ERC which must be used by all LMFBR plants for 

component removal. In the C-E reference refueling concept, valves are 

required at the reactor, the storage tank, and the bottom of the ERC. 

8.2 DESCRIPTION OF CURRENT TECHNOLOGY 

A. There is no existing machine which performs all of the functions that 

the subassembly handling machine (SAHM) performs. The SAHM functions, 

which are locating, gripping, inserting and extracting, and rotating a 

subassembly to a deposit point, require four machines in the EBR-II reactor 

and two machines in the Fermi reactor. The existing component which most 
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closely performs the SAHM functions is the Fermi OHM (offset handling 

mechanism). However, the OHM requires a single rotating plug which 

operates in conjunction wiLh it to locate over the core positions. The 

Fermi OHM has been used to transfer many subassemblies and has generally 

functioned satisfactorily, although most of these transfers were performed 

at a lower sodium temperature than their refueling design temperature 

( approx. 600°F) . 

The SAHM features which the OHM does not have and therefore require 

testing are: (l) lateral gripper movement (this allows elimination of 

rotating plugs), and (2) component removal from the reactor vessel after 

refueling. 

B. The base of technology for the subassembly transfer machine is 

approximately equal to that of the SAHM since the subassembly transfer 

machine is mechanically quite similar to the EBR-II fuel unloading 

machine which has been in operation for some time. The basic differences 

between the SATM and the EBR-II machine is that the SATM transfers the 

subassembly within a sodium-filled pot. Also. it hA.R A. rl0sA'd 1\TaK loop 

decay heat cooling system. Closed 1\TaK cooling loops are not new; however, 

their application in a subassembly transfer machine is unique and the 

system must be proof tested as an integral part of the SATM. 

C. The various features and the operating principles of the spent 

subassembly cask cart have been developed through the refueling schemes 

for the Dounreay, Rapsodie, and Fermi reactors. All three use a shielded 

cask cart to transfer subassemblies into and out of the reactor building; 

however, only Dounreay and Rapsodie can the spent subassembly in lead or 

lead alloys and this is not a~complished within the cask cart. In the 

C-E cask cart the operations of canning the spent subassemblies, seal 

welding the pot lid, and leak testing the sealed pot are performed within 

the cask cart. 

The general technology has been established by these three refueling 

schemes and found to be satisfactory. However, a problem of maintaining 

exit port, and rotor alignment because of structural strains caused by 

shield movement during heating and cooling cycles of the Fermi cart resulted 

in the redesign and fabrication of a new transfer cart. 
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Since the C-E design does combine more features than the existing 

machines the machine will.require proof testing. 

D. Equipment removal containers (ERC) similar to the C-E design have 
( 2) 

been developed and used in the EBR-II and Fermi plants. The original 

Fermi <'lesign had a steel cylinder with a large seal valve_at the bottom 

and a large rubber inverted cup attached to the top of the steel cylinder. 

The rubber cup fitted inside the steel cylinder when the ERC was empty. 

The ERC was placed over the component to be removed and the overhead 

bridge crane hook was connected to the component through the .rubber cup. 

As the component was raised the rubber cup unfolded out of the steel 

cylinder and an argon atmosphere was maintained around the component. 

However, argon pressure within the system could not be controlled closely 

enough to prevent the rubber cup from alternately ballooning and collapsing. 

The Fermi ERC was redesigned by increasing the length of the steel 

cylinder and using a piston with a double rubber blade wiper~ and argon 

purge between the blades, as the moving atmospheric seal in the top of 

the ERC. The redesigned ERC also replaced the rolling gate valve at the 

bottom with a flat plate slide valve. Deflections in the rolling gate 

valve caused it to malfunction. Opel'ations with the redesigned ERC have 

been satisfac~ory. All three of the Fermi primary sodium pumps have been 

removed from the system and replaced. The ERC has also been used in the 

OHM repair. 

The base of technology is quite well established; however, the C-E 

design, being a more sophisticated unit, will require proof testing. 

E. Angular pin drive couplings and seals have been used extensively in 

the Dounreay refueling components. The units are referred to as, "hermetic 

l . " ( 3 ) "A t . l t d d . " ( 4 ) b th UKAEA d . . th coup 1ngs, or, r 1cu a e ·rlves, y e es1gners 1n e 

PFR program. No reference can be found to their use in this country. 

The base of technology seems to be quite well established with the UKAEA 

but must be introduced into this country. 

F. The basic information and technology required to design, fabricate, 

and operate the closed NaK loop decay heat cooling system for the SATM has 
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been developed for many years. Liquid metal test loops, both natural and 

forced circulation, were operated before the advent of liquid metal cooled 

power reactors. The facet which requires demonstration is the unique 

combination of the complete system which involves a closed, double hairpin 

NaK loop with heat transfer .surfaces. at both ends which move into and out 

ef free surface, natural circulation, liquid metal pots. With this system, 

decay heat may be removed from a subassembly within the SATM and rejected 

to the containment building atmosphere without violating the inert atmosphere 

within the SATM. 

G. The technology of remote automatic welding is very well developed as 

demonstrated by the fact that automatic TIG welding machines are used to 

weld steam generator tubes to the tube sheet stubs from the inside. In 

LMFBR steam generators these are critical welds and must be leak tight 

since a flaw resulting in a leak would cause a sodium-water reaction and 

plant shutdown. 

This established welding technology must now be incorporated into a 

complete system which will position a lid onto a finned pot, center, clamp. 

and rotate the assembly while seal welding the lid. Proof testing of this 

remote automatic system is required. 

H. The basic heat transfer correlations for natural convection of liquid 

metal within a finned pot containing a heat source are established and 

have been used to design systems for Fermi and others. Also, the technology 

of using a lead alloy as a potting compound for spent subassemblies within 

these finned pots for the purpose of both a heat transfer and shielding 

medium has been established at Dounreay and Raps odie .. 

However, the specific lead alloy composition to be used in the C-E 

design and the performance characteristics of that compound within its 

system must be proof tested. 

J. There does not seem to be much information covering operation of 

mechanisms in sodium after having been stored out of sodium in an inert 

atmosphere with a residual film of sodium remaining on the surfaces. Some 

reference is made in the literature to the effect that components should 
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be designed so that there are no crevices or corners to accumulate oxides. 

Also, components should be designed with open structures which may drain 
( 2 5) . 

freely. ' 

It appears that a complete R&D program is required to establish the 

·factors which effect or control mechanism operation in sodium upon 

reinsertion after storage in an inert atmosphere. 

K. The state of the art for static seals, which are required at the mating 

surfaces of all of the refueling components, is well established and 

has been proven through the operation of the liquid metal cooled reactors 

such as Fermi, EBR-II, Dounreay, Rapsuu.ie and Hallam. 

This seal is generally standard rubber or metal gaskets, packing glands, 

and rubber or metal 0-rings. The primary difficulty in the selection of 

static seals is environment. 

Proper groove design and care in fabrication are necessary to achieve 

good seals with metal 0-rings. Surface finish of the groove, in particular, 

is critical. Lapped surfaces are generally used. Where temperature and 

atmosphere permit, synthetic rubber or plastics, such as Teflon and nylon, 

can be used with good results and have the advantage of greater compressi

bility to assist in filling. in irregularities in the sealing surfaces. ( 3 •6) 

Seal materials must be proof tested for the specific environments 

existing at the component interface locations in the C-E design. 

L. Design, materials, and fabrication of load bearing surfaces for 

machines operating in sodium or sodium-saturated gas atmospheres was a 

problem area recognized early in the development of sodium technology, As 

a result considerable ·effort has been put forth in this area in the past( 2 •3) 

and work is continuing under AEC sponsorship. ( 7) 

Reference 2 treats the subject quite extensively and it is felt 

that only proof testing of the bearing designs and materials selected is 

required for the relatively mild C-E refueling conditions. 

M. As previously mentioned in paragraph e.2D the feasibility of the 

large gate valves has been established at Fermi and EBR-II. However, design 
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development and testing is required to eliminate the deflection problem 

associated with the rolling gate valve. It is desirable not to use a 

flat plate sliding gate valve since they require such a large area to 

accommodate the slide in the. open pas i tiEm. 

8.3 NEW INFORMATION NEEDED 

The design philosophy for the C-E reference concept is to provide a 

system requiring a minimum amount of basic R&D. As a result the system 

adopted is a novel approach to refueling but the components and mechanisms 

used to accomplish this are improvements and modifications of operating 

machines. Because of this the majority of the testing required falls in 

the category of prototype component proof testing rather than basic R&D . 
• 

The components, SAHM, SATM, SACC, and ERC, items A through D, Sections 8.1 

and 8.2, fall into the proof testing category. 

E. Angular pin drive couplings and seals will require more basic develop

ment work. At this time no detailed design work has been undertaken for 

any of the components of the reference concept and only rough estimates 

can be made for the test ranges of the parameters and sizes of component 

subassemblies which must be studied. After the machine design analysis 

has been performed the unit sizes can be established and the following test 

information can be obtained: 

1) Load variation with change in differential pressure across 
seal diaphragm; 

2) Friction load variation with temperature change; 

3) Change in operating friction load vs numbers of cycles 
(storage@ 70°F to operation@ 350°F); 

4) Change in friction load vs continuous operating time; 

5) Seal diaphragm gas leak rate change vs number of SA transfer 
cycles at constant operating rpm. 

This information is required for all sizes of units which may range 

from 4 to 12 inches in diameter. The above information will be used for 

the automatic load limiting and sensing design. 
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F. The SATM'decay heat removal system will be one complete full sized 

prototype heat transfer loop including SA transfer pot, closed NaK loop, 

.and NaK intermediate coolant tank. The following information will be 

acquired during the test program: 

1) Closed loop natural circulation capability in both the lowered 
and raised position with power levels at 25 kwt and 120 kwt 
which represent normal and emergency operations; 

2) Performance tests of system with normal forced circulation 
(E.M. pump) at 25 kwt and 120 kwt; 

3) Effects of alternate.liquid metal wetting and drying and thermal 
cycling on tubing mo.terial and weld joints. Data on 
change in material properties, microstructure, corrosion and 
mass transfer rates vs number of operating cycles; 

4) Heat transfer and structural data on finned machine barrel 
which forms outside heat transfer wall of NaK intermediate 
coulant tank; 

a. effects of thermal cycling on structure 

b. heat transfer characteristics of the system at 25 kwt and 
120 kwt; 

5) Necessity for NaK vapor suppression at the top of the intermediate 
coolant tanks. Operability of mechanisms in an argon atmosphere 
saturated with NaK and Na vapor at 300°F and 1 atm. through 
change in required load vs exposure time. 

G. The automatic lid welding system will require mostly proof testing 

after an initially minor amount of development effort to establish the best 

electrode materials, current, atmosphere, weld rate, mating part weld prep

aration and tolerances. f 

H. Two areas require development concerning the finned pot spent subassembly 

canning system: (1) the specific lead alloy must be established and this. 

alloy must be tested to establish its shielding and heat transfer 

characteristics: 

a. Alloy physical and chemical properties must be established, 

b. The effect of impurities upon these properties identified, 

c. The effect of the alloy on the pot material with respect to 
mass transfer and corrosion must be established; 
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(2) heat transfer characteristics of the sealed finned pot system must be 

demonstrated. Proof testing must show that the container will remain leak 

tight while transfering 50 kwt (generated internally) to the surrounding 

atmosphere through natural convection and radiation which simulates a 

loss of normal cooling accident. 

J. An. extensive R&D program is required to establish the operability 

(and the parameters affecting operability) of mechanisms which are used in 

sodium, removed and stored in an inert atmosphere, and then returned to 

sodium operation. The following information is required: 

l) Effect of material surface conditioning and machining finish 
upon sodium film retention; 

2) Change in operating friction of mechanism with successive 
number of insertion-removal cycles; 

3) Sodium film remelt time; 

4) Effect of residual sodium film contamination on remelt time 
and operating friction; 

5) Effect of oxygen concentrat:i.on in storagQ atmosphere on 
contamination of the residual sodium film; also, the corrosion 
effects over successive 1-year storage cycles. 

K. As pointed out in the previous state-of-the-art paragraph only proof 

testing of the specific interface seals for the following information is 

required. 

-l. Seal face wear vs number of make-break cycles. 

2. Change in argon leak rate vs number of make-break cycles. 

Relatively mild conditions will be encountered by the seals; they 

will separate a sodium vapor saturated argon atmosphere @ 5 psig and 300°F 

from ambient air. 

L. As mentioned in section 8.21 a comprehensive program for bearing 

surfaces is now_being undertaken through AEC sponsorship and the results of 

these studies will be quite adequate for the relatively mild conditions 

. experienced by the C-E refueling components. 
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M. Again, the large gate valve on the bottom of the ERC is proof testing 

development work and requires that design changes be made to the item until 

it functions properly. This does not involve basic R&D. 

8.4 PROGRAM DESCRIPTION 

Program descriptions for those items which require the more basic R&D, 

rather than prototype proof testing, are presented. The proof testing 

depends on specific designs of components which have not been completed at 

this time. The R&D items, E, F, G, H, and J,Sections 8.1, 8.2 and 8.3, 

are required before detail design can start. 

8.4.1 

8.4.1.1 

Item E, Sections 8.1, 8.2, and 8.3 - Angular Pin Drive Coupling 
and Seal 

Objective 

To provide a mechanism which will transmit motion across a mechanical 

boundry separating two atmospheres at different pressures while maintaining 

a positive seal. 

8.4.1.2 Scope 

The work should be divided into two phases: 

l) 

2) 

8.4.1.3 

Obtain co:riunercially available component, probably of English 
manufacture, and performan~e test these components; 

If a satisfactory component is not available, then one must 
be designed, fabricated and tested to obtain information outlined 
under section 8.3E. 

Justification 

The ability to transmit rotary motion through a positive seal eliminates 

the necessity of providing a long stacked bellows seal in order to obtain 

linear movement. Seal bellows are relatively expensive and have prov:_en 

to be a high maintenance item. 

The pin drive coupling could be used in any FBR machine in which the 

power supply must be located in an air atmosphere and the desired mechanical 

operation must be performed in a location from which air must be positively 

excluded. 156 



8.4.1.4 Test Facility 

Work could be accomplished at any of the facilities listed in section 7.8 

ef reference 2. 

8.4.1.5 Manpower. 

If only testing of existing commercial components is involved (item l 

of scope).then the following manpower is required to obtain the information 

outlined in section 8.3E. 

Engineering & Scientific 

Technician 

2 man-years 

4 man-years 

However, if the components must be designed and fabricated prior to 

testing then the following must be added to the testing manpower: 

Engineering 

Design & Drafting 

l man-year 

l man-year 

This does not include fabrication since it is assumed that the 

component will hP mRnnfar.tured by o. commcrcia.l :::mpplier a.L;L:unllug Lo the 

developed nesign. 

8.4.1.6 Schedule and Cost 

See figure 8-l for schedule and refer to table 8-l for cost estimate. 
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Facility 
Modifi
cation 

V//71 

Schedule - Scheme 1 

Test# 1 [ZZZl 
C2:Z2l #2 

#3 
#4 
#5 

• I I 

Time, 
month 1 2 3 

Engineering 

[77~~~~~~~~ 
I .L I I 

4 5 6 7 

Schedule - Scheme 2 
(Excluding Testing) 

I I I I I 

8 9 10 11 12 

i Design and Drafting 

1////////// /.71-------~ 

[ZZZZZ2l 
VZZZZ2l Fabrication 

I I I I I I 

Time, month 1 2 3 4 5 6 

Pin Drive and Seal Testing ncoMIUSTION. ENGINEERING, INC. Figure 
r5;iJ WINDSOR. CONNECTICUT 8-1 
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Table 8-l. Pin Drive and Seal Cost Estimate 

Scheme l 

Facility Modificatien $ 30,000 

Equipment 10,000 

Operating 

Materials 15,000 

Manpewer 

Engineering ( 2 man-yrs . ) 60,000 

Technicians ( 4 man-yrs. ) 100,800 

Total Operating 175,000 

Total Scheme 1- $215,000 

Scheme 2 

(excluding-testing) 

Manpower 

Engineering (l man-yr.) 

Drafting (l man-yr.) 

Materials 

Test Units Fabricatien (3) 

Tetal Scheme 2 
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$30,000 

25,000 

2,800 

6,000 

$63,000 



8.4.2 Item F - Subassembly Transfer Machine (SATM) Heat Transfer System 

8.4.2.1 Objective 

To establish the heat transfer characteristics of the SATM decay heat 

cooling system and establish the compatability of the system atmospheres 

and materials under nonradioactive operating conditions. 

8.4.2.2 Scope 

The following work should be accomplished: 

l) Design and fabricate a prototype test unit which consists of 
one full sized heat transt'er loop including subC:Lssembly 
transfer pot, closed Na.K loop, and NaK intermediate coolant 
tank; 

2) 

3) 

4) 

8.4.2.3 

Conduct thermal perfurmC:Lnce tests simulating normo.l and 
emergency operating conditions; 

Investigate the compatability of materials of construction 
with operating atmospheres under normal and emergency conditions; 

Conduct mechanisms operability tests in atmospheres saturated 
with Na.K and Na vapor under normal and emergency conditions. 

Justification 

In the 1000 Mwe LMFBR the high heat generation rate at the time of 

discharge from the reactor, after 100,000 Mwd/MT average burnup, requires 

that the subassembly be cooled by liquid metal at least during the first 

few weeks of the decay period.. Since this period includes the subassembly 

transfer operation out of the reactor, the transfer machine (SATM) should 

have a liquid metal decay heat cooling system. This heat removal system 

must have the highest degree of reliability. Such a system has been 

incorporated into the SATM. The machine has a triple redundant cooling 

system and completely eliminates the possibility of subassembly overheating 

due to plant power failure. This machine's complete invulnerability to 

loss of power is an extremely significant safety feature. The machine is 

designed so that a subassembly can never overheat, because of a power 

failure, no matter what phase of the transfer cycle the machine is in at 
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the time of the failure. The three heat transfer loops will be sized so 

that natural circulation within them could maintain the fuel pin cladding 

temperature at a maximum of l400°F indefinitely. 

The machine keeps the subassembly in sodium at all times and maintains 

a sealed inert argon atmosphere while transferring the .subassembly heat to 

the machine surroundings. A subassembly overheating accident cannot occur 

in this system because of a loss of power to the machine .• 

This SATM may be adopted to any FBR with minor modifications. 

8.4.2.4 Test Facility 

The work could be conducted at any of the_ existing facilities listed 

in section 7.8 of reference 2. The test component is a complete unit and 

requires only services such as electricity, argon gas, sodium and NaK 

loading and draining facilities and a control and instrumentation panel 

to record test data, 

8. 4.2 .. 5 Manpower 

The following manpower requirements correspond to the scope items. 

Man-years 

Item l - Design but not fabrication of test unit. 

Engineering & Scientific 2 

Design & Drafting 2 

Items 2, 3 & 4 (concurrently) - Test operations and data reduction. 

Engineering & Scientific 4 

Technicians 6 

Item 3- Post Test materials analysis. 

Engineering_& Scientific l 

TechniCians l 

8.4.2,6 Schedule and Cost 

See figure 8-2 for schedule and refer to table 8-2 for cost estimate. 
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Schedule 

Item 1 (Design and Fabrication 

Engineering V // /1-------i 
Design and Drafting vzz/1 

· Fabrication 1///71 

Items 2, 3, and 4 (Testing) 

Engineering 

Facility Modification 

Testing 

f/Z///ZZZZZ/1 

lZ2l 
V/777/1 

Item 3 (PostTest Analysis) 

Sampling I2J 
Examination ' 

Analysis 

I I 

Time, month 2 4 

SATM Decay Heat Cooling R and D 
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I I I I I 

6 8 10 12 14 

lftcOMIUSTION ENGINEERING, INC. r£!1 WINDSOR, CONNECTICUT 

C2l 
IZ:zJ. 
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16 18 

Figure 
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Table 8-2. Cost Estimate SATM Decay Heat Cooling R&D 

Item l (Design & Fabrication) 

Manpower 

Engineering 

.Drafting 

Materials 

Test Unit Fabrication 

Total Item l 

Items 2, 3 & 4 (T~sting) 

Facility Modification 

Equipment 

Operating 

Materials 

Manpower 

·E~gineering 

Technicians 

Total Operating 

Total Items 2, 3 & 4 

Item 3 (Pest Test Analysis) ----
Manpower 

Engineering 

Technician 

Materials 

Total Item 3 

' $' 60,000 

15,000 

90,000 

100,000 

33,000 

2,000 

75,000 

$170,000 

$ 75,000 

30,000 

205,000 

$310,000 

$ 7,500 

18,000 

2,000 

$ 27,500 
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8.4.3 Item G - Automatic Lid Welding System 

8.4.3.1 Objective 

To establish welding parameters for an automatic remote lid welding 

machine which may be incorporated into the lid welding system of the 

subassembly cask cart. 

8.4.3.2 Scope· 

The following work will be accomplished:· 

1) A prototype welding system will be designed and fabricated; 

2) The system will be used to establish the welding parameters 
through testing in a simulated operating atmosphere. These 
parameters· will then be factored into the design of the cask 
cart. 

8.4.3.3 Justificatien 

In this cask cart spent subassemblies are canned di.rectly in ~ 

lead-bismuth heat transfer medium which is compatible with the thin film 

of sodium remaining on the subassembly surfaces. This eliminates the 

necessity ef an elaborate subassembly cleaning facility and its inherent 

malfunctions. The lead-bismuth potting compound also helps to shield 

spent subassemblies during shipping and greatly reduces the probability 

of hydrogenous material contacting the subassemblies in the event of an 

accident. 

This spent subassembly cask cart may be incorporated into any FBR 

refueling scheme with minor modifications thus simplifYing the scheme. 

8.4.3.4 Test Facilities 

Work could be accomplished at any of the facilities listed in 

section 7.8 of reference 2. 
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8.4.3.5 Manpower 

The following manpower requirements refer to the scope items. 

Item l (design) -

Engineering 

Design & Drafting 

Item 2 (testing) -

Man-year 

l/2 

l/2 

Engineering & Scientific l/2 

Technician 3/4 

8.4.3.6 Schedule and Cost 

See figure 8-3 for schedule and refer to table 8-3 for cost estimate. 



- -~~--

Schedule 

Item l (Design and Fabrication) 

Engineering /////// /1----_, 
Design and Drafting IZZ////1 

Fabrication V//71 

Item 2 (Testing) 

Engineering· . 

Facility Modification 

Testing 

Time, month 
I 

l 
I I I 

2 3 4 

lZ/7777771 
fZ2] 

lZzzzz/1 
I I I I I 

5 6 7 8 9 
I 

10 

Automatic Welding Machine IWcoMIUSTION ENGINEERING, INc. Figure 
b!J WINDSOR. CONNECTICUT 8-3 
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Table 8-3. Automatic Welding System Cost Estimate 

Item 1 (design & fabrication) 

Manpower 

Engineering 

Design & Drafting 

Materials 

Test Unit Fabrication 

Total Item 1 

Item 2 (testing) 

Facility Modifications 

Equipment 

Operating 

Materials 

Manpower 

Engineering 

Technicians 

Total Operating 

Tetal Item 2 

$15,000 

5,000 

7,500 

500 

30,000 

$53,000 

$20,000 

10,000 

15,000 

11,000 

31,000 

$61,000 



8.4.4 Item H, Sections 8.1, 8.2 and 8.3- The Cask Cart Finned Pot 
Subassembly Canning System 

8.4.4.1 Objective 

To develop sufficient backup information to design the spent subassembly 

cask cart. , 

8.4.4.2 Scope 

Work undertaken will accomplish the following: 

l) Establish the specific composition of the lead alloy to be 
used as the canning and hP.~t transfer medium. Also: 

2) 

3) 

8.4.4.3 

a) Alloy physical ·and chemical properties must be established; 

b) The effect..of impurities upon these properties must be 
identified; 

c) The effect of the alloy on the pot material with respect 
to mass transfer and corrosion must be established; 

Design, fabricate, and establish heat transfer characteristics 
of finned pot system; 

Demonstrate that the container will remain leak tight through 
emergency conditions by natural convection and radiation. 

Justification 

Subassemblies are to be canned directly in a lead-bismuth heat 

transfer medium which is compatible with the thin film of sodium remaining 

on the subassembly surfaces. This eliminates the necessity of an 

elaborate subassembly cleaning facility and its inherent malfunctions. 

The lead-bismuth potting compound also helps to shield spent subassemblies 

during shipping and greatly reduces the probability of hydrogenouS material 

contacting the subassemblies in the event of an accident. 

The fact that the C-E reference fuel is sodium-bonded and employs a 

gas vent at the top of the pin makes it adv-isable from a safety standpoint 

not to clean the element with water or steam prior to shipment for 

reprocessing. 

The cask cart may be used in any FBR refueling scheme through minor 

modifications. 168 



8.4.4.4 Facilities 

Any o.f the facilities listed in section 7. 8 of reference 2 could 

conduct this program. 

8. J1. 4. 5 Manpower 

The following manpower requirements are listed according to the 

scope items. 

Man-years 

Item 1 (establish alloy) -

Scientific & Engineering 

Technician 

Item 2 & 3 (Design, fabrication & Test) 

Engineering 

Design & Technician 

8.4.4.6 Schedule and Cost 

1 1/2 

2 

See figure 8-4 for schedule and refer to table 8-4 for cost estimate. 



Schedule 

Item 1 (Establish Alloy) 

Alloy Selection V/1 

Design lZ:2l 
Facility Modification l2l 
Testing-

Properties .. B:~~~~>>>~ Compatibility 

Item 2 (Heat Transfer Characteristics) 

Design 1/Z/1 

Fabrication (/1 
(1 Test Unit) 

Facility Modification lZ2] 

Testing 1/ZZZ/1 

I I I I I I I I I I 

.. Time, month 2 4 6 8 10 12 14 16 18 20 

Subassembly Canning System a COMIUSTION ENGINEERING, INC. Figure . 
WINDSOR. CONNECTICUT . 8-4 
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Table 8-4. Subassembly Canning System Cost Estimate 

Item 1 (establish alloy) 

Facility Modification 

Equipment 

Operating 

Manpower 

Engineering & 

Scientific 

Technicians 

Materials 

Total Operation 

Total Item 1 

90,000 

56,000 

15,000 

Item 2 (heat transfer characteristics) 

Test Unit 

Facility Modifications 

Equipment 

Operating 

Materials 

Manpower 

Engineering 

Technicians 

Total Operating 

Total Item 2 

10,000 

45,000 

30,000 
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$ 20,000 

10,000 

161,000 

$191,000 

$ 15,000 

50,000 

10;000 

85,000 

. $160,000 



8.4.5 Item J Sections 8.1, 8.2 and 8.3 - Intermittent Operation 
and Storage of Mechanisms Between Sodium.and Inert Gas 

8.4.5.1 Objective 

To establish the parameters effecting operability of mechanisms used 

in sodium, removed and stored in argon, and then returned to sodium 

operation without an intermediate cleaning operation. 

Scope 

Work would cover the following items: 

1) Tests of material surface conditioning and machining finish 
to est~blish their ~ffect upon sodium film retention; 

2) Investigations of the change in operating friction of the 
mechanism with the successive number of insertion-removal 
cycles; 

3) Tests to establish the effect of residual sodium film 
contamination on remelt time and operating friction; 

4) 

8.4.5.3 

A study of the effect of oxygen concentration in storage 
atmosphere on contamination of the residual sodium film; 
also, the corrosion effects over successive 1-year storage 
cycles. 

Justification 

Development of a storage technique which does not necessitate prior 

mechanism cleaning would effect a plant capital cost saving, reduce 

maintenance time, and reduce the safety hazard. 

Cleaning and disposal techniques generally involve reacting sodium 

or NaK with air, water, or some chemical compound. As such,.these reactions 

are potentially hazardous and require extensive safety precautions and 

procedures. Cleaning and waste disposal involve a potentially greater 

hazard to operating personnel than any other handling proced~re. Methods 

must be compatible with equipment which is to be reused to avoid mechanism 

overheating or corrosion damage. Since most sodium or NaK c~eaning and 

disposal operations involve hydrogen evolution and the production of 

obnoxious fumes, the work must be accomplished outdoors, preferably in 
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isolated areas, or in areas with forced ventilation. Fire fighting 

equipment, safety precautions, and protective clothing requirements for 

cleaning and waste disposal operations are necessary. ( 2 ) 

Elimination of cleaning facilities greatly simplifies the operation. 

The information developed in this program would be useful to designers 

of mechanisms and components for all liquid metal operations. 

8.4.5.4 Facilities 

Any of the facilities listed in section 7.8 of reference 2 are 

qualified to conduct these tests. All of the tests are bench scale and 

would not require extensive equipment. 

8.4.5.5 Manpower 

The following manpower requirements are in accordance with the 

scope items. 

Item l - (sodium film retention) 

Engineers 

Drafting & Technician 

Items 2 & 3 - (remelt & friction tests) 

Engineers 

Designers & Technicians 

Item 4 - (oxygen contamination) 

Engineers 

Designers & Technicians 

Schedule and Cost 

Man-years 

3/4 

3/4 

l 

l 

l l/4 

2 

See figure 8-5 for schedule and refe.r to table 8-5 for cost estimate. 
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Schedule. 

Item 1 (Film Retention) 

Study ~ ~ 

Design lZZl 
Facility Modification [2] 

Test VZZ/1 

-
Items 2 and 3 (Remelt and Friction Test) 

Design 

Fabrication (Test Unit 

Facility Mod if icat ion 

Test 

vZZ/1 

121 
1771 

Item 4 (Oxygen Contamination) 

Design vz/1 
Fabrication (Test Item 0 

Facility Modification lZZJ 
Test 17/ZZZ/1 

I I I I I I I I 

Time, month 2 4 6 8 10 12 14 16 

Mechanism Storage Tests ncoMIUSTION ENGINEEIING, INC. Figure 
r£d WINDSOR, CONNECTICUT 8-5 



Table 8-5. Mechanism Storage Tests Cost Estimate 

Item l (film retention) 

Manpower 

Engineering 

Technician 

Facility Modifications 

· Materials 

Total Item l 

Items 2 & 3 (remelt & friction tests) 

Test Items 

Facility Modifications 

Equipment 

Operating 

Materials 

Manpower 

Engineering 

Technician 

Total Operating 

Total Items 2 & 3 

Item 4 (oxygen contamination) 

Test Items 

Facility Modifications 

Equipment 

Operating 

Materials 

Manpower 

Engineers 

Technicians 

Total Operating 

Total Item 4 

175 

$ 22,500 

3,000 

30,000 

15,000 

5,000 

37,500 

30,000 

$ 

$ 

11,000 

2,000 

5,000 

40,500 

5,000 

10,000 

10,000 

48,000 

73,000 

1,000 

20,000 

10,000 

72,500 

$103,500 



8.5 PROBABILITY OF ACCOMPLISHMENT 

As previously stated, the C-E reference refueling concept is a novel· 

approach to refueling but the components and mechanisms used to accomplish 

this are improvements and modifications of operating machines. As such, 

there is not a great deal of basic R&D required and thaL which is required 

is relatively simple and has been identified in the LMFBR program plan. 

The R&D which has not already been undertaken through AEC sponsorship and 

is specific to the C-E concept is straightforward. 

An estimate of the probability of successfully accomplishing these 

R&D programs within the prescribed time and money is 95%+. 

8.6 

8.6.1 

EFFECT OF NONATTAINMENT OF R&D 

Item E, Sections 8.1, 8.2 and 8.3 - Angular Pin Drive 
Coupling & Seal 

It is quite unlikely that the outlined program cannot be satisfied 

since units of this type are being used in the Dounreay Fast Reactor (DFR). 

However, should they prove unsatisfactory in our particular application, 

then the only consequence would be a minor redesign of the SAHM in order to 

substitute another seal-coupling design, possibly similar to that used in 

the EBR-II fuel unloading machine. 

The incremental increase in plant power costl:; would come from the 

increased capital cost of the two SAHMs. The increase cannot be estimated 

·at this time. 

8.6.2 Item F, Sections 8.1, 8.2 and 8.3 - Subassembly Transfer 
Machine (SATM) Heat Transfer System 

Nonattainment of the R&D required for the wet transfer SATM would 

require a change in the C-E refueling concept. Decay heat storage would 

have to be accomplished within the reactor vessel. 

The capital cost of in-vessel storage and ex-v·essel storage seem to 

be about the same. With in-vessel storage, the reactor vessel becomes 

larger in diameter, and the internals become more massive and complicated. 



Also, either the reactor vessel cover becomes more complicated because of 

multiple transfer machine locations over the subassembly storage positions, 

or the storage locations must be movable within the reactor vessel to 

line up with one exit port. The latter design requires massive 

moving machinery in the hot primary sodium. This would present a 

maintenance problem and would increase the probability of downtime due 

to refueling equipment malfunction. With ex-reactor vessel storage, the 

tank requires a sodium heat transport loop with a pump, a heat dump of 5 Mwt 

maximum capacity, and a cleanup system. 

With in-vessel storage, a second shutdown would be necessary or the 

decaying fuel would have to stay in the reactor the full 12 months between 

refueling cycles. This approach is undesirable, since it would increase 

the plutonium inventory charges by $520,000 for the additional 8-month 

period. 

8.6.3 Item G, Sections 8.1, 8.2 and 8.3 -Automatic Lid Welding System 

If the remote automatic lid welding system is not developed, then the 

lid would have to be welded remote manually. 

Another alternative would be to design the container with either a ~ 

mechanical seal and bolting arrangement or a screw-on lid. The latter 

two methods are not as attractive from a safety viewpoint since they are 

more apt to leak. 

8.6.4 

In any event, nonattainment would not alter the C-E refueling concept. 

Item H, Sections 8.1, 8.2 and 8.3 - Cask Cart Finned Pot 
Subas~embly Canning 

It is highly unlikely that the scope of work cannot be successfully 

completed as outlined. Again, the idea of subassembly canning is not new. 

Both DFR and Rapsodie can the spent subassemblies in an alloy before 

shipping. However, nonattainment of the R&D would require subassembly 

cieaning before shipping. This cleaning might necessitate a change from a 

vented to a sealed fuel pin design. 
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8.6.5 Item J, Sections 8.1, 8.2 and 8.3- Intermittent Operation 
and Storage of Mechanisms between Sodium and Inert Gas 

If it is concluded that the mechanisms cannot be stored after 

operation in sodium wfthout first being cleaned, then the plant design 

will be modified to include a mechanism cleaning facility. This would 

have no effect on the refueling operation or time since the c+eaning 

operation would be done while the plant is operating. However, the 

plant capital costs would increase by about $750,000. 
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Figure 8-6 
Fuel Handling System Rand D Schedule and Milestone Chart 

Task I Calendar Year 70 71 72 73 74 75 76 77 78 79 80 

8.0 Components Design: Fuel Handling System 1 
E) Angular Pin Drive Coupling and Seal 

'V 

2 
F) S.A. Transfer Machine Heat Transfer System \7 

... 
' G) Automatic Lid Welding System u 

3 

H) Subassembly Canning System \7 

4 
J) Mechanism Storage "\7 

·' 
' 

Prototype Component Development 5 6 
A) Subassembly Handling Machine ~---~---- - ~-~ 

5 6 
8) Subassembly Transfer Machine ~--~2-----· --· ~-l ' 

s· 6 
C) Spent Subassembly Cask Cart ~--~-~--· --· ---~-~ 

' 5 6 
D) Equipment Removal Container ~-· ~sz--- ~--~--

._ ... 



Figure 8-6: Fuel Handling Sy~tem Development Milestone Legend 

·1. Complete research and development ahd factor results into. subassembly 
handling machine prototype development. 

2. Complete research and development and factor results into subassembly 
transfer machine prototype design. 

3. Complete research and development and factor results into spent 
subassembly cask cart prototype design. 

4. Complete research and development effort. 

5. Complete analysis and detailed design: Began prototype construction 
and proof testing program. 

6. Complete prototype development and finalize the de~lgn for tlie demo 
plant. 
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Table 8-6. ,FueJ Handling System R&D 

Manpower and Cost Estimate. 

. . 
I 

106 $ I Costs -

Task ~ Man-Years Operating 
I 
I Other 

Scientists 
I 

Labor I Materials 
& Other & 

i 
& Equipment Facilities ,} 

Engineers Overhead ' Services 
··-··------·-·-·-------- I ... 

8.0 Com12onents Design: Fuel 
Handling S~stem I 

E - Angular Pin Drive coupling I 
I • 

and seal 2-3 4-5 0.15-0.251 0.025 0.01 0.03 
I 

F - Subassembly Transfer Machine I 
heat transfer system 7 9 0.3 

I 0.1 0.03 0.08 I 

G - Automatic Lid Welding System l l-2 I 0.035 

I 
0.01 0.02 I 0.05-0.06: 

H - Subassembly Canning System 4-5 5-6 0.025 0.02 0.07 0.2-0. 3 ; I ; 

I I 
J - Mechanism Storage 3 3-4 0 .l5-0.l8j 0.015 0.02 I 0.03 I 

' I 

I Totals 17-19 22-26 o.85-l.l 1 0.2 0.1 0.25 

Prototype Component Development I 
A - Subassembly Handling Machine 2 3 l/2 0.112 0.01 0.4 ! 0.02. 

I 
B - Subassembly transfer Machine 3 6 0.180 0.01 0.5 I 0.02 

I 

0.4 c - Spent Subassembly Cask Cart 3 6 0.180 0.01 

I 
0.02 

D - Equipment Removal Container 2 3 l/2 0.112 0.005 0.26 0.08 
J 
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9.0 PHYSICS 

INTRODUCTION 

The objective of any basic physics resear.ch and development work should be 

consistent with· that stated in- Section 9 of the AEC LMFBR Program Plan ( 1 ) : 

namely, to make possible the physics design of a large 1000 Mwe commercial LMFBR 

plant without recourse to mockup criticals or integral experiments. This will 

require an accurate prediction of: (1) the spatial power distribution; (2) the 

effective values of operational reactivity coefficients and their spatial 

distributions; (3) the reactivity change due to burnup; (4) changes in the power 

distribution and operational reactivity coefficents during each refueling inter

val; and (5) control rod worths which are adequate to meet appropriate safety 

criteria. Prediction of the dynamic behavior.of the system is also necessary 

for proper design of the control and instrumentation system .. Achievement of such 

a prediction capability requires research and development in four basic categories: 

(1) acquisition of nuclear data; (2) performance of critical experiments; 

(3) improvement and development of calculational methods; and (4) additional 

analysis. Generally spP.A.ki ng, each of thcoc a.1·ca.~ is ~_;uvt!re<l to some extent in 

section 9 of the Program Plan. The most significant aspects of each of these 

areas are discussed in the sections which follow together with a list of the 

research and development required in. each. The R&D work listed in these sections 

should be emphasized while being carried out within the general context of the 

program plan document. 

9.2 ACQUISITION OF NUCLEAR DATA 

9.2.1 Definition of Technical Area 

The C-E reference design as described in the Conceptual Systems Design 

Descriptton ( 
2

) is a beryllium-oxide m'oderated, uranium-plutonium carbide fueled 

cylindrical core with stainless steel cladding and tantalum and enriched boron

carbide control subassemblies. Accurate prediction of the performance of.this 

design therefore requires adequate cross section data for the following nuclides: 

( 1) Be; ( 2) 0; ( 3) C; ( 4) U-238; ( 5) Pu-239; ( 6) Pu-240; ( 7) Pu-241; ( 8) Pu-242; 

(9) individual fission products; (10) U-235; (11) U-236; (12) Fe; (13) Ni; (14) Cr; 
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(15) Mo; (16) Ta; and (17) B-10. Although data are presently available for 

most of these nuclides, values are not yet as accurate as desired for design 

purposes. 

9.2.2 Base of Current Technology 

A recent sensitivity analysis by Greebler et a1( 3 ) shows e.n uncertainty 

of approximately 0.25 mill/kwhe in fuel cost for a reactor which is required to 

satisfy a voided Doppler criterion of T dk/dT = -0.004 and, hence, contains a 

large amount of moderating material (BeO) among its core constituents. The 

analysis also shows that the current large uncertainty in the value ef alpha 

(i.e., ratio of capture to fission) for Pu-239 between 0.2 kev and 15 kev is the 

largest single contributor to this overall fuel cost uncertainty. This is 

followed closely by the uncert~inties in v (i.e., the average number of neutrons 

emitted per fission) for Pu-239 and uncertainties in the capture cross section for 

U-238. Values of the average number of neutrons emitted per fission for Pu-239 are 

about 4 percent uncertain in the range from 0 to 300 kev. There is about 50 per

cent uncertainty in the capture values for U-238 between 10 and 100 kev. Although 

this sensitivity analysis was carried out for an oxide-fueled reactor, the same 

conclusions would be applicable to the C-E moderated carbide breeder design. 

The large uncertainty in the value of alpha for Pu-239 is underscored by 

recent measurements at Harwe11( 4) which indicate values in the range from 0.5 to 

50 kev which are significantly larger (50 percent to 100 percent) than previous 

results,, To determine any effects of these possible higher alpha values on the 

performance of the reference design, some calculations were performed in which 

values were modified in appropriate groups of the multigroup set which was used 

for analysis. This was done by incr~asing capture cross sections while holding 

fission values constant. The modified and original alpha values are listed in 

table 9-l together with results of the calculations. The difference in parameter 

values again emphasizes the importance of ascertaining the proper value for alpha. 

If the.higher alpha values prove ~o be correct, the reduction in seed conversion 

ratio alone will necessitate design changes due to differences in the burnup 

reactivity change and associated control requirements. Reactor .performance 

would also .be significantly poerer than currently predicted with respect to 

breeding performance and doubling time. In addition, thA operational reactivity 

coefficients would be adversely affected. 
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Table 9-1. Effects of Possible Higher Alpha Values 

for Pu-239* on Performance of C-E Reference Design 

Parameter Current CL Value Possible Highe:r· a Value 

Seed Conversion Ratio 1.005 0.894 

Total Breeding Ratio 1.441 1.292 

Average Seed Enrichment 
(% Pu-239 + Pu-241) 10.79 11.14 

Sodium Void Coefficient 
(% Llk/k-complete voiding 
of seed and axial blanket) +1.36 +1.63 

Voided Doppler Coefficient 
(-T dk/dT) 0.0042 0.0030 

* Alpha Values Employed in these Calculations are: 

Group Energy Range (kev) Original Value Revised Value 

12 25-15 0.41 0.75 
13 15-9.1 0.50 1.00 
14 9.1-4.3 0.53 1.20 
15 4.3-2.6 0.56 1.10 
16 '2. 6-2.0 0.59 1.25 
17 2.0-1.2 0.62 '1,10 
18 ). 2-0.96 0.67 0.80 
19 ··o. 96-o. 58 0.67 1.20 

'It• 1 

; :( 

Percentage Change 

-11.0 

-10.3 

+3.2 

+19.8 

-28.6 



9.2.3 New Information Needed 

Because of large uncertainties such as those discussed above which are 

associated with currently available cross section data and the importance 

associated with removing these uncertainties, measurements of important data 

should be scheduled on a priority basis. This·has been done to some extent in 

Section 9 of the AEC LMFBR Program Plan .and a list of the highest priority 

measurements applicable to the C-E reference design has been excerpted and is 

given in tahl P. 9-2. The first three entries in this tabulation are: ( 1) alph~;~. 

for plutonium 239; (2) the average number of neutrons emitted per fission for 

plutonium 239; and (3) U:::!58 capture. The importance of these quantities has been 

pointed out in the preceding discussion. In view of their significance, every 

effort should be made to obtain these values as rapidly as possible. In 

particular, the ultimate accuracy measurements for these quantities should be 

scheduled sooner than indicated in table 9-2, if at all feasible. Since these 

measurements will influence design activities to a high degree and may also affect 

the outcome of neutronic analyses contemplated in other sections of the Program 

Plan, they probably should be placed in a special higher priority category. Such 

a category should be established to emphasize the importance of these mea~rements 

and to insure a rapid acquisition of their values. When these measurements are 

completed and evaluated, results should be disseminated to LMFBR contractors as 

quickly as possible so that the higher accuracy may be incorporated into design 

activities. Establishing a higher priority for these three _quantities in no way 

minimizes the importance of the other measurements in table 9-2 as currently 

scheduled. 

At present, fission product cross sections are also highly uncertain for 

fast reactor syst~ms. These cross sections are of particular importance in 

determining the reactivity change due to burnup which, in turn, affects the 

length of the refueling intervai and requirements for the control system. 

Uncertainties in these cross sections also have a significant effect on calculated 

values of the fuel cycle cost and doubling time. The sensitivity analysis pre-

vi om;ly mentioned by Greebler showed these uncertainties to ·be about 0. 06 
) 

mill/kwhe for the fuel cycle cost and 1.4 years for the douqling time. In view 

of these considerations, measurements of these cross sections should be included 

in research and development activities and given a re:[ative:Jly_high priority. 

Although a measurement of fission product capture (1 kev-2 Mev) is listed in 
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Nuclide 

Pu-239 

Cross 
Section 

Alpha 

V (E). 

Table 9-2. Sche~Jl~ of Highest Priority Cross Section 
Measurements from LHFBR Program Plan Applicable 

to C-E Design Effort 

:Incident 
Neutron 

Energy Range 

0.1 kev - 1 kev 
1 kev - 50 kev 
50 kev - 600 kev 

1 kev - 3 Mev 
3 Mev - 10 Mev 

Ultimate 
Accuracy 

Needt:d 

5% 
3% 
5% 

1/2% 
1% 

Schedule 
Start/Finish 

(FY) 

75178 
75178 
75-'78 

74/78 
75178 

Lesser 
Accuracy 

Measurement 

20% 
20% 
15% 

1-1/2% 
1-1/2% 

Schedule 
Start/Finish 

( FY) 

69/70 
69/70 
71/75 

69/72 
71/75 

~---·----r----------r------------------+-------~------------r-----------r-----------1 

U-238 Capture 1 kev - 300 kev 
3 Mev - 10 Mev 

2% 
10% 

73/77 
73/77 

10% 
20% 

69/71 
69173 

~----1----------;-------------------~-------+----------_, __________ _,~---------l 
Cr Capture '1 kev - 150 kev 10% 69/72 

~---~----------r-----------------~--------4-----------~----------~----------~ 

Fe Elastic 
Scattering 

Inelastic 
Scattering 

1 kev - 10 Mev 

1 Mev - 2 Mev 

10% 

5% 

Capture 1 kev - 175 kev 10% 
0.175 Mev- 1.5 Mev 20% 

U-238 Inelastic 
Scattering 

Fi~~ion 

0.1 Mev - 10 Mev 

- l Mev - 10 Mev 

Resonance _;· 
Parameters 

U-238 Capture 

Pu-239 

\) (E) 

Elastic 
Scattering 

Tnelastic 
Scattering 

Fission 

Pu-240 Capture 

1 kev - 300 kev 
3 Mev - 10 Mev 

.-i~ Mev - 10 Mev 

""1 Mev -,3 Mev 

J~oo kev - 10 Mev 

' 
·1 kev- 20 kev 

20 kev - 300 kev 
0.3 Mev - 3 Mev 
3 Mev - 10 Mev 

;0.5 kev- 150 kev 

). 

5% 

5% 

10% 

2% 
10% 

3% 

10% 

20% 

3% 
2% 
2% 
5% 

5% 
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74176 

72/75 

74/77 

75/80 

71/75 

75/78 

73/77 
73/77 

70/75 

70/75 

70/75 

73/78 
73/78 
73/78 
73/78 

75/78 

20% 

20% 

20% 

10% 
20% 

10% 
5% 
3% 
7% 

15% 

69/72 

69174 

71175 

69/71 
69173 

69/72 
69/72 
69/72 
69/72 

69/72 



Section 9 of the Program Plan, no priority or schedule dates fer this are 

included in the document. This situation should be rectified as soon as possible 

since these measurements will present difficulty due to the problems involved in 

isolating individual fission products and in evaluating their yields. 

Other cross section measurements scheduled in the Program Plan, although of 

lower priority than those already mentioned, are also important for the proper 

prediction of performance factors for the C-E reference design. These are indi

cated for completeness in table 9-3. 

The measurement of standard cross sections to higher accuracy must also be 

emphasized where these values are necessary to determine other required cross 

sections from cross section ratio measurements. Typical standard cross sections 

include (n,a) values for boron-10, elastic scattering values for carbon-12, and 

the fission cross section for U-235. Other standards which may be applicable 

include the elastic scattering cross section for hydrogen and th.e (n,a) reaetien 

for lithium. 

The differential nuclear data measurements discussed in the Program Plan 

also deserve particular emphasis. These include: (l) a determination of the 

spectrum and·yield of delayed neutrons; (2) a determination of the energy yield 

per fission; and (3) a determination of the yields of individual fission products. 

The delayed neutron data which is useful in determining the effective delayed 

neutron fraction is particularly i~portant for safety ·analyses. Precise evaluation 

of the energy yield per fission would probably result in a higher performance 

design due to the elimination of uncertainty factors. Consequently, this quantity 

should be accurately determined not only for plutonium-~j9 but also t'or the 0ther 

fissionable materials (i.e., U-238, Pu-241, and U-235) as well. A determination of 

the yields of individual fission products will enable a more precise evaluation 

of burnup reactivity changes when the fission product cross sections are also 

available and can be used with more advanced burnup programs. 

A particularly important portion of the nuclear data effort is the cooperative 

evaluation and distribution of evaluated data. This aspect of physics research and 

development is well underway and ~onsiderable emphasis has already been placed upon 

activities of the Cross Section Evaluation Working Group (CSEWG). The activities 

of this group should increase inimportance until the objectives of the Program 
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Nuclide 

beryllium 
oxygen 
sodium 
sodium 
sodium 
iron 
nickel 
nickel 
nickel 
tantalum 
U-235 
U-235 
U-235 
U-235 
U-238 
Pu-239 
Pu-239 
Pu-240. 
Pu-240 
Pu-240 
Pu-240 
Pu-241 
Pu-241 
Pu-241 
Pu-242 
Pu-242 

Table 9-3. Other Cross Section Measurements from 
LMFBR Program Plan Applicable to C-E Design Effort 

'i 

u 

i.e 

Cross Section 

inelastic scattering 
elastic scattering 
inelastic scattering 
resonance parameters 

~,capture. 

inelastic scattering 
elastic scattering 
inelastic scattering 
capture 
capture 
elastic scattering 
inelastic scattering 
alpha 
v 
(n,2n) 
(n,2n) 
alpha 
inelastic scattering 
fission 
resonance parameters 

.\) 

fico ion 
·alpha 
v 
capture 

'\) 

) 
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Energy Range 

2-10 Mev 
4-10 Mev 
2-10 Mev 
3 kev 
1-100 kev 
2-10 Mev 
10 kev-3 Mev 
5-10 Mev· 
1-150 kev 
1-150 kev 
1~5 Mev 
100 kev-3 Mev 
1 kev-7 Mev 
Up to 3 Mev 
6-10 Mev 
6-10 Mev 
600 kev-10 Mev 
threshold-10 Mev 
0.5-10 Mev 
0.1-5 kev 
threshold-10 Mev 
1 kev-6 Mev 
1 kev-2 Mev 
Up to 10 Mev 
1 kev-7 Mev 
0.5 - 10 Mev 



Plan have been fulfilled. Continued emphasis should therefore be given to 

their activities in this regard. 

A list of the recommendations concerning nuclear data acquisition which 

have been discussed in the preceding paragraphs is presented for summary 

purposes in table 9-4. 

Table 9-4. Recommendations Concerning Research 
and Development in the Area of Nuclear Data Acquisition 

1. Establish higher priority categ0ries for Pu-239 a, Pu-239 v, and U-238 
capture measurements. 

2. Establish priority and schedule dates for measurements of fission product 
capture cross sections. 

3. Effectively implement schedule of cross section measurements outlined in 
Section 9 of LMFBR Program Pl~n. 

4. Determine spectrum and yield of delayed neutrons. 
. . 

5. Determine energy yield per fission for Pu-239, U-238, Pu-241 and U-235. 

6.. Determine· individual fission product yields. 

7. Place adequate emphasis on evaluation and distribution of evaluated data. 

PERFORMANCE OF CRITICAL EXPERIMEN'l'S .fr'r 

9.3.1 Definition of Technic'al Area 3V 

:~ J~i . 
In view of the large uncertainties currently associated with the prediction 

" of neutronic behavior in fast systems, it will be necessary to conduct numerous 

critical experiments to gain an understanding of the operatiotral reactivity 

changes which contribute to the overall power coefficient. These include Doppler 

reactivity changes, coolant void r·eactivity effects, fuel andr'structural expansion 

effects, and possible fuel redistribution during irradiation~ Many of these 

experiments will have to be performed in plutonium-carbide fu~led assemblies to 

get a proper representation of the spectral effects. They will culminate in a 

critical facility mockup for the first demonstration plant which will be among 

several required before construction of the first commercial power plant. 
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9.3.2 Description of Current Technology 

The great majority of experience in the performance of fast critical experi

ments has been obtained at Argonne National Laboratory. Although this has more 

recently included a number of smaller plutonium-fueled assemblies, most of +he 

experience to date has been with U-235 f'uels. Consequently, it will be necessary 

te pt=rform many future experiments using plutonium fuel in larger assemblies. 

Since the prediction of past critical experiments with available data and 

methods has not always been satisfac~ory, a question exists as to whether or not 

the data or the methods or both are responsible for the discrepancies. In view 

of this, more experiments are necessary in order to resolve this question. The 

answers so obtained will have application in the design of actual systems as well. 

9.3.3 New Information Needed 

A list of the most important basic experiments required is given in table 

9-5. Where possible, these experiments should be performed in plutonium-fueled 

carbide assemblies having volume fractions similar to those of the reference 

design. 

In addition, all experiments should be repeated after including approximately 

4.6 percent beryllium oxide in the assembly compos~tion to soften the neutron 

s.pectrum. This p:J;"ocedure has been adopted in the reference design to achieve a 

voided Doppler coefficient (i.e., T dk/dT) of -0.004 in order to limit the energy 

release in the event of the maximum credible accident. If, however, more 

advanced safety analyses or protective system studies i~dicate that this additional 

moderator material is not really ~eneficial and hence is not necessary, it could 

be removed with a consequent increase 1n core performance. Duplicate critical 

experiments with and without moderator would therefore provide information of 

interest for eit4er eventuality. Such a procedure would also contribute to an 

understanding of spectral effects in fast reactor systems. 

The most important critical experiments should be performed with significant 

percentages of the higher plutonium isotopes in the fuel so as to simulate the 

equilibrium composition of the proposed system (i.e., ~27% Pu-240). The 

experiments would then include the nuclear effects of these nuclides. 
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Table 9-5. List of Basic Physics 
Experiments in Support of LMFBR Program ~· 

1. Spatial dependence of the sodium void coefficient. 

2. Temperature dependence of the Doppler coefficient. 

3. Spatial dependence of the Doppler coefficient. 

4. Neutron spectrum measurements. 

5. Effects of practical control rods. . . 
6. Fuel migration and expansion versus exposure. 

7. Subassembly bowing effects. 

8. Demonstration plant mockup critical. 

The sodium.worth experiments should emphasize the spatial dependence of the 

sodium reactivity effect. Doppler experiments should emphasize the spatial and 

temperature dependence of this effect together with a determination of the 

effective value of the Doppler coefficient in a configuration with a realistic 

temperature distribution. 

The neutron spectrum measurements should be especially valuable in testing data 

and methods used for nuclear design. Consequently, the results of these as well 

as all other experiments should be disseminated to all LMFBR 1contractors so that 

they may be used for calculational comparisons. ' . 
Critical experiments should also be performed in assemblies containing 

tantalum, natural boron carbide and enriched boron carbide coritrol zones . . 
Measurements should be made to determine the power perturbat:i.ons in fuel regions 

adjacent to the control zones. Relative worths per kilogram'in various positions 

of the assembly should be obtained. Finally, energy and self~shielding effects 

should be evaluated .. 
,, 

Measurements with and without additional moderator will 

be helpful in isolating the effects of moderator on control rod worths. 
Jil 

Experiments to d~termine any fuel redistribution and expansion as a function 
fiJ 

of.exp6sure will probably require considerable planning. Of necessity, these 

cannot be performed in critical facilities. However, they will.be very important 

in evaluating reactivity effects due to fuel movement during the reactor duty 

cycle and in determining any possible required action. Such experiments should 
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also include an analysis of structural expansion effects including those result

ing from the bowing of individual fuel rods or fuel subassemblies. 

The final experiment shown in table 9-5 is the mockup critical for a 

demonstration plant of approximately 500 Mwe. This demonstration plant, fueled 

with sodium-bonded carbide, wiJ,_l be requiretl in the middle l9'TO 's in order to 

achieve successful commercial operation of the selected reference design 

around 1980. The critical facility mockup of the demonstration plant is necessary 

in -v1973 in view of the large uncertainties currently associated with the 

prediction of nuclear effects and should be sufficiently realistic to permit 

adequate simulation of the neutron spectrum in the demonstration plant. In 

particular, it must possess the same geometry and should include realistic 

axial and radial blankets. The fuel should have the same isotopic composition 

as that to be used in loading the demonstration plant. This experiment can 

then be employed to predict all impq>rtant nuclear effects associated with 

the performance of the demonstration plant with reasonable uncertainties involved. 

9.4 IMPROVEMENT AND DEVELOPMENT OF CALCULATIONAL METHODS 

9.4.1 Definition of Technical Area 

Proper design of the demonstration plants as well as the first-round 

commercial plants will require improved two- and three-dimensional computer 

programs for the calculation of the neutron flux distribution and effective static 

operational reactivity coefficients. Higher dimensional burnup programs will also 

be required to permit an accurate determination of reactivity effects during the 

equilibrium duty ~ycles of these reactors and also for properly evaluating their 

startup characteristics during the approach to equilibrium. Such programs should 

also be efficient enough with respect to execution time that they can be used 

routinely for design purposes. The availability of such higher dimensional pro

grams will also m~e possible the isolation of discrepancies between calculation 

and experiment for various critical assembly measurements. The reasons for such 

descrepancies cannot yet always be determined since they may be attributable to 

deficiencies in both data and methods. 
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9.4.2 Description of Current Technology 

Currently available nuclear computer programs can be grouped into two general 

categories: (1) design packages; and (2) standards programs. The design packages 

are characterized by reasonably short running times, usually at the expense of 

accuracy. The standards programs, on the other hand, are more accurate but 

require excessive execution time. Although present methods can be used in the 

design of future LMFBR systems, the use of programs in the standards category 

would be required to achieve the required accuracy. A large effort should there

fore be devoted to improving the running time of some of the currently available 

standard codes so that they may be transferred to the design category with a 

resultant improvement in the accuracy of current design methods. 

New Information Needed 

Since the number of areas for improvement and sophistication of current 

fast reactor design methods is very large, effort in this area can be expected 

to encompass a long period of time~ However, certain items are more important 

for the immediate goal of designing a commerical power plant for operation by 

1980 than are others. The most important of these items are listed in table 9-6. 

A discussion of each item follows. 

l. 

2. 

3. 

4. 

5. 

Table 9-6. Research and Development Required 
in Calculational Methods 

Development of Efficient 2D Diffusion Design Code 

Development of 3D Diffusion Code 

Development of Efficient lD Transport Design Code 

Improvement of 2D Transport Code 

Development of lD Buckling Synthesis Burnup Code 

6. Improvement of 2D Burnup Code 

7. Improvement and Development of Methods. for Cross Section Generation 

Improvement of one of the two-dimensional diffusion cod~~ such as CANDID( 9) 

shemld be given a relatively high pri0rity in this regard. · This code could then 

be used for routine analysis of the· reference design which, in actuality, possesses 
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a hexagonal and not a r.ylindrical configuration. This type of program is also 

required for properly analyzin~ the characteristics of the corners of the radial 

blanket (i.e., protrusions of the radial blanket above the seed region). The 

program should. also be used for calculating abnormal void reactivity patterns as 

well as sodium void coefficients. Such a program would also be. useful for the 

analysis of other,._odd-shaped configurations in safety anA-lysis work. A large 

improvement in ruAning time would permit the use of this type of program in 

reactor optimization surveys and might change some of the conclusions reached 

with one-dimensional programs. 

Code development efforts should also include Ji>roduction of a three-dimensic:mal 

diffusion program'.O This should be available at the same time the demonstration 

lalnts are operating and could be used for calculation of measured experimental 

parameters. The more accurate geometrical treatment would then make possible 

better isolation Rf data·uncertainties which could be rectified before design of 

the commercial pl?pts. 

Although both~one- and two-dimensional transport programs are currently 

available, running times, especially for the two-dimensional program, are high 

cnougl1 Lu obviate their use in most situations of .interest. Both tyJi)es of 

programs should, therefore, be improved with respect to running time. A 

particular effort should be made to reduce the running time of DTF-IV(lO), for 

example, so that it may be used routinely for one-dimensional design calculations. 

This is important since transport programs are frequently used for cell calcula

tions in the evaluation of heterog€mei ty effects and as re.ference calculations te 

test the validity of diffusion theory fer specific applications. Transport theory 

must also be used routinely to obtain flux distributions near boundaries or where 

there are strong flux gradients. These uses justify conversion of a one

dimensional transport program from the standard to the design category. 

At least one of the unidimensional burnup programs such as SIZZLE(ll) 

should be improved in the following manner: (l) the caJi>ability should be present 

for searching on t~e required excess reactivity in addition to the time-dependent 

critical Ji>Oison concentration in a single problem run and both types of searches 

should have the capability of atom cqnservation for a variable number of atoms; 

(2) radioactive d~cay of the plutenium isotopes should be treated; (3) the 

treatment of fissibn products should be such that fission product captures lead 
~ r j· 
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to different fission products; and (4) program dimensions should be extended to 

permit greater flexibility in the use of different multigroup cross section sets 

for the core and blanket regions. The programs should also include an option to 

permit iteration on the initial excess reactivity for a specified burnup until 

the final eigenvalue converges to a specified input value. After revision, the 

program should then be converted into a synthesis routine with iteration between 

radial and axial calculations with the bucklings obta~ned in,one direction being 

transferred to the calculations in tpe other direction. This type of program 

would then include the effects of nonuniform axial depletion.in the results. 

A two-dimensional burnup program with minimum runnlng time should also be 

developed. This may be based upon the ASSAULT(l2 ) program, for example, and 

should incorporate those features just mentioned for the one'-;dimensional program. 

This two-dimensional burnup program will be of particular importance in analyzing 

the performance of the demonstration plants to refine the data and methods for. 

design of the first-round commercial breeder reactors. The same considerations 

mentioned above in connection with the two-dimensional diffusion program also 
.:· 

apply to the two-dimensional burnup program and strengthen the emphasis for its 
-j IJ 

development. 

An improvement of methods for multigroup cross section generation is of 

paramount importance to design activities since such generation currently 

occupies a major portion of the time in a design optimlzation• sequence involving 

many different configurations and fuels. Practical expediency therefore often . ' .. 
dictates that relatively few cross section sets be used in such a procedure which 

• J 

compromises its validity to an uncertain extent. Improved cross section 
n 

generation codes should therefore be developed with an emphasis on both accuracy 

and speed. Since the MC2 program(~) is probably very likelyL~he best code 

presently available for this purpose, it should be recoded for optimum execution 
' \JJ. 

time. If necessary, optimized machine language versi~ns shoyJd be developed for 

the principal computer systems in use (e.g., IBM 360 or CDC 6600) so that execu-
' l.l 

tion time could be further reduced. In addition, other programs should be 
·, j ~ 

developed employing bilinear averaging (i.e. ~¢*) as well as
1
variational methods . 

. I • 
Results obtained with these new programs should then be compared with existing 

methods and criteria developed for the use of each technique. 
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An investigation should be conducted to determine the nUmber of multigroup 

cross section sets required for .analyzing a typical reactor system such as the 

reference design to the required accuracy. For example, is a separate multigroup 

set required for the axial blankets even though the fuel, structural and coolant 

volume fractions are the same as for the seed region? What would be the effect 

of gener?,ting a separate set for each ·region of a zoned core where only the 

fissile enrichment differs between regions? For an accurate treatment of reaction 

rates in the radial and' axial blankets, should different multigroup sets be used 

to account for the spatial d.istribution of' the plutonium concentration? In short, 

what is the gain in accuracy which is obtained by increasing the complexity of 

the analysis? In this context, cross section changes as a consequence of fuel 

depletion and higher isotope buildup should be investigated. The necessity of 

using different ·.cross section sets to account for spatial changes during various 

degrees of coolant voiding should also be evaluated to avoid the redundant 

generation of cross sections by contractors. 

Other effect's which should be analyzed in connection with cross section 

generation include a determination of the adequacy of using buckling value(s) to 

reJi)resP.nt. syst.f':'m leakage during .the averaging .fJL·ut.:t=::;::;. Improved methods should 

also be developed for the treatment of flux self-shielding effects, heterogeneity 

effects and resonance absorption effects. Treatment of overlap from contributing 

resonanc.es of few,tile and fissile isotopes should be emphasized. 

Averaging methods to generate cross section sets for use in transport calcu

lations should a!iso be considered. The investigation should include an analysis 

of the effects o'{ utili.zing diffusion constants in transport calculations. This 

aspect of cross ~·ection1 generation is particularly important in view of the 

necessity of occasionally using transport computations for reference standards 

and cell calcul~~·ions fbr the treatment of heterogeneity effects. In this regard, 
if! ( '. • a study should also be carrled out to ascertaln the validity and limitations of 

multigroup diff~~ion theory for design purposes and to establish the limitations· 

of diffusion the'6;ry as 'a standard. The effects of diffusion theory in the analysis 

of short cylindrical high leakage cores such as the reference design should be 

emphasized. 
r'. 
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9.5 ADDITIONAL ANALYSIS 

Successful operation of a commercial power plant by 1980 requires additional 

in-depth physics analysis in thre~ main areas in order t9 sufficiently develop 

and refine the present reference design. These areas are: (l) fuel management; 

(2) control; and ( 3) safety. All these areas should be emphasized as ea,ch has 

important interfaces with research.and development work in the categories of safety 

and plant design. 

Fuel management-studies should include a more detailed evaluation of manage

ment of the radial and axial blankets. Various fuel shuffling procedures for 

the blankets should be compared with proper load factor corrections for variations 

in downtime and considering auy comparative _changes in the control requiremP.nts 

between schemes. Axial blanket studies should include a comparison of elements 

which are an integral part of those in the seed and others which are scheduled 

and manipulated independently of the seed elements. Radial as well as axial 

zoning should be investigated in rnore detail with respect to optimization of the 

fuel ~ycle cost. In particular, more than two radial seed zones should be con

sidered. A study should be carried out for the reference design in which a 

subassembly-by-subassembly refueling pattern is evaluated. An analysis in this 

depth might serve to reveal additional problems for investigation. 

Techniques should be devel0ped for analysis of the physics of fast reactor 

control ~ads. Requirements for control rod materials should be evaluated in 

detail. Studies should then be performed o.imed at providing guidelines for the 

composition and location of control mechanisms. This would include consideration 

of locating control subassemblies in radial blanket regions. 'l'he effects of 

spatial and energy self-shielding for all proposed control materials in fast .. 

neutron spectra should be determined. Criteria for rod replacement should be 

developed. Development of techniques for analysis .should include: (l) deter

mination of the peak rod worth with other rods totally or partially inserted; 

(2) perturbation of the power distribution in adjacent fuel assemblies; and (3) 

calculation of total shutdown reactivity. The ganging and scheduling of rods 

fer optimum operation should also be considered for a typical LMFBR system. 

A large emphasis sheuld be placed on work relating to the analysis and 

understanding of the_physics of safety. Parameunt in this work should be the 
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development of techniques for determining the reactivity of melting and reassembly 

configurations. · In particular, how do cross sections change as a result of 

changes in energy and spatial self-shielding during various phases of meltdown? 

What effects do these changes have on Lhe calculated reactivities of the various 

configurations? More realistic treatment of feedback effects should be incorporated 

into present safety models. Emphasis should also be placed upon obtaining temper

ature-dependent material property measurements for use in improved energy release 

analyses. 
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