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SUMMARY 

This report represents' a continuation of the effort on 

large power reactor systems utilizing settled bed fuels. The pre- 

vious study (BNL-5372)* consisted of an evaluation of a number of 

systems both thermal and fast. This included a UO -Sodium-Graphite 2 
7 Thermal Reactor, a u ~ ~ ~ - L ~  -Be0 Thermal Breeder, a Sodium Cooled 

Fast Reactor with internal heat exchanger, and two types of Directly 

Cooled Fast Reactors. As a result of this study it was decided to 

investigate further the directly cooled fast concept. The reason 

for this choice was dictated primarily by the greater simplicity 
.. . 

. . 

of the directly cooled fast systems and the greater cost reduction - 1 ..: . . -. . 
. . ... .. 

potential. It is admittedly true that these factors may have res- 
, . .  

ulted in part from the fact that the systems have not been investi- 

gated in much detail. As a consequence this study has concentrated 

more on the stability of the reactors and paid more attention to 

design features, heat transfer, fluid flow and fuel cycle problems. 
. . . . .  

In addition to further assessthe potential, the sodium outlet tem- 

perature has been raised from 1050'~ to 1200'~ and the electrical 

power output has been increased from 300 W e  net to 360 MWe. This 

was done to permit mating the reactor to a modern efficient steam 
+. 

electric power plant. We have also used more recent values, based 
# - 
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on the Fermi plant, to estimate capital costs of the reactor systems. 

The fuel cycle costs obtained for these reactors are 

quite low, falling below 1 mill/kwh at . . maximum burnups in excess of 

40,000 to 50,.000 M-T. Power generation costs range from 5.3 to 
- . .  

6.2 mills,&wh depending upon the burnups attainable. No optimiza- 
. . 

tion of these systems has yet been und=rtake~ so these numbers are 
. I  . . 

., . . . 
still very prel'imin&y. 

As pointe d out in the previous : report the feasibility 

of the fuel cyclet has yet to be demonstrated.' An experimental pro- 

gram to dete'imine feasibility is underway but has not progressed to 

the point where 'definitive results have 'been obtained. The program 

consists 02 but-~f-~il; and in-pile tests of the carbide 

fuel system.' It is important to point out that the results obtain- 

ed from this program are of use in demonstrating the fuel concept 

and are not restricted to any specific reactor type. Carbide fuel 

has been specified for the fast reactor system in preference to the 

oxide because of the higher thermal conductivity of the carbide. 
. . 

Though the final proof must await the outcome of parametric type 

surveys and optimization studies, it fs knowh'that' for equal size 

cores the carbide fuel will have higher performance and.better ec- 

onomics than an oxide if both are taken to equal'burnup. It is 

possible to use the oxide fuel as an alternate in the radial flow 

designs with a resulting lower power density.and higher pressure 
. . , . 



drop. Metal alloy fuels were briefly investigated on thg basis of 

better .heat transfer characteristics, neutron ecoriomics and lower 

fabrication costs. It was originally thought that a $5-10/'kg 

fabrication cost was possible. This represents a considerable cost 

savings over ':the $GO/kg charge used in our studies 'for ceramic .. 

fuels. Howeverj.'St was found that the low costs applied to un- 

alloyed uranium.particles not uranium-plutonium molybdenum alloy 

spherical pellets. Estimates of. $30/kg were obtained for this fuel 

and on the basis of 5,000 MWD/T maximum burnup as compared with 

,50,000 PllbJD/T maximum for the ceramics the use of metal fuels appe.ars 

. .: 

rather- unattractive. 

It should be noted that the emphasis in the study is 

. . placed on the reactor and its internals since it is in.this area 

that the.settled bed reactor differs from a sodium'cool~,d 'solid fuel 

reactor. Components and equipments external to the reactor would 

be similar to those .ascribed to a large sodium coo3,ed nuclear 

power plant. The decision to do further design work on the directly 

cooled fast reactor implies that with unclad fuel the prfmary sodium 

loop will be contaminated to an extent which is presently unknown. 

This factor will not greatly affect the shield design of the primary 

sodium loop since the sodium will be highly radioactive anyway. 

The contamination will, however, have an effect on maintenance 

procedures and this is accounked for in 0 & M charges. "The use of' 

. . 
clad fuel pellets wou1d~a'~Ieviate this problem to a considerable 



extent but would also result in somewhat higher fabrication costs. 

Concept feasibility is dependent upon success'ful cladding techniques 

only if the cladding is necessary to insure pellet integrity over t 

fuel lifetime. The problem of sintering or sticking of the fuel 

pellets becomes serious only if' thi"s occurs in . a short time period 

(i.e., less than two weeks) during the lifetime of the fuel in a 

reactor cycle. The reason for this is that even though the major 

part of the fuel resides in the . . reactor for a 24-month or longer 

period, fuel removal, add,ition.+d mixing by fluidization may occur 

every two to four weeks, thus preventing agglomeration. The ex- 

perimental program must determine the relation between sintering 

time and irradiation time, if such exists, since it is possible that 

the sintering time may be much shorter after long time,irradiation. 

In addStion to criticality calculations and flux distri- 

butions appreciable effort was devoted to calculating sodium eoeffi- 

: cients, bed sett1ing.coefficients and control rod effectiveness, 

particularly in the central pipe of the radial flow reactors. Un- 

fortunately, time did not permit the use of two dimensional codes 

so that the results presented may change as the work is refined. 

~t ic also evident when one reviews the economic section that physics 

studies are needed to determine optimum sizes and breeding 
* 

ratios. Sodium coefficients are mildly positive for the large axial 
i 

core.and negative for the radial cores. A dollar's worth of reac- 



tivity is equivalent to a 20% decrease in sodium density for the 

axial core and -5% and 11% increase .in sodium density for the radial 

carbide and radial oxide cores respectively. Bed compaction coeffi- 
. . 

cients are all positive and because of this a critical problem in 

the development program is to find. a.method of achieving a stable 

settled bed configuration. The fact thal'these coefficients vary 

in either sign and magnitude or in magn'itude indicates that these 

effects can be minimized by choice of core size and configuration. 

A considerable: amount of analysis remains to be done in this area. 

  eat transfer and. fluid flow analyses have been further 

refined. Thermal stresses in fuel, boiling of sodium in a hot 

sector and pressure drop through 'the core are the major design 

limits.' These calculations have been done for a few specific core 

configurations and parametric studies in conjunction with physics 
. . 

and economic"estimates must now be 'initiated in order to establish 

optimum conditions. 

~echanical design work was performed on the radial flow 
. . 

concept since it is somewhat more complex internally than the axial 

design but thermal stress analysis and expansion probl&s have not 

been investigated in detail. 



INTRODUCTION. 
r ; . .  . . 

This report presents the status of work on fast reactor 
. . .. .. . .  . 

systems utilizing fuel in the form of particulate solids and cool- 
. .- . -  . , ,  .:..I ..... , . . .. , . . . . .  :. .- . . 

ed by direct flo~t of sodium through a settled bed! of. such fuel. 
... . . ( .  

. , .  -. : 
P I  . . .. 

The fuel is in a settled and static condition during operation with 

the flow of coolant in such a direction as to maintain the fuel in 
. . 

the settled state. The fuel is fluidized by pumping sodiu~ bp 

through' the bed and during this state removal, addition and mixing 
. . .  , . . 

of fuel is accomplished. During operations of this type the 
. , . :  . . . . . _ . . .  

reactor is in a shut down condition. The ability to operate the 
,: 

reactor' at power with the fuel all in the core ,in a static condi- 
.. . 

3 . :  . . 
tion, yet handle fuel as a l i q u i d  during transfer and redistrib~i- 

tian operations is one of the major advantages of this system. 

In the axial type core sodium flow is downward through the 
. . 

bed during power operation. The core is a right .cylinder with 

height equal to 0.6 the dimeter to reduce pressure drop. A blank- 

et of similar fuel particles surrounds the core and is cooled by 
, ... . .. . 

down flowing sodium.' Flow 5 , s  reversed for fluidizing operations. 
.. . . . .  . . 8 

The radizl flow core is cooled by bringing sodium into a 

central pipe from whenc~ it flows radially outward t3rough core 

and blanket. In the top porti0r.s of the core the sodium flow has 



a vertical component to prevent lifting the bed in these regions. 

Separate ,sodium lines are required to establish up flow during 

fluidization operations. The main advantage of the radial core is 

its lower pressure drop.. This a smaller core and a lower 

inventory. 
j .  

. . . . 

General characteristics of the fuel cycle are listed below: 

a. Maintenance ,. . of . uniform.distribution of the fuel-con- 

taining solids, and, -therefore, of the fuel density, 

throughout the entire' core. 

b. Overall mobility in the . fuel . permitting the particle 

suspens,ion to flow freely in tubes connecting the re- 
. . . . 

actor core region with an outside .vessel (5or fuel 

makeup and reprocessing) in response .. . to pressure adjust- 
' , i . .  

ment in the fluidizing liquid stream. Provision for 

fuel makeup at frequent intervals is itself an import- 
, . 

ant advantage since only . . small amounts of excess re- 
. , 

activity would then be required. This is extremely 
. .  , 

important in a fast reactor. 
.. . , . . 

c. Elimination qf  excessive fabrication costs commonly 

associated with the manufacture of solid fuel elements 
. . 

under close tolerance requirements. The . . cost of coat- 

ing fuel particles is not taken into account here since 
. . . . . . '  . . 

any coating process must at present be considered an 
I 



expensive one. The containment of the fission products 
:.. 

: I.' , 

within the fuel particles by means of applied coatings 

would provide a valuable additional degree of freedom 0 

. . 

in the reactor design,;since the problems associated 

with separation .of fuel and coolant would then be mini- 

mized. The economi'c, aspects of particle coating pro- 
. . 

cesses and the overall influence on fuel cycle (includ- 

ing reprocessing) and maintenance costs is presently 

unknown. 

d. Exceilent possibility of very high burnup in the fuel. 

e. Ease of reprocessing of the fuel due to the ability to 

transfer the fluidized fuel in the same manner that a 
w 

. . 

liquid is transferred. 

f. Assurance of achieving uniform burnup in the fuel by 
. . 

virtu-e of the mobility of the fael. 
. ., . 
..:< 

. . . . .  

g. Confinement of the fuel to the core of the reactor 
. .  . .- . . . . . . . . 

while retaining the other advantages of a liquid fuel. 
. . . . 

h. Use of the particulate form of solid fuel without the 
. . 
. . 

need to recirculate the fuel through pumps, valves, etc., 
. .. . .  

and without problems of erosion or attrition of fuel 

particles. Even with fluidization of the fuel almost 
..I a 

quiescent conditions obtain with the laminar flow state. 



, TEE CARBIDE..FUEL PROGRAM. 
, . 

The proposed fuel for this reactor is a uranium-plutonium- 

carbide fuel in the form.of 1/8-inch diameter unclad spherical par- 
. .. 

ticles. . ,Uranium-pluton+um-oxide . is being considered as a possible 
. . ' .  ' 

alternative. The development work with carbide fuel up to the pres- 

ent has centered on clad pellets and rods, and no attempt has been 

made to fabricate U-Pu-C spheres in the,1/8-inch diameter, size 
. . . - 

range. Actually the general development of U-Pu-C fuel is still 
. , 

. _ I  

in its infancy. Until more basic data are obtained on this three- 
:, I , , ::. 

component system, the Brookhaven National Laboratory fuel program 

would utilize uranium carbide. In .preparation gor.,,such a ,fuel . '  
. . .  

development program a review of the state of the art regarding 

uranium carbide and urani'um-plutoniuin-carbide technology was made 

and the' availability of ' the fuel material 'was investigated. Three 
. . 

general aspects were'consideredi fabrication technique, fuel corn- 
. \  

position, aid radiation damage. A program. for out-of -pile' and 
. . 

in-pile testing is presented. 
. .~ 

Fabrication Techniques. 
. . , . .  , . 

There axe two basic methods of'faljrication of both 
, " 8 , .  . . . 

uranium carbide and plutonium carbide fuel.being employed at ' the 

present time. They are powdermetallurgy and arc melting and 

casting. ~aterial fabricated 'by either 'method has both advantages 

and disadvantages which appear to be strong1.y dependent on its 
,. - . . . 

specific agplj-cat.ion to a particular rcactor system. No selection 
. . , . 



of fabrication technique can be made at this time with ref, ~rence 

to the settled bed'fast breeder reactor. In the final analysis, 

the size and shape of the fue1,fequired for this reactor may be 

the governing factor in selecting the fabrication technique. 

comiosition of Fuel , 

. . 

The ideal composition of any earbide fuel (UC or PUC) 

is one which contains stoichiometric carbon, (4.8.w/o C).   ow ever, 

from practical considerations it is not economically feasible 

to olkain this exact carbon to uraniUm ratio. Therefore, with 
. . ' . 

these fuels we would be dealing with either hypostoichiometric 
* 

( ~ 4 . 8  w/o C) or ' hyperstoichiometric (>4.8 w/o C) . 
1 

. .  _ .  HYPOSTOICHIOMETRIC CARBIDE FUEL 

The hypostoichiometric fi1e1. would have a 'mixture of 

uranium carbide and freeluranium (UC + u), and thus have a self- 

imposed temperature limitation based on the melting point of 

uranium. In addition, the presence of free uranium might lead 

to radiation instability. However, present radiation damage 

studies fuel has not revealed eff eat. 

Also., . . out-.o.£:-pile . -.studies indicate that there is rro reaction with 

sodium. .Wi.th.in the. temperature limitations, the material appears 

to behave as.if it were stiochiometric uranium carbide. 

. .. 
. . 

. . . .  

HYPERSTOICHIOMETRIC CARBIDE FUEL 
. . 

. . 

hyperstoichiometric fuel mixture of uranium 



carbide, uranium dicarbide, uranium sesquicarbide (UC, UC and 
2 

u2c3). Out-of-pile experiments indicate that a decarburization 
T 

. . 
reaction occurs between the UC and sodium or NaK, and that with 

2 . . -  

a 1000°-12000~ liquid metal temperature, continued exposure would 
. . 

result in cumplete decarburization of the fuel. The depth of de- 
1 , . 

carburization appears to be independent of specimen diameter and 
. . 

carbon content. . Since-the decarburization process results in an 
. , . . . . 

increase in carQon content in the liquid metal.;-a corresponding 
. . 

carburization.of stainless steel components in contact with the 

liquid metal would occur. . . 

Recent work at' A 1  has indicated that heat treatment of 

the hyperstoichimetric uranium carbide fuel may result in a 

conversion of the UC to U C which appears to be more stable 
2 2 3 

against decarburization. However,. more experimental data on this 
. " 

conversion is required, . . 

Plutonium Carbide Fuels .. . 

. 
There is some information available on PuC fuel which 

may have significant bearing on. the UC-PuC fuel, When considering 

hypostoichimetric PuC one encounters the same prob1em.a~ with UC, 

The melting point of Pu is only 640°c (.,1180°~). This is well 

below, the average surface temperature oe. t h e  fuel, and, as a 

result, complete melting of,all free plutonium present in the. fuel 

would probably occur. ,Hyperstoichiometric fuel appears to be com- 



posed of PuC-Pu C which, if o,ne assumes a similarity to the 2 3 

UC-U C system, should be stable against decarburization, 
2 3 

~lutonium-~='anium Carbide Fuel 

At this early staie-of the development of the three corn- 

ponent fuel system, it is difficult to specify the most desirable 

cohposition of the fuel. However, it will probably be in the 

range of 80 w/& UC - 20 w/o PuC, On considering the three phase 

system there may be a decided advantage in using the hypostoichio- 

metric 'fuel. If a U-Pu phase results from the excess metal the 

possibility of free plutonium is eliminated. One must still con- 
. ,. . 

sider the of the U-Pu phase and free uranium under 

high temperature and radiation. However, as indicated above, 
. . ) .  ., . . . .  . 

j:.''. 

the presence of free uranium does not appear to be as detrimental 
'. .;. 

as one might assume. 

RADIATPON DAMAGE 

An extensive radiation damage study program' with UC is 
. . 

now in progress at BMI, NDA, and AI. In addition. both NDA and 

ANL are engaged in an irradiation program with U-Pu-C fuel systems. 
. . ,. 

  ow ever, there are no data available on the latter system at.the 
present tihe. 

An cxvnination of the various in-pile uc fueled capsules 
.: . 

at BMI reveal very little damage at burnups up to 25,000 Mwd/ton. 
. . 

There is no indication as to which fabrication technique" appears 

to give the best results. Very high burnups (100,000 ~wd/ton) 

-12- 



.may cause an increase in volume. The feasibility of obtaining 

this high a burnup level is unknown at this time. 

Anticipating radiation .damage data on the U-Yu-C system, 

some investigators feel that the U-Pu phase in hypostoichiometric 

fuel may be somewhat unstable. 

Out-0f-Pile Testinq 

As part of the development program of the reactor fuel 

system, a series of out-of-pile capsule tests will be performed. 

These tests will serve a 'three-fold'purposes 

1. To screen fuel materials fabricated by the various 

methods and to determine the most-promising fuel 

composition; 

2. To investigate.the possibility of sintering between 

the spherical fuel particles in the presence of high 

temperature liquid metals; 

3. To provide control specimens for comparison with 

results of in-pile tests in order to delineate be- 

tween thermal and radiation effects. 

The capsule design is shown in Figure 1 and a photo- 

graph of the assembled' capsule and its components are shovm in 

Figures 2 and 3 respectively. The 0.125-inch spherical fuel 

$articles will be placed in the inner tube (0.180-inch ID), there- 

by essentially gorming a column of fuel. The function of the hole 

pattern on the tube is to allow the liquid rnetal in the central 

-13- 
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Figure 1. Out-of-pile fuel development capsule. 
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Figure 3. Components of out-of-pile Fuel development capsule. 



tube to expand into the liquid metal reservoir surrounding it. 

A dead weight of approximately one pound is transmitted to the fuel 

by the short solid rod producing forces between particles to approx- 
.t 

imate those that would be present in the reactor. 

The out-of -pile capsule work will be performed with N& . . 

rather than with sodium as the fkuid, Initial tests will utilize 

uranium carbide. The tests will.bs extended to include uranium- 
. . 

plutonium-carbide when this maferial $8 more readily available. 

The first series of tests to be peseomed are outlined in Table 1. 

OUT-OF-PILE CAP.SUfrE T$ST PROGRAJH SERIES .I 
. - 

Capsule Operating 

designation temoersture, 'F - Coolant Time, Hr 

700 

700 

*Continuous thermal cycler between 300° and 1450°~. 

In-Pile CawuXe Studies 

The in-pile irradiation tests wi3.l be required in order 

to investigate the overall radiation stability of the fuel includ- 

ing swelling, particle breakup, fission gas release, as imll as 

m e  possibility of sintering of the fuei particles in' a high tempera- 

ture-high radiatid enirironraent. In additioh,' the fuel fabrication 



techniques and various fuel compositions which are still acceptable 
. , 

after o~t-oi-~ile testing will be further evaluated. The program 

will be initiated with instrumented capsules using enriched uranium 

carbide as the fuel material. The final in-pile tests, however, will t 

utilize the uranium-plutonium carbide fuel system. Most of the test- 
& .  

ing will be performed with a thermal flux as the reference flux. 

The final in-pile capsules and loop may require radiation in a fast 

flux. The use of a thermal flux as a basis for investigating the 

radiation damage can be justified because damage caused by high 

energy neutrons (- 0.5 Mev) is insignificant compared to that caused 

by the phenomena of fission. 

.. 
One of the major problems associated with settled bed 

reactor systems is the possible sintering of the fuel particles dur- It 

ing power operation, At the present time it is est-&mated that f u l l  

power ,operation cycle for the radial flow fast reactor i~ approx- 

imate1y:one month. At the end of the operation cycle the core fuel 

would.be fluidized for fuel chargin9 or redistribution. It is pro- 

posed, therefore, to investigate the condition of the fuel after a 

capsule irradiation equivalent to one month of full power reactor 

operation, The hrel will be irradiated for a predetermined period 

such that the total burnup is the sane as that in the reacmr system 
r : , 

after a one month full power operation cycle. During this radiation 
* 

_ - :. 

period, an applied force between fuel particles will be maintained * 

to simulate the condition in the reactor. Additional capsule tests 



w i l l  bd carried out t o  obtain high burnup information. 

The proposed irradiat ion tests with enriched uranium car- 

bide w i l l  be performed in the BNL graphite reactor and MTR. The 

capsule design w i l l  be such tha t  it w i l l  be adaptable t o  e i ther  

reactor. The BNL radiation t e s t  w i l l  provide the necessary l o w  burn- 

up data while the MTR radiation t e s t  w i l l  provide the  burnup data 

for  the one month operating cycle of the proposed radial  flow 

reactor, as well as the  required high burnup information. 

BNL IN-PILE CAPSULE ASSEMBLY 

The conceptual design of the in-pile capsule and thimble 

has been completed and the f ina l  design of the  complete assembly is 

now in  progress. The capsule, Figure 4, is a double container unit  

with a maximum OD of 1-1/8 inch. The OD was fixed t o  conform t o  the 

MTR requirements. The double container concept is necessary t o  main- 
",> 

t a i n  the in tegr i ty  of the p i l e  i n  the event of a fa i lu re  of the  inner 

container with a subsequent release of l iquid metal and fuel. The 

space between the inner and outer container is f i l l e d  with He a t  a 

s l i gh t  positive pressure. The He w i l l  be continually monitored for  

f i ss ion product gases t o  insure the in tegr i ty  of the  fueled inner 

container. The uranium carbide spheres w i l l  be located i n  the  inner 

container i n  a manner identical  t o  that of the  out-of-pile capsule, 

the  fueled length being approximately 4 inches. However, the hole 

pattern is dr i l l ed  the  f u l l  fuel length. The purpose of t h i s  modifi- 



Figure 4. Conceptual design of BNZ in-gile capsule. 



cation is to eliminate the possibility of a liquid metal void forin- 

ing in the central tube as a result of a sudden change in heat gen- 

eration. A heater and thermocouple will be located in the liquid 

metal bath surrounding the fuel. A dead weight system similar to 

that in the out-of-pile capsule will again be used to simulate 

forces between particles. The capsule will be locaked in a 3-inch 

vertical hole to be drilled in the BNL Graphite Reactor. Air will 

be used to cool the capsule which may necessitate finning the outer 

container. However, these fins will not be necessary for the water- 

cooled MTR, thereby maintaining the 1-1/8 inch OD capsule require- 

7. ment. The conceptual design of the thimble shown in Figure 5 in- 

cludes the required concrete shield plug, air cooling system and in- 
m 

strument train. 

Included in Table 2 are the major parameters and some of 

the details of the capsule. 

TABLE 2 

BNL IN-PILE CAPSULE PARAMETERS 

Fuel 1/8-inch diameter UC spheres 

Enrichment - 25% 
Fuel Surface Temperature -- 1400'~ 

Fuel Center Temperature 
(~ktl~. ) - 1 4 5 0 ' ~  

Mass of Fuel 



Fiaure 5 ,  Conceptual design of BM; in-pile thimble. 



Unperturbed Flux (thermal) 7.5 x 1012 

Fission Heat Generation 

Auxiliary Heat 

Design Heat Load 

Dead Weight Load 

Heat Sink 

Coolant 

Heat Barrier 

Capsule OD 

Material of Construction 

1,500 B T U / ~ ~  

2,500 m b r  
4,OO.O ~!PIl/hr 

1 lb 

NerK 

Air 

Helium 

1-1/8 inch 

type 316 SS 

Availability of UC 

The availability of test quantities of 1/8-inch uranium 

carbide in spherical form from co~wpercial suppliers was investi- 

&tsd and the results are encouraging. The immediate purpose 

is todbtain the material as an "off the shelfw item without en- 

gaging in a &el fabrication development program. This fuel will 

be used in the initial phase of the fuel development program, 

primarily in the out-of-pile capsules, in order to develop a set 

of specifications for the ultimate fuel system. 

S i x  fuel suppliers were contacted and all except one 

have quoted on the material. Ik of this date 200 grams have 

been purchased and received from Vitro Lagoratorielf.. 

The procedure with all fuel received from vendors is to 

perform both metallurgical and chemical analysis on a repressnta- 



tive sample. This will provide a control for future out-of-pile 

and in-pile experiments. 

The material received from Vitro appears to be very 

good with the exception of particle size and shape. A photograph 

of a representative grouping of the fuel particles is shown in 

Figure 6 and 7. The particle size ranges from 0.060 inches to 

0.150 inches. The majority of the fuel particles were quite spheri- 
- 

cal but as can be seen there are some deviations from a perfect 

spherical condition. The variation in size is the result of a first 

attempt at fabrication of the spherical particles. The fabrication 

technique is a High Intensity Plasma Arc process. 

Metallurgical examination of the fuel is very encouraging. 
' 

As can be seen in Figures 8 and 9, there is no indication of any UC2 

needles, or any foreign material. The white areas in the grain 

boundaries are free uranium which ia to he expected since the mat- 

erial is hypostoichioanetric. 

Capsule Prosram 
- 3 T G - - 7  . > = -  - 7-44 

7- - - 
The capsule program for evaluation of UC is given in 

Table 3. This includes both the out-of-pile and in-pile capsules. 

In all cases the heat sink will probably be NaK. 



<< : - ?  

Figure 6. U r a n i u m  carbide sgWt$ki. e&z$ @mge 0.060-0.150 inches dim. 
?. 



Figure 7. Uranium carbide spheres s i z e  range 0.060-0.150 inches dim. 



Figure 9. UC (4.7 k," C). d 0 x .  HCZH30Z, HN03, H20 etch. 



TABLE 3 

=-PITIE AND OUT-OF-PILE CAPSULE PROGRAM 

Test ~ w c -  
Fuel Fuel Operating atfon ur 

Cap Fabrication Composition Temperature Irradiauon Flux 
3esignatfon Technique w/o C OF Period $eve1 Burnup ?do 

OP-3. High 1450 700 hr 
OP-2 Intensity 4.67% 300-1450 700 hr NA 
OP-3 Plasma 1450 3000 hr 
OP-4 Arc Hypostoi- 1450 700 hr 
OP-5 chiam ekric 300-1456) 700 hr NA 
OP-6 1450 3000 hr 
OP-7 Arc Melt or fEypostoi- 1450 700 hr 
OF-8 Powder chime tric 300-1450 +-7 700 hr 

k 
NA 

OP-9 Metallurgv 1450 3000 hr 
OP-10 1450 700 hr 
OP-11 Sintering 4.7 f .1% 300-1450 700 hr NB 
OP-12 1450 -- 3000 'tamr 
BNfr-IP-1 Determined by NAVY 1450 - 5 mo 7.5 x loL2 0.2% 
BML-IP-2 O.P. Tests 1450 - 5 mo 7.5 x 1012 0.2% 
ETR-IP-1 Determined by NAVY 1450 loper-cycle 2.5.x1013 0.35% 
MTR-IP-2 BNL-XP Test 1450 -.6 mo 2 , 5 ~ . 1 0 1 3  5% 

OP 
%= 

Out-of-Pile 
IP In-Pile 
NAVY Not Available Yet 
NA Not Applicable 



MECHANICAL DESIGN - RADLAL FLOW 

The reactor vessel is 6.93 ft ID by 13,75 ft high with 

a 1% in. thick wall. It is desighed for a pressure of 200 psig 

at 1200°~. The top head of the vessel is flanged and may be re- 

moved for maintenance of internal components. Contained within 

the reactor vessel are the core and blanket regions, coolant 

plenums, control rods, and support structures. See ~igs. 10 and 11. 

The vessel as well as all internal components in contact 

with sodium are of AISI Type 316 stainless steel. 

Coolant enters the reactor vessel through 18 in, nozzles 

on both ends of a vertical 24 in. diameter pipe that runs through 

the reactor on the central axis. The central pipe is pergorated 

with 1/16 in, wide by approximately 2 in. long slots in the region 

of the core. The slots account for approximately 50% of the sur- 

face area of the cylinder and will allow coolant to flow through 

the pipe wall while preventing the 1/8 in. diameter fuel particles 

from passing through. The coolant then flows radially through 

the annular core and leaves through the 4 in. thick cylindrical 

portion of the core vessel which is also perforated, The perfora- 

tions in the central 24 in, pipe and the core vessel are spaced 

so that there ia a slight downward component of flow through the 

fuel bed serving to hold the bed in a settled condition, After 

leaving the core the coolant flows downward through the blanket 

-29- 
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region, enters the lower plenum through the bottom perforated 

p l a t e  and leaves through four 18 in. diameter nozzles a t  the  

bottom of the reactor vessel. Some coolant is permitted to leak 
* 

from the  24 in. diameter central  pipe i n  the  v ic in i ty  of the s l id-  

ing sea l  above the core removing the heat generated i n  the top 

blanket and a l so  serving t o  hold the blanket i n  a se t t l ed  condi- 

t ion. 

%!he external portion of the  coolant aystean can be braken 

up i n t o  any number of individual c i r cu i t s  balancing capi tal  cost  

against r e l i a b i l i t y  and operating considerations. In a l l  cases 

the  circulat ing pumps w i l l  take suction on the intermediate heat 
.<. 

exchanger and discharge in to  the reactor vessel. Thus the  pumps 

w i l l  operate i n  the cold leg of the coolant c i rcui t .  Surge volume , 

can e i ther  be incorporated i n  the intermediate heat exchanger o r  

i n  a separate surge vessel. 

Follwing is a detailed description of the core cm- 

ponents: 

1) Core Vessel and Central Coolant Pipe: The core 

vessel is 3.85 ft diameter by approximately 5 f t  high with a 24 - . F *  -. 

in.  diameter pipe running ver t ica l ly  on the core centxal axis. 

Thus the  fue l  region is annular, 3.85 f t  OD by 24 in. I D  and 

3.85 f.t; high. The extra  height of the  core vessel permits a 1 ft 

expansion of the  fuel  bed during fluidization. 

The perforations i n  the  core vessel and central  pipe are 



1/16 in. wide by approximately 2 in.  long. I f ' i t  proves too d i f f i -  

c u l t  t o  perforate ,% i n ; ' p l a t e .  i f i -  t h i s  manner, the  cylinder' can be 

made up of % . i n . - . p l a t e  with la rger  per.foratfons with 1/8 in.. pes- 

f orated shee t '  attached t o  'both'-sides. a The 1/8 in.  sheet .  would be 

punched with the desired~.perforations.  . .  . . 

Stiffening r ings  gke provided on both"cy1inders i n  order 

t o  prevent collapse under the  bearing of the  fue l  and blanket 

. . . . 
pel le t s .  

. , The core. vessel '  is .supported on .the. lower gr td  work by a 

section of the  2 4  in. cent ra l  pipe. Sl iding '  ' seals  a r e  incorpor'at- 

.ed' i n  the ,  upper and .lower sections of the  cent ra l  pipe .to. accom- 

modate differential-expansions.  Neither sea l  must be leak t i g h t ,  

i n  f a c t  leakage is  desired.through the upper seaL t o  permit 'cool- 

ant  flow f n t o ' t h e  top blanket. Some e f f o r t  is  required t o  r'educe 

leakage from the-lower s e a l ' s i n c e  .cold i n l e t  sodium is mixing . . 

with the  hot te r  o u t l e t  s o d i ~ , . h o w e v e r ,  absolute leak t ightness 

is not a requirement. The s l i p  s e a l  shown here consis ts  of a 

s t e e l  wool packing t h a t  can be compressed by an in te rna l  r ing  i n  

the  24 in. central  pipe.. Access t o  t h i s  s e a l  is through the  

flanged opening at the  top of the  cent ra l  pipe. 

The fue l  p e l l e t s  rest on a perforated p la t e  a t  the- 

bottom of the  core vessel. The perforated p l a t e  rests on a 

grat ing support structure.  A plenum below the support is  fed 

by four 3 in.  diameter f luidizing i n l e t  l ines .  When the. bed i s  



f luidized the sodi,um flows out through four 3 in. diameter pipes 

a t  the top of the core vessel. . ~ o t h  a fuel loading port and un- 
s .  

loading port a re  .provided, The.un1oading ports a t  the  bottom 

support p la te  are  furnished with t raps tha t  w i l l  not allow fuel  

t o  pass i n  the se t t l ed  stat.e, But w i l l  permit fluidized fuel t o  

flow. . . 

2) Blanket Region: Fer t i l e  material i n  the form of 

1/8 in. pe l l e t s  surround the"'core f i l l i ng . the . space  between the 

core vessel including the central  pipe and the reactor vessel 

t o  a height 2.5 f t  above the operating fuel level. Annular struc- 

tures  are  attached t o  the reactor vessel i n  the top and bottom 

blanket 'regions. 'These form a void, the purpose of which is  t o  

provide an approximately constant cross section area throughout 

the  baanket, permitting a be t te r  degree of fluidization. 

Flu'idizing sodium fut the blanket enters. through; four 

4 in. nozzles a t  the bottom of the reactor vessel, flows through 

the  bottom plenum and dis t r ibutes  through the perforated platm 

i n to  the  blanket, This f lu id  leaves through four 4 in. nozzles 

a t  the top of the vessel. Again, a blanket loading port, and 

blanket unloading ports are  provided. It should be noted tha t  

three sodium circuits'commundcate within the reactor vessel. The 

coolant stream,. core fluidizing stream,. and blanket f.luidizing 

stream have i n  some cases common plenums, and in  a l l  cases can 



communicate through perforated plates.  However, only one f l u i d  
:. . . . 

system i s  required t o  operate a t  any t& -and while one system 

is operating the others must be valved off  in external  piping t o  

ensure :the proper flow path, 

3) Control Rods: Control rods are shown i n s t a l l e d  

in te rna l ly  around the  periphery of the  24 in. cent ra l  pipe. An 

a l t e rna te  location is  shown within the  fue l  region. Either posi- 

t i o n - i s  feas ib le  and a , f inal  select ion requires more detai led 

physics. calculations,. In e i t h e r  case t h e .  control  rods .would prob- 

ably be 2 in. diameter boron steel rods i n  thimbles. 

4)  Support Structure: The core weight i s  approximately 

18,000 lbs. This load is carr ied on t h e  support s t ruc ture  a t  t h e  

bottom of the vessel  through a portion of the  24 i h c e n t r a l  pipe 

act ing a s  a column. The blanket weight of approximately 150,000 

lbs is a l so  carr ied by the  same support s t ruc tu re  which cons is t s  

of a continuous grating t h a t  supports the  perforated plate .  The 

grat ing i n  t u r n  i s  suppurted on I-beam aections. A double r n w  

of I beams is provided t o  permit continuity of f l u i d  i n  the lower 

plenum. The I beam gr id  work transmits the  load t o  the  vessel  

wall where the e n t i r e  load of fuel ,  blanket, and vessel  is  car r ied  

by four external  supports. 
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PlECHANICAL DESIGN AXIAL FLOW 
. . . -  ... 

. . . .  . . . 

No additional mechan$cal;.'design work was performed on. the 

axia l  flow reactor, though heat transfer,  f lu id  flow, physics and 

economics were done t o .  acc6mmodate. the. higher .: sodium outlet  tem- 

perature. .Characteristics of the axial  flow reactor are given 

i n  the table of reactor characterist ics.  Figure 1 2  is a schema- 

t i c  of the  reactor taken from BML-5372. The height and diameter 

of the active core have increased to 7.29' x 4.37' .  . The major 
. . 

design features remain the same. 
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HEAT TRANSFER AND FLUID DYNAMICS 

Introduction 

The heat  t ransfer  resu l t6  &scribed on the following 

pages apply t o  s o l i d  fue l  reactors  cooled by forced convection of 

l iqu id  sodium. The core consists .-of uncled spheres of fue l  which 

form a s e t t l e d  p a r t i c l e  bed. Sodium f i l l s  the  spaces .between 

pa r t i c l e s ,  and when flowing, . , permits high heat  t ransfer  ra tes .  

The l a rge  heat  t r ans fe r  surface present i n  a p a r t i c l e  bed a l so  

a s s i s t s  i n  achieving high power density, The fact t h a t  the  fuel  

can be f luidized allows the  e n t i r e  core t o  be periodically "homo- 

genized'' and then s e t t l e d  fo r  another period of operation, per- 

mit t ing a uniform fue l  burnup with t i m e .  

Two coolant flow concepts have been considered i n  d e t a i l .  

The f i r s t ,  has downward sodium flow, pa ra l l e l  t o  the  axis o f  a 

cy l indr ica l  s e t t l e d  bed. The second flow concept has coolant.f low ' . . . 

r a d i a l l y  outward from t h e  axis  of a cy l indr ica l  s e t t l e d  bed. I n  

t h i s  case the coolant i s  introduced t o  the fue l  region by f i r s t  

flowing through a hollow pipe which penetrates the  center of the  

cy l indr ica l  core. 

Desiqn Cr i t e r i a  - . -. 

In order to utilize the  high thermal efficiency of the 

most modern steam plants  a reactor coolant o u t l e t  temperature of 

1 2 0 0 ' ~  was prescribed. Previous work a s  reported i n  reference 



(1) . differs . .  only in that the coolant . . outlet temperature is 

1050"~. 
. . 

The survey of potential fuel types was extended to 
. . 

include metal alloys of the Uranium-Plutonium-Molybdenum system. 

A literature search was also performed to obtain more recent data 
. . 

on the physical properties of the fuel types considered. An allow- 
. . ,. 

. . . . 

able tensile stress equal to 10,000 psi for uranium carbide was 
.. . . . I ' . '  

, .  . 

employed in thermal stress calculations. This allowable stress 
. . 

sets the largest permissable partide diameter for a fixed peak 

heat generation rate. Therefore, in order to achieve a lowering 
.. . 

in fuel volume, weight, and capital charges, for conditions of 

fixed thermal power output, it is desired to reduce the diameter 

of the fuel particle. A reduction in fuel particle diameter, 
. ,., . . . . 

however, increases the core pressure drop and hence pumping power. 
. . . . .  

The particle diameter given in this section for each reactor is 

an optimum value producing minimal annual cost for .pumping and' 

fuel inventory. 

A review' of pressure drop correlations for liquid f1ow:in 

packed or'settled beds was made. A parametric survey was then .. 

made for' the range of particle 'diameters.;' flow rate;' viscosity 

and porosity of interest in this study. The correlation selected 

for use ( ) generally predicts a higher pressure drop than : 

other.expressions. Conservative values of calculated pressure 

drop are ;considered desirable at this time in view,of the un- 



. . ,  . .  

c e r t a i n t i e s  i n  p a r t i c l e  uniformity, roughness and spherici ty.  

Radial and ax ia l  power peaking fac tors  were used for  each reactor 
.* , 

configuration i n  conjunction with physics data. A hot channel 
. . . . . . 

f ac to r  equal t o  1.17 was employed i n  a l l  reactor calculations.  

The hot  channel fac tor  i s  the  same value used i n  the  Atomic In- 
. . . . . . .. .. 

t e rna t iona l  study ( , and is  intended t o  r e f l e c t  the  influence 
.. . . _ _ .... .. . . . .  . , 
. .-_ . . . . 

of devia t ions  i n  p a r t i c l e  geometry on loca l  coolant flow and 
. . . . .  . .  . . . . . . 

bulk temperature rise. Also, a heat  t r ans fe r  factor  equal t o  1.25 
. . . . . . 

was applied t o  the  fue l  temperature r i s e  i n  the  region of over-all 
. . . . ,  . "  . . . . . . 

power peaking i n  order t o  compensate for  var ia t ions  i n  heat  f lux  
. , ' r '  ' ' ' 3  

around the  surface o f  any s ingle  par t ic le .  This factor  i s  the  
. . .. . .. . . .  

same a s  used i n  the  ORNL pebble bed study ( . The pa r t i c l e '  
, ,  . . , 

maximum thermal s t r e s s  was determined using t h i s  factor  together 

with overal l  power peaking factors.  
. . 

R c ~ u l t s  and Discussion 

The pert inent  heat  t ransfer  data a r e  presented in . . the  

Table of Reactor Characterist ics.  The advantages of the  r ad ia l  

flaw core PelatAve t o  t h e  ax ia l  flow core have become even greater  

a t  1 2 0 0 ' ~  than in. t he  previous designs with a sodium o u t l e t  t6.m-:: 

perature  equal t o  105O0~. From the  standpoint of thermal and 

hydraulic considerat-ions,. oxsde o r  carbide fue l  could be used 

successfully .. -Uranium .carbide, because .,of i ts  greater  thermal con- 

duc t iv i ty  permits twice .the power density r e l a t f v e . t o .  oxide fuel ,  



and:. theref ore half  . the ' fuel  inventory. .. , 
! .  . . 

For a . thermal . power of,  824  mJ, the  r ad ia l  flow carbide 
.. . 

a reactor. requires 32.6 f t  ok which .40% is soditam. ,The design, 
, , 

7 
flow of 1.42 x 1 0 ,  lbs/hr removes . . t he  -heat i n  changing temperature 

from 5 5 0 ' ~  t o  1200°F, The hot-channel fac tor  of 1 , 1 7  and the  

ax ia l  f lux  peaking factor  of . i .40  combine t o  produce a hot channel 

m+imum sodium temperature 0 f ' l 6 1 5 ~ F .  
.. . . . . . 

This maximum temperature' occurs a t .  t he  ou t l e t .  Methods . . 

: of reducing t h i s  temperature w e r e  not considered i n  order , t o  . pre- 

serve the  bas is  of.comparison among the  d i f f e ren t  reactors  studied. 

The precise effec.ts .of interchannel mixing have not . - been determined 

and because 02 the  small p a r t i c l e  diameter, a reduction of maxi- 

mum sodium and fuel  . temperature . is anticipated with no change i n  

other:parameters. In the event . tha t  fur ther  study reveals t h a t  . 

in terchamel  mixing is  not su f f i c i en t  t o  produce more uniform 

coolant o u t l e t  temperatures, t h i s  s t i l l  may be brought about. 

If the  core tank diameter i s  varied.  smoothly from a maximum a t  ghe 

end planes t o  a minimum a t  the  core mid-plane, then together with 

the  cyl indr ical  cen t ra l coo lan t  pipe it becomes possible to .des ign  

the. core..for isothermal coolant o u t l e t  temperature. The resu l t -  

ing reactor would,possess isothermal . . coolant o u t l e t  temperature 
. . .  

. and through periodic fl ,uidization, would y ie ld  a uniform,fuel 
. , 

. . 
burnup. . . 



SETTLED BED STABILITY : a : 

Calculations in the physics section. of' this report on the 

effect of bed settling on reactivity, indicate as expected a positive 

effect. .",The magnitude of this effect' is dependent on the core size, 

the larger' cores being less sensitive than.the small cores. Though 

these calculations axe extremely'rough and must be.refined by using 

two dimensional codes, it is believed that the trend is correct based 

on the assumptioiis made. prompt criticality for. these ' reactors is 

obtained at a k . of - 0.004, which is the delayed neutron frac- excess 

tion. For the worst case, total bed settling in a vertical direction, 

a change i n  void fractions of. 1.5%, 1.8% and 4.6% respectively for 

the radial carbide,' radial oxide and axial carbide cores amounts to 

one dollar8@ worth of reactivity. It i~ Impnrtant to point out, how- 

ever, that in the radial Elm cores where the vertical effect i s  

strongest' the Z b ~ w  pressures in a horiinntal. d i  rect iim greatly ex-. 

ceed the gravitational forces in the vertical direction and that. bed 

campaetion~ if. it does occur,' will be in an .outward direction.;. Phy- 

sics :. calculations. for. this occurrence have. not been - undertaken . at' 

thi~,~ime.thotigh it is. ex$ected'that the reactivity 'effect will be 

considerably smaller.than'for the: vertical compaction case. . . 

In'any. event.; unless as a result of refined. calculatioiis 

the magnitude of the effect is reduced to a very.smal1 value,'!it is 

considered imperative that the bed be brought to a stable degree"of 



compaction. with this requirement in mind, rough experiments were 
. .  . . . 

.. . . .  , . , 

performed kith' a bed of 0.09-inch spherical, lead particles to gain 
, . 

. . .. . 

some insight into the matter of reproducibility of bed compaction 
. . 

4 .  . :  . . .  .. . .  
by various methods. The methods included impact vibration of bed, 

. . 
mechanical vibration of bed, pulsed fluidizing flow, slow fluidizing 

. .  , 

shut off, aid rapid fluidizing shut iff. . The last three methods re- 
. , .  . 

quire manipulation of the fluidizing ;tream. The results indicated 
. . . . 

for any one method or combination df methods that the canpiction was 
' . > .  . . 

reproducible although each dif f ere& method iave a' different void 
. . 

fraction. The range of void fractions ' for all the methods was be- ' .  

: . . .  . 
tween 33% and 36%. In practical terms the object is to obtain bed 

_... . . .  . . . .  . 

compaction such that the coolant stream during power operation pro- 

duces no significant effect. In addition, compaction should be such 

that vibration due to nearby equipment and earth or building tremor 

due.to earthquake, explosion or the dropping of heavy equipment 

should not produce compaction in excess of one half the percentage 

capable of producing prompt criticality. It should be noted that 

nuclear calculations were carried out for 40% void fraction. Act- 

ually, as a result of the c.ompaction experiments void fraction will 

be 33% or less and physics work will be redone at these new values. 

An essential part of the development program for this 

fuel cycle system is an experimental effort whose objective is to 

verify a stable sfate of compaction. An ideal close packed array of 



uniform size spheres results in a void fraction of approximately 

26%. A uniform packing of this type would be obtainable only by . . .  . . .  .'' . :. .. . 

"hand" assembly of the array. A mechanical method must be found 

which will allow realistic packing densities to be obtained in a 
. . 

practical system. 

One such method which suggests itself is ultrasonics. 

The ultrasonic generator or transducer can be located outside the 

reactor biological shield. The energy would then be transmitted 
. . .  

through a rod directly into.the bed of spherical particles. If void 
,. . ..,: . 

fractions less than 33% can be obtained,by this method further pack- 
, . .  . . 

ing,.by normal. means, i.e. fluid flow, low frequency vibration or 
..-* . , , . . .  

earth tremor would be highly improbable. 



REACTOR PHYSICS 

. . Introduction 

The principal method of alialysis used for these fast 
- . . . .  . . 

reactors was multi-group, one dimensional diffusion theory. The 
. . .. . 

diffusion equation was solved numerically by the use of the Ato~.ics 
. . . . .  .. . , 

International AIM-6 code ( ) . This code util=zes 'a library of 

microscopic cross section data, and has provision for a concentra- 
.. . . . 

tion search on one or two elements, as well as for an extensive 

edit of output data. Modifications of the AIM-6 ( ) code have 

been made to allow neutron$,frm a given group to scatter to six 

successive lower, groups instead 6f the 'maximum of five permitted 
. .  . . .  .. . . 

by the original FORTRAN dimension statements, to allow storage 

of the microscopic cross section data library on binary tape 

rather than on binary cards, and to allow AIM-6 to be ,run on the 
. . 

IBM-704 computer whichwas available for BNL use at the time this 

work was begun. 

The microscopic cross sections used in these calculations 

( . . For use in .'were the 11 group set .of Loewenstein and' Okrent 

-. burnup calcuiations,' cross sections for Eiu 242 and 'Pu **' were taken 

t o  be the same as for PuZ4O and P'u 239 , respectively, except for . ' 

239 the values of v for Pu and Pu2.41 .which were taken to be .in the 

same: ratio as the values for the,mal fission. 'Average absorption 

cross sections per fission product pakr for use in.burnup calcu- 



lations were based on the worlr. of Greeblgr, H u r w i t . ~  and Storm ( 4 )  

The group structure over which the averaging was performed was 

taken to be the same as that of the other elements. 

Method of Calculation - 
The volume fractions of the various materials were es- 

tablished from the reactor design. From these volume fractions 

and the densities of the various materials  a able 4 ) , the average 

isotopic concentrations of the various isotopes were computed for 

each region. 

Material Densities .Used In Settled Bed Fast Reactor 
Calculations 

Material Density, gm/m 
3 

" Steel 
Sodium 
U02-PuOi 
UC-PuC 

Using these concentrations as input to the AIM-6 code, a search 

was e ~ f o m e d ,  in cylindrical geometry, for the ratio of u 238, 

239 
Fu ,.: concentrations which gave a value of kefr. = 1.01. The initial 

reactor. parameters are all based on this as a xeference,value for 

keff 
. . There is, however, no particular significance in-;:this choice 

of: a nominal one percent excess reactivity, and it scema .quite 

feasible in the fuel cycle for these reactom not to require more 

than one dollar in excess reactivity because of burnup considera- 

tions, 



An i n i t i a l  ~ ~ q c e s s  r e a c t i v i t y  l e s e  than  t h e  .. presen t  . 1% would . .. 
. . 

238 239 
correspond . to .  . an inc rease  i n  t h e  U /PU 

. . . .  . r a t i o ,  and a g a i n  i n  

t h e  breeding ra t io . , ,  .: '*, 
. . 

A neutron, balance f o r  t h e  r e a c t o r ,  a s  w e l l  as t h e  i n i t i a l  

r e a c t o r  parameters and t h e  spectrum and power d i s t r i b u t i o n  w e r e  . . .  

obtained *om t h e ,  AIM-6 d a t a  e d i t ,  The p a r t i a l  breeding r a t i o  ob,- '. . 

t a i n e d  by t h i s  ?method,is . . def ined  a s  t h e  r a t i o  of non-f iss ion cap- 
. . 

238 t u r e  i n  U .; i n  a given region  t o  t h e  t o t a l  absorpt ion  i n  Fu 239 . . 
i n  

t h e  r e a c t o r ,  , The t o t a l  breeding r a t i o . .  i s  t h e  sum of t h e  p a r t i a l  . , 

breeding r a t i o s  . , f o r  a l l  regions.  The breeding r a t i o  obtained from 

t h e  neutron.,bal,ance i s  t h e  i n i t i a l  value,  a s  are t h e  va lues  l i s t e d  

f o r  t h e  o t h e r  parameters un less  otherwise noted. 

q a n g e s  . . i n  r e a c t i v i t y  and f u e l  i s o t o k i c  composition ,with 
. .  . 

t i m e  were i n v e s t i g a t e d  . . . .  . using a one group model, The f u e l  cyc le  

s tud ied  was one where t h e  r e a c t o r  o ~ e r a t e s  a t  cons tan t  power fo r  

a s p e c i f i e d , p e r i o d .  Af ter  each burnup per iod  (one month i n t e v a l s  
', . . . 

i n  t h i s  case)  . s u f f i c i e n t  Pu 239 i s  added t d o r  fuel removed from the  

core  s o  t h a t  -. *the . e f f e c t s  of f u e l  burnup and f i s s i o n  ~ r o d u c t  bu i ld -  

up a r e  overcome, and r e a c t i v i t y  i s  r e s t o r e d  t o  j u s t  . . the va lue  a t  t h e  

beginning of core l i f e  time. Some approximations were made, i n  
. _ _  . . , .. . . .  

t h e  course  of .-, t h i s  . , , c a l c u l a t i o n .  . . .  F i r s t  t h e  11 group c r o s s  s ,ect ions 
. . 

w e r e  a v e r a g e d , o v e r . t h e  i n i t i a l  co re  spectrum t o  g i v e  average one 
. . '. -? -. ' 

group c r o s s  s e c t i o n s ,  These average cross s e c t i o n s  .. . ... wer.e  . then  used 

throughout the c a l c u l a t i o n  and changes t h a t  would ac tu&ly  occur 
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i n  t h e  spectrum wi th  t ime were neglected.  One grouji equat ions w e r e  

t hen  w r i t t e n  t o  compute t h e  average f l u x  i n  t h e  co re  ( f o r  a speci-  

f i e d  power l e v e l ) ,  r e a c t i v i t y  and . i so top ic  concent ra t ions  a s  a  func- 

t i o n  of time. The i s o t o p e  concent ra t ion  equat ions  w e r e ' w r i t t e n  a s  

d i f f e r e n c e  equat ions  t o  f a c i l i t a t e  computation. The t ime i n t e r v a l  

o f  one month used i n  t h i s  c a l c u l a t i o n  was s u f f i c i e n t l y  small  no t  t o  

in t roduce  a n o t i c a b l e  e r r o r  i n  t h e  s o l u t i o n  of  t h e  d i f f e r e n t i a l  

equa t ions ,  These equat ions  w e r e  then solved using t h e  IBM-610 

computer t o  o b t a i n  the monthly changes i n  r e a c t i v i t y  and core  com- 

p o s i t i o n .  Because of t h e  simple mbdel used,, it was n o t  p o s s i b l e  

t o  inc lude  changes due t o  the bui ldup of  plutonium ' in  t h e  b lanket .  

It i s  t o  be expected t h a t  ~ ; lu tonium w i l l  be b u i l t  'up, p r e f e r e n t i a l l y  

on t h e  inner  edge of the b lanke t ,  c l o s e  t o  t h e  core,  where it w i l l  
. .. . . . . 

have.  t h e  g r e a t e s t  in f luence  on r e a c t i v i t y .  F w e r  and' r e a c t i v i t y  

pertubhations due t o  the non-uniform s p a t i a l  bui ldup of 'plutonium 

may' be minimized by f l u i d i z i n g  t h e  b lanke t  a l s o  a t '  t imes when the 

c o r e  is f l u i d i z e d  f o r  f u e l  changes. This w i l l  permit' mixing and a 

consequent uniform d i s t r i b u t i o n  of  plutonium i n  t h e  blanket. 

Chgtges i n  r e a c t i v i t y ,  and breeding ratios w i t h  time, and t h e  r a t e  

at which f i s s i & a b l e  m a t e r i a l  is consumed o r  bred,  depend, of course,  
. .  : 

on t h e  power l e v e l  a t  which t h e  r e a c t o r  is  o p e r a t i d a n d  t h e  f u e l ; '  
.. . . . 

\ .  , . . .  
management s=h&dule t h a t  i s  followed. The r e s u l t s  r e E a r t e d  h&e 

. .. . . . . .  - .  . . .  . 
app ly .dn ly :  t o  t h e  s p e c i f i c  methods used. 



E f f e c t i v e  Delayed Neutron Frac t ion ,  Prompt Neutron Li fe t ime and 
Absorber Worth 

The e f f e c t i v e  d e l a y e d n e u t r o n  f r a c t i o n  was computed from 

t h e  expression: . . . . . . . . 

NFI r:' i NOG . . ,  I NOG m m 
Z. i \  p B Vj'z:,(riqj(r)) I Z  X 
m = l  i .; ~ 0 1 ~  j = l  . i j = l  . J ,/ 

J 
- 

'eff 
- 

NFI;,'' I N O G  

toj "j (+I ,  

. . .. . 

. . 

where 
. . . . 

m = index of f i ss i 'onable  i so tope  " 
, . .. .. . 

NFI ' = t o t a l  number of f i s s i o n a b l e  i s o t o p e s  

'NOG ' = number df groups 

J ' = group index. . , 

m 
v = t o t a l  number."of n e u t r o n s  per  f i s s i o n  i n  group j f o r  ' ' 

j i so tope  m 
. , 

m c . . ( r ) =  macroscopic fission c r o s s  s e c t i o n  i n  group j fo r .  i so tope  -'' . 'm  a t  r a d i u s  r 

flj ( r )  = f l u x  i n  group j a t  r a d i u s  r 

pm = delayed neutron f r a c t i o n  f o r  i so tope  m ' 

. , 

e' = the fra&ion df f i s s i o n  'neutrons from i so tope  m born i n t o  

lm 
X : = t h e  f r a c t i o n  of delayed f i s s i o n  neutrons from i so tope  m 

born i n t o  group j 

rfoG xim = l.o-l 



+ 
glj (r)  = a d j o i n t  f l u x  i n  group j a t  r a d i u s  r 

The f l u x e s  and a d j o i n t s  w e r e  computed and punched on 

c a r d s  by AIM-6. The delayed neutroli d a t a  was taken from ANL-5800 ( 5 )  

and t h e  e f f e c t i v e  delayed neutron f r a c t i o n  f o r  t h e  reactor was 

evalua ted ' -on  t h e  IBM-7C90 using a program w r i t t e n  i n  FORTRAN. 
. . 

The prompt neutron l i f e t i m e  w a s  eva lua ted  from 

P NOG + Dj (r) . raj ( r )  Bj ( r)  dv 
1 = ,j vo l  j=l 
F NOG 

m= 
vol  j=l 

v j  Z'fj 
j =1 

where ? = (e = t h e  average of  t h e  r e c i p r o c a l  of t h e  v e l o c i t y  - a j  . . . - .. 

of a neutron i n  group j. In .  ca lcula t ion  of bo th  t h e  e f f e c t i v e  
. . 

delayed neutron f r a c t i o n  and . . t h e  prompt neutron l i f e t i m e ,  the ,  

s p a t i a l  i n t e g r a t i o n  w a s  c a r r i e d  o u t  over t h e  whole r e a c t o r ,  me 

r e a c t i v i t y  worth of  absorber  as a funct ion  of  r a d i a l  p o s i t i o n  w a s  

eva lua ted  on t h e  IBM-7090 from an expxesebon i d e n t i c a l  with the  

one f o r  t h e  prompt neutron l i f e t i m e .  I n  t h i s  case,  however 
al 

w a s  t h e  macroscopic absorpt ion  c r o s s  s e c t i o n  of b o r o n  conta in ing  

i s o t o p e s  i n  t h e i r  n a t u r a l  i s o t o p i c  abundance. The microscopic 

boron absorpt ion  c r o s s  s e c t i o n s  w e r e  taken from t h e  work of  Yif tah ,  

Okrent and Moldauer ' ) . .  The , 16 group c r o s s  s e c t i o n s .  i n  t h e i r  

work w e r e  reduced t o  t h e  11 group set a c t u a l l y  used by weighting 

over  t h e  co re  spectrum i n  each of t h e  r e a c t o r s  s tudied .  The 

24 .. 3 i s o t o p i c  concent ra t ion  of  boron used (0.11 x 10  atoma/cm ) was 



taken to correspond to the concentration of boron in B C. The 
4 

integration of the numerator was performed over a unit area at each 

radial position. 

The results then apply to a reactivity change produced 

by an annulus of absorbing material at radius r having thickness 

(l/r) cm and extending the entire height of the core. To the 

accuracy with which linear perturbation theory applies, an annulus 

at radius r having a thickness br an will produce a change in 

reactivity r0Ar times as large as that produced by an annulus of 

thickness l/r. Similarly, a ring of annular segments that subtend 

an angle of less than 360' may be expected to produce a change in 

reactivity approximately given by the change produced by a complete 

annulus times the fraction of the annulus that they occupy. The 

10 reactivity worth of B in this reactor will be approximately 5 

times as much as that for natural boron, per gram. 

Discussion of Results 

The neutron f l u  spectrum for the radial flow design with 

carbide fuel is shown in Figure 13 . The radial power distribution 

is shown in Figure 14. The relatively low ratio of the maximum 

to average:radialpaaergemeration rate is due to the absence of the 

central position 'of the core which would ordinarily have the 

highest power generation rate. The median flux energy as a func- 

tion of position in the reactor, and median fission energy as a 



E N E R G Y  ( e v )  

lo7 lo6 lo5 1 0  10  

. . 
0 I 2 3 4 

5 6 7 " ' " " '8 ' 9 10 

.' LETHARGY . 

Figure 13..: Neutron f l ux  spectrym .- r a d i a l  flow carbide f'uel. 
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function of ..position in the- core ake shown . in  Figure 1 5 .  The 

spectra in  the  coolant pipe and blanket are softer  than i n  the 

core, and since the  core 1s .a - re la t ive ly  t h i n  annulus, the spectrum 

varies somewhat from one position t o  another in  the core. The 

neutron balance for  t h i s  reactor i s  presented in  Table 5 . The 

large neutron leakage for  t h i s  design consists principally of leak- 

age from the central  coolant pipe. The parameters of in te res t  for 

** 
the  carbide fueled oddial flow design are shown i n  Table 6 . The 

i n i t i a l  fuel loading for one percent excess react ivi ty i o  812 kg 

239 
Pu . This corresponds t o  a U 23a /PU 239 r a t i o  of 7.34. The par t i a l  

breeding r a t i o  in the core is 0.7612 i n i t i a l l y  and the  par t i a l  

breeding r a t i o  i n  the blanket is 0.7299 for  a t o t a l  of 1.4912. The 

f ac t  tha t  the pa r t i a l  breeding r a t i o  in the ,core is  l e s s  than u n i t y  

means tha t  fuel  must be added t o  the core periodically i n  order t o  

maintain react ivi ty.  Over a 24-month period*.a t o t a l  of 206 kg 

Pu 339 must be added t o  the core t o  compensate for the burnup of 

Pu 239 and accumulation f iss ion products. Changes core com- 

* Burnup st!:aies for  a l l  designs were based om a reactor power 

of 815 M t . a ( t ) .  Since the actual thermal power output varies from 

one design t o  another, the monthby burnup perbod i s  a nominal one, 

and must be reduced i n  the  r a t i o  of 815 t o  the actual power in 

order t o  obtain the kmt ime .  

** Table of Reactor Characteristics. 



Figure 15. Median f i s s i o n  energy and median f l u x  energy 
a s  a function of posi t ion - r a d i a l  flow carbide fue l .  
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NEUTRON BALANCE FOR RADIAL FLOW 

FAST REACTOR WITH CARBIDE FUEL 

( u ~ ~ ~ / P ~ ~ ~ ~  = 7.34: keff = 1.01) 

Coolant 
Core Channel Structure Blanket Total - 

S t e e l  Absorption - - 0.0020 - 0.0020 

Sodium Absorption 0.0007 0.0010 - 0.0006 0.0023 

u~~~ capture 0.2580 - - 0.2473 0.5053 

u~~~ Fiss ion  0.0635 - - 0.0157 0.0792 

,pu2'' capture 0.0636 - - - 0.0636 

~u~~~ ~ i s s i o n  0.2753 - - ... 0.2953 

Leakage - - - - 0.0723 

0,6611 0.0010 O,OO20 0.2636 1.0000 



p o s i t i d n  a l s o  .cause a decrease '.in. t h e  breeding r a t i o  a s  t h e  r e a c t o r  

opera tes .  The average decrease '  i n  k pe r  month' i s  -. 0.005; b u t  
e f f  

thi's 'does no t  t a k e  i n t o  account' contributions 't.0' ' r e a c t i v i t y  from 

pu23' bred i n  t h e  b lanket .  Thef sue average: de'crehse: i n .  k o f f  per 

month' would be  expected t o  be c l o s e r  t o ,  0:'004. : 'Since. t h e  e f f e c t i v e  

delayed neutron f r a c t i o n  f o r  t h i s  r e a c t o r  i s  1--0.004,' it seems ' 

p o s s i b l e  t o  opera te  t h i s  r e a c t o r  on r e f u e l i n g  i r i t e r v a l s  of approxi- 

mately one month and s t i l l  n o t , n e e d ' a n  excess r e a c t i v i t y  g r e a t e r  

than  one d o l l a r  a t .  the beginning of a f u e l i n s  i n t e r v a l  t o  allow 

f o r  burnup e f f e c t s .  Doubling t ime f o r . t h e s e  des igns  have been 

es t imated  using a time-averaged . . p a r t i a l  breeding r a t i o  i n  t h e  core,  

and t h e  i n f t i a l - v a l u e  of t h e  ' p a r t i a l  breeding r a t i o  i n  t h e  b lanket .  

It h a s  a l s o  been'assuxied th.at  a l l  of t h e  breeding i s  done i n . o n e  

reactor , .  Under t h e s e  con'dit ions,  t h e  t ime requ i red  . f o r  each 

r e a c t o r  t o  produce a n e t  g a i n  of':Pu 239 equal  t o  t h e  o r i g i n a l  load- 

ing  of  Pu 239 was estimated. The t ime requfred: . tb  'produce a n e t  

ga in  (amount bred riiinus amount consumed) of  plutonium ( a l l  i so topes )  

equal  t o  t h e  o r i g i n a l  f u e l  loading was a l s o  est imated.  The d i f f e r -  

240 ence i s  due almost e n t i r e l y  t o  Pu . The concent ra t ion  of i so-  

topes  h igher  than  t h i s  is  neglig ' ible.  .If it is  assumed t h a t  t h e r e  

e x i s t s  a set of s i m i l a r  r e a c t o r s ;  s o  t h a t  as plutonium i s  bred  it 

may immediately be used t o  p a r t i a l l y  f u e l  another  reactor, and it- 

s e l f  begin t o  be used f o r  breeding, t h e  doubling time becomes 

. . s i g n i f i c a n t l y .  s h o r t e r .  ' , .  . . .. .., . 
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The neutron flux spectrum for the oxide.fueled radial 

. . 
flow reactor is shown in Figure 16; This core has a l ~ ~ v o l u m e  

and lower fuel density than the carbide fueled radial flow design; 
, . .  

and a comparisori of the two designs dhows that the oxide fueled 

core has a "softer" spectrum and, a lower median fission energy. 

The variation of spectrum with position in the core is illustrated 

by Figure 17 . Since the core annulus is thicker than for the 

carbide fueled design, and the spectrum in the core is closer to 
. . 

that in the, coolant pipe and blanket', it does not vary as much 

from one position to another as it does in the carbide fueled 

design. The power distribution for this design is shown in Figure 

18 , and the neutron balance ' in Table 7 . The reactor para- 

meters are listed in Table 6 . The initial fuel loading for 
239 and the U238/P~239 ratio is 7.68. this design is 1096 kg Pu , 

The volume of the oxide fueled radial flow core is much larger than 

..>. ." " 

that Of the ' carbide fueled core, and though 'the fuel deniity .is 

less, and the Pu 239 constitutes a smaller fraction of the 'to'tal fuel, 

the core loading still is larger. The spectrum is "scfter" in..the 
. . . . 

oxide core than in the carbide, and the capture-to-fission ratio 
. '2. , . -. .. .. . -. . . 

in PU 239 ha& increased from 0.2309 to 0.2622. W h l &  the t.otal 
. . .  . .  . 

breeding ratio i s  smaller than for the carbide design (1.414 com- 

pared with 1.491), the partial breeding ratio in the'coie is'larger 
. . 

(0.846 vs 0.761).  his core breeding ratio results in an average 

monthly decrease in keff of - 0,003, which is less than the effect- 
-58- 
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Figure 16. Neutron flux spectrum - radial flow oxide fuel. 
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Figure 17. Median f i s s i on  energy and median f l ux  energy 
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Figure 18. Radial power distribution - radial flow oxide fuel. 
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TABLE 7 

NEUTRON BALANCE FOR RADIAL FLOW 

FAST REACTOR WITH OXIDE FUEL 

( u ~ ~ ~ / P u ~ ~ ~  = 7 . 7 ;  keff = 1 .01)  

Coolant 
Core Channel Str.uuc,ture - 

S t e e l  A b s o r ~ t i o n  - - 0.0020 

Codfum Absorption 0.0010 0.0011 - 
u~~~ capture 0.2972 - - 
u~~~ F i s s ion  0.0628 - - 
~ ~ 2 3 ~  capture 0.0729 - - 
~ ~ 2 3 9  F i s s ion  0.2785 - - 
Leakage 

Blanket 

- 
a .  OUO'/ 

0.2000 

0.0124 

- 

Total 

0.8020 



ive  delayed neutron fract ion for  t h i s  design. Additions of fuel  

a t  in te rva ls  of approximately one month i n  order t o  maintain 

r eac t iv i ty  a r e  therefore feas ib le  i n  . .. t h i s  core a l so  without int ro-  

ducing more than one dol la r  o i  e j i c e ~ s  r eac t iv i ty  a t  t h e  beginning 

of the interval .  

The  neutron f lux spectrum' f o r  the  ax ia l  flow design with 

carbide fue l  is  shown i n  Figure 19 . The spectrum i s  harder than 

t h a t  for  the  oxide fueled design, but not so hard a s  t h a t  for  the 

smaller r ad ia l  flow carbide fueled reactor.  The rad ia l  power dis-  

t r ibu t ion  i s  shown i n  Figure 20. The la rger  value of the  r a t i o  

o f . t h e  maximum rad ia l  power generation r a t e  t o  the average rad ia l  

power generation r a t e  is due t o  the  la rger  core diameter. The r a t i o  

of the  maximum axia l  power generation r a t e  t o  the  average axial  

power generation r a t e  i s  1.343. This i s  not only smaller than 

the  value for  the  oxide r ad ia l  flow core which is t a l l e r ,  bu t  a l so  

less than the  value for the  carbide r ad ia l  flow design which i s  

shorter .  There a re  two reasons for  t h i s ,  both re la ted  t o  the  ax ia l  

blankets. One reason i s  t h a t  while the r ad ia l  and ax ia l  flow de- 

signs both have a dis tance.of  2.5 f t  bwtween the top of the  core 

and the top of the  top blanket, the  ax ia l  flow design a l s o  has t h i s  

blanket thickness on the bottom, whereas the r ad ia l  flow design 

has only 2,17 ft on the bottom. The other difference i s . t h a t  i n  

the  ax ia l  flow design the core coolant i n l e t ,  a  two foot  diameter 

pipe, is  d i rec t ly  over the core and hence forms p a r t  of the  top and 

-63 - 
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bottom ref lec tor .  In  a one dimensional analysis this was homogen- 

ized with the blanket proper. This sodium absorbs neutrons l e s s  

strongly than the  .t%nket proper, abd.6ince:j.t  i s  a good sca t t e re r  

re turns  many of them t o  the core. The lower r a t i o  of the  ax ia l  

maximum power generation r a t e  t o  average power generation r a t e  of 

t h e  ax ia l  flow design is due t o  the f a c t  t h a t  the  r e f l ec to r  on the 

bottom is thicker,  and has more e f fec t ive  average propert ies.  

The neutron balance for  the  ax ia l  flow carbide fueled 

reactor  is sllown i n  Table  8 . The leakage £zcm t h i s  la rge  core i s  

very small a s  would be expected. The i n i t i a l  parameters a re  given 

i n  Table 6 . The plutonium is a smal l . f rac t ion  of the  fue l  

238 239 (u /PU = 12.57)', bu t  because the core is ao large, the  fue l  

loading is 2783 kg 3 ~ ~ ~ ' .  The i n i t i a l  value of the  breeding r a t i o  

f o r  t h i s  reactor i s  1.683, A par t icu lar  feature of t h i s  design i s  

t h a t  the  p a r t i a l  breeding r a t i o  i n  the  . . core is 1,374 - greater  

than unity. As a r e s u l t  the. r eac t iv i ty  and pLutonium cnnkank of the 

core w i l l  increase with ' t ime, Time dependent reactor parameters 

f o r  t h i s  design (Table 9 ) were obtained using a 45 month ra ther  

than a 24 month cycle, and a d i f f e ren t  method of fue l  management. 

After the  f i r s t  month of operation, the  r eac t iv i ty  w i l l  have in- 

creased by an amount Ak . equal t o  0.00133 and there  w i l l  be a net  e f f  

gain (amount bred minus amount consumed) of 9.38 kg of Pu 
238 

and 

5.07 kg of higher isotopes of plutonium. A-fraction of the  core 

mass (plutonium + uranium + f i s s ion  products) su f f i c i en t  t o  res tore  



NEUTRON BALANCE FOR AXIAL FLOW FAST REACTOR 

Core . -Structure Blanket . . .. . Total : 

.S$eel  Absorption - 0,0003 - 0.0003 

Sodium Absorption 0.0012 - . 0.0002 0.0014 
, '. 

. . 
y2j8  Capture 0.4615 - 0.1036 ' 0.5651 

0 .  

u~~~ F i s s ion  0.0817 - 0.0049 0.0866 

puZ3' capture 0.0676 - - 0.0676 

~u~~~ F i s s ion  0.2682 - - 0: 2682 

Leakage 



TABLE 9 

TIME DEPENDANT REACTOR PARAMETERS, FOR THE 

AXIAL FLOW FAST REACTOR WITH CARBIDE FUEL 

A f t e r  
1st Month 45th Month 

. . -Core' Breeding: R a t i o  - :  , . 1.37.4 1.152 

*. ' Net Gain in ~ k ~ ~ ~ / m o n t h  in .. , -. .. 

. . Core, kg 9.38 . . 3.97 

N e t  Gain i n  Total ~u/month 
"' in Core, kg 14.44 ' '  8.81 

~u~~~ Removed from core/ 
. . month, kg 31.67 8.77 

. . . . 

Total Pu Removed from core/ 
i..  month, kg - .  . 31.73 9.52 

. . 

P e r c e n t  of cone piass Remain- 
ing* 98.9 72.0 

Averase 

*Core Mass = Plutonium + Uranium + Fission Products 



;keff t o  i t s  o r ig ina l  value is then removed. Since the  mater ia l  
re . . , . 

. . 
removed must be homogeneous, it includes, fo r  t h e  f i r s t  month, 

. . 

31.67 kg of PU*~', 0.06 .. . kg of t h e  higher plutonium isotbpes,. 'and 
. . 

. . . . 

such amounts . .. of f i s s i o n  . . products and u~~~ a s  t o  leave 98.9 percent  

of t h e  o r ig ina l  core m a s s  remaining. After  t h e  second month of 
.. .. 

. . 

operation, keff w i l l  have increased by a smaller amount, and the  

n e t  gain  i n  Pu 239 w i l l  be smaller. As a r e s u l t ,  a smaller amount 

of mater ia l  must be removed from t h e  core t o  r e s t o r e  t h e  react iv-  

i t y  t o  i ts  i n i t i a l  value. The s i z e  of these changes over a 45 

month period, and the average over a 45 month period a r e  shown. 
. .. 
. , 

i n  Table 9 . These changes refer t o  t h e  core only, and do not 
. . . . 

include changes i n  t he  contr ibut ion t h a t  the b l a n k e t  makes toward 

maintaining r eac t iv i t y .  The t o t a l  amount of mate r ia l  removed 'from 
.. . .. 

. . . , . . 
t he  core over a 45 month period.wj.11 r e s u l t  i n  a reduction i n  t h e  

. .  . .  

core . . . . height  of approximately 14.7 inches. 



REACTOK CONTROL 

Reactor control  has been studied using f i r s t  order l inea r  
. ... . . 

. : . 
' -. ,: ' , . (2 ..:. 

perturbation theory, and the  r e s u l t s . f o r  the  three reactor designs 
. . . . . i  ' .  

a r e  shown i n  Figures 2 1 ~ 2 2 ,  and 23 i n  the  form of curves fo r  
, . .  , 

r e a c t i v i t y  worth of boron absorber per un i t  area a s  a function of 
7 .  . .. 

posit ion.  Since the  two rad ia l  flow designs a re  smaller than the  
. . . . <  . . . .. 

axial flow, the  r e a c t i v i t y  worth per un i t  area o f , a n  absorber is 

grea ter  a t  a given radius. In  the  ax ia l  flow design the 'va lue  of 
, . . . . . 

an absorber is l a rges t  near the  center of t h e  core a s  would be ex- 
. .. . 

. . 

pected. In  the  two r a d i a l  flow designs, the  e f f e c t  of placing an 
. . . .  I : . 

absorber . in  the  coolant pipe i s  even la rger  than placing it i n  the  
. !. 

. . .. . 

core. The importance, pa r t i cu la r ly  of the  high energy group i s  
. ,  . . . 

l e s s  i n  t h e  coolant pipe than i n  the  core, and the  higher energy 
I . . . .. . . . : . ,. . , 

group fluxes a r e  lower. Hogever, the  low energy group fluxes i n  
. I . ._ 

t he  coolant pipe a r e  even larger  than i n  , the core (a  sof te r  spec- 

trum) and the  importance of these low energy groups i s  no l e s s  i n  

the  coolant pipe than i n  the  core. In addition, the  absorption 

cross  section of boron increases rapidly wlth decrease i n  spectrum 

so  t h a t  it i s  a more e f fec t ive  absorber i n  the coolant pipe than 

it is  even i n  t h e  core. 

Sodium Coefficient of Reactivity 

It was f irst pointed out by N i m s  and Zweifel ( ) t h a t  the  

sodium r e a c t i v i t y  coef f ic ien t  may be pos i t ive  for  some f a s t  reactor 
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Figure 21. &ac t i v i t y  worth of natural  boron absorber per un i t  area 
a s  a function of posit ion - r ad i a l  flow carbide fue l .  
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, Figure ?3. 3eac t iv i ty  worth of na tu ra l  borc'n absorber per un i t  area  
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designs. yiftah and okrent examined the sodium reactivity coeffi- 

cient as a function of reactor size and composition ( lo ) . Some gen- 

eral remarks will be made concerning this effect. The sodium re- 

activity coefficient may be resolved into three separate components 

due to changes in absorption, leakage and the neutron spectrum. 

The absorption component results simply in an increase in reactiv- 

ity with decreasing sodium density due to the decrease in parasitic 

absorption in sodium, This component is usually much smaller in 

magnitude than either of the-others- and not significant. Reduction 
. \ 

in sodium density results in .a hardening of the spectrum because 

there is less of a material that is responsible for a considerable 

degradation of the neutron energy spectrum. The loss of sodium 

also causes an increase in leakage since the neutrons undergo 

fewer coblisions in the reactor. The relative importance of these 

effects depends on a number of parameters including the size of 

the reactor. In a large reactor the leakage Is generally small, 

and increased leakage due to decreased sodium density will not be 

important. Therefore, the hardening of the spectrum and the 

resultant increase in reactivity (due both to an increase in Y 49 

238 with energy and increased fast fission in U ) .  

will be the overriding component. In small reactors a decrease 

in sodium density will have its strongest effect in increasing 

leakage, and reactivity will decrease. 

Results of calculations of k vs sodium density ibr the 
ef f 



reac tors  i n  t h i s  study are  presented i n  Figure 2 4 .  These calcula- 

t ions  were done by reducing sodium density uniformly throughout t h e  

reactor (core, blanket and sodium coolant pipe).  In Figure 24, o 

is  the value of sodium density r e l a t i v e  t o  t h e  density a t  operating 

conditions p o. Values of keff(0) . a r e  t b s e  computed i n  cyl indr ical  

geometry with the  fue l  loading for  a nominal keff of 1.01. From an 

examination of Figure 2 4 i t  is seen t h a t  for  both the  carbide fueled 

and oxide fueled rad ia l  f low.reactors  r eac t iv i ty  decreases as sod- 

ium density i s  reduced. No calculation was performed for  the no 

sodium case because of the  d i f f i c u l t y  of taking i n t o  account the 

large void (empty coolant pipe) which e x i s t s  a t  the  center of the  

reactor under t h a t  condition. The decrease i n  r eac t iv i ty  with de- 

creasing sodium density i s  t o  be expected since these a re  small 

reactors  and 3.11 addition have an especially la rge  amount of leakage 

due t o  the  cent ra l  coolant pipe. The carbide fueled rad ia l  flow 

- reactor,  being smaller than the  oxide fueled, experiences a more 

rapid decrease i n  reac t iv i ty .  The ax ia l  flow carbide reactor  has 

a largervcilume l i t t l e  leakage and experiences an increase i n  re- 

a c t i v i t y  a s  sodium density decreases. 

The sodium density coef f ic ien t  a s  calculated here may be 

interpreted i n  various ways. It may represent a coef f ic ien t  for  

loss of coolant i n  the case of a rupture of the  coolant l ine .  I n  

t h i s  case the approximation must be made t h a t  the  loss  of coolant 

may be adequately represented by a uniform decrease i n  sodium den- 



1 
. , 

- - 
. . . . _-- 

- - 

' A X I A L  F L O W  CARBIDE 
. . ,, ... ;: - 

. . 
- - 

. . , - - 

, - R A D I A L  ,FLOW OXIDE - 

- - . . 

- . . , , 

- 
.. . 

- - 

.RADIAL  FLOW ' C A R B I D E  . L .  . . 
- 

, .. . .* 

7 3 
\ 

- 

\ . . .  
- - 

. . . ,  . :: \ ' I I ., 
. . , I  

SODIUM DENSITY I N  REACTOR ( p  / P o )  
. ., 

F i a l r r  24. Kerf YS.  '';J&slly UT 00d1um in reactor. 



sity in the reactor when in fact the loss of coolant would most 

probably result in a lowering of the coolant level. The decrease 

in sodium density can represent voids in the coolant because of 
. . 

boiling caused by local hot spots -or. the presence of cover gas 

bubbles in the coolant. The.sodium coefficient may also be consid- 
. . .  

. . . 2 / I .  _ . . I  .. 
. . . . .. . 

ered as the sodium temperature coefficient. of reactivity. In m a t  

case it is necessary to interpret the coefficient in terms of the 

change of sodium density with temperature. A decrease of 10% in 

sodium density'corresponds to a rise in sodium temperature of 

- 350'~ or 630°F ( l4 ) . Since the effective delayed .:neutron frac- 

tion of the axial flow carbide fueled reactor is -- 0.004, a change 
. . . . -. . . .  . 

in sodium'temperature of -- 350'~ would not cause this reactor to 

become prompt critical . . . 

The sodium coefficients derived from Figure 24were used 

to prepare Table 10. The values presented there are given irr 

terms of 

that is the change in k 
ef f 

relative to the '.value with full density 

sodium divided by the change in sodium density relative to the full 

density. The sign convention that results from this definition of 

the coefficient for the reduction of sodium density is such that 

a minus sign for the coefficient indicates a decrease in reactivity 

with a decrease in sodium density. Since the curves in Figure 24 



TABLE 10 

. . .... I .: . . .: 

SODIUM COEFFICIENTS FOR SETTLED BED FAST REACTORS 

Sodium Density Change 

Reactor 1.00 - 0.75 1.00 - 0.50 1-00 - 0.25 
Radial Flow. C a r b i d e  -0.0644 -0.0872 -0.1318 

A x i a l  F l o w  C a r b i d e  

Radial Flow O x i d e  .. -0.0394 -0.0564 -0,0916 



are not linear, values of the coefficients are tabulated as aver- 

ages over several intervals all starting with full density sodium. 

In order to interpret the coefficient for reduction of sodium den- 

sity in terms of. a, sodium, temperature coefficient, it is' necessary 
! . :  

A . . . .. . .-- ... .-, .. . . . .. 

to assign a ncgative,:sign to the'coefficient in order to make it 

3' , 

conf o m  t,o ccmon ,us'age. 
. . .  . .. 

' - Parti.al. coe'f'ficients ' for a 25% reduction of sodium den- 

sity in,each region separately are s h o w  for eachoof the three 

reactor types in Table 11 . In the ,two radial flow designs most 
. -. . i. ' , . - . . . . . .  . , .  

of the contribution to the change in reactivity comes from the cool- 

ant pipe, since: most' of the. leakage is from this reg$.on. In. the 

axial flow design the increased leakage caused by a sodium density 

decrease in the blanket is much smaller in magnitude than the 

contribution to reactivity from spectral hardening caused by a 

decrease in sodium density in the core. Although the decrease in 

reactivity with decrease in sodium density that occurs in the rad- 

ial flow cores is a desirable feature under certain conditions (it 

tends to make the reactor stable at full power'operation), it 

will also introduce additional reactivity under conditions where 

sodium density increases. 

Since for the radial flow designs the greatest reactivity 

contribution is due to changes that take place in the coolant pipe, 

an effort was made to determine if ,.this effect could be reduced by 



TABLE 11 

EFFECT OF 25% DECREASE IN SODIUM DENSITY 

(keff 
= 1.01 with f u i . ~  density sodium) 

,keff .... 

Pipe Core Blanket Whole 
Reactor . . O n l y  Only: .. O n l y  Reactor 

Radial F l o w  ~a2bide : .-0.0140 -0.0a7 . -0.0013 : -0.0160 

. ., 

'Radial Flow Oxide -0.0091 +O ;0003 -0.0010 
. . .  

-0.0098 
. . . . 

Axial Flow -Carbide - +O. 0047 -0.0002 +O. 0045 



varying the diameter of the pipe. A series of calculations were 

performed on the radial flow carbide fueled core for coolant pipes 

of varying radius, maintaining constant core vdlumes, and keeping 

the height of the core equal to its' outer diameker. The results 

of these calculations are shown in Figure 25 . The magnitude of.the 

sodium coefficient can b e  reduced by. reducing the diameter of the 

coolant pipe. Since the axial flow design has a coefficient that 

is opposite in sign, and the .magnitud& will decrease with decreas- 

ing core size, it is to be expected that by properly adgusting 

the size and configuration of these reactors it would be possible 

to design a reactor that has as small a sodium coefficient as 

desired. 

Previously reported studies of the sodium coefficient 

have been confined to reactors whose geometry could reasonalby be 

described by one space dimensional analyses. Results of experi- 

mental measurements of sodium reactivity measurements are becoming 

available, as for example the ZPR-I11 Assembly 35 mockup of. the 

Fermi B reactor core (15, 16). At the same time attention has been 

paid to improved methods of taking into account elastic scattering ' 

resonances. in light elements and the resultant perturbation of 

the neutron flux spectrum in the vicinity of these resonances (11, d , 

These techniques have been applied to the calculation of. sodium 

coefficients ( 13). Any further work on the reactor design in the 

present report must include investigating the use of refined cross 



Figure 2 5 .  Sodium r e a c t i v i t y  coef f i c ien t  vk. sodium , . pipe diameter - 
r a d i a l  flow carbide Yuel. 

_ , . .  ._ . . . . I .  ' . . 
. a ,  

.. . 

. . . .  r . :  . . . .  " .  . . .  , . .  



section averaging methods for the sod'ium~resonance scattering 

in predicting the measured reactivity. .changes.'. in experiment a1 . 

assemblies, and if .this methodr indicates,.an improved .agreement 

with experimental results,': it' will be used in fbrther calculations. 

Even'more important that'this, however,' particularly .-for the rad- 

ial flow designs, it is necessary to use a two dimensional analy-* 

ses in .order to. adequately ,describe .the system.' 1 The .large leakage 

of.neutrons down the coolant pipe is .inadequately represented 

in one dimension, and t h e  sodiumn reactivity-,coefficients obtained 

must .be regarded.as only preliminary. ! -. I ,  

.' ' .One additional. effect was investigated. .This was the . 

effect.of, sodium expulsion caused by settling of the bed. The " 

case looked at, for all three:reactor'designs; was'a change in the 

bed density from 60 volume precent of the core to'6S volume percent, 

and a consequent reduction in the sodium volume fraction-from 40 

volume percent to'35 volume-&percent. The settling included both 

the whole core, and the central 3;i of the core. 

-It was necessary to perform this calculation in slab 

geometry in order t o  get a reasonable model to represent the 

settling.. In order to do'this, the core in slab geometry was 

taken to have a radial leakage the same as that found in the cylin- 

drical-~ calculation.. In order to obtain this with the best- possible 

accuracy without a true two dimenstonal calculation, an iteration 

was Berf brmed on1 .the $&a,kages as d.eacribed by. the tranverse buckl- 



ing i n  both the  cy l indr ica l  and s1ab"geometries. ~ h l s  was fac i l i -  

t a t e d  by the ,use of the  Buckling I t e ra t ion  Program ( 7 9 8  ) .thdt 

was made available by Atomics Internat ional  as  an addit ional '  

program with AIM-6. It was from t h i s  slab calculation t h a t  the 

r a t i o  of maximum t o  average power generation r a t e  i n  the  ax ia l  

d i rec t ion  was obtained. 

', Once. the  s l ab  representative of the  core i n  the  ax ia l  

d i rec t ion  was: obtained, the  height and composition of the  varikus 

regions was adju's;ted t o  account for  the  s 'ettling. Sodium expelled 

from t h e  core went i n t o  the  pool above or-below the core. The 

r e su l t ing  r e a c t i v i t i e s  were then' calculated, and 'the r e s u l t s  a re  

shown i n  Table 1 2  . It i s ' s e e n  t h a t  i n  a l l  cases r eac t iv i ty  

increases as  a r e s u l t  o f ' f u e l  compaction. Among the r ad ia l . f low 

cases:, the carbide fue'led core, w i t h  its small volume i s  s l i g h t i y  

more..,sensitive : t o  fue l  bed  se t t l ing ,  while the  ax ia l  flow reactor 

which. .isZ,much , la rger  than e i the r  of the  r ad ia l  f l o w  designs ex- 

periences much less of an increase i n  r e a c t i v i t y ' f o r  the  same 

f rac t iona l  bed."sett l ing.  A l oca l  s e t t l i n g  gives .an e f f e c t  propor- 

t i o n a l  t o  the core affected and ' to  the  importance of the  region 
. . 

affected.  ~ h u ~  a se : t t l iGg.>&n.  tfi= cenci;'$l L of the core has XI 

e f f e c t  $ a s  larg& a s  - t h a t  for"the whole""core, and hence ail import- 

ance per uni t  volume approximately twice the  core averaged value. 

The r e s u l t s  i n  Table' 1 2  a r e  given. per .percent volme.change i n  
. . 

sodium density, and a r e  obtained''~ averaging over 'a -12.5% change 



TABLE 12  

EFFECT OF BED SETTLING FROM REFERENCE CONDITION 

. '  , . . 
, ' .  

-bkeff/l;,,,(Or 

AV/VO - *  . .  
, f or  s o d i u m  v o l u m e  fraction change 
of '-12.5% 

R e a c t o r  

R a d i a l  F l o w  
C a r b i d e  

Axial F l o w  
C a r b i d e  

Radial F l o w  
O x i d e  

. .  ' . . , . 

C h a n g e  i n  whole core ' C h a n g e  i n  central % of core 



in sodium vd-ume fraction (40% to 35%). For any reactor, .the reac- 

tivity change due to a given percentage change in sodium volume 

fraction is given by the tabulated result times the change in sod- 

ium volume fraction. Thus a change of sodium volume fraction in 

the whole core of the carbide fueled radial flow reactor from 

0.400 to 0.'396 would be a ch&ige of 0.01 = ~ V / V  and the reactivity 

change would bo 6kpEf - (+0.26j (0101) = .I.O,OO~G~ . .  , a 

. ..... , 

In these calculations of fuel particle settling, it was 

not possible to fully account. for the important effect of radial 

leakage (particularly in the radial flow designs) by a one dimen- 

sional model., Therefore, the results presented must, like the 

calculations presented for the sodium coefficients in cylindrical 

geometry, be regarded as preliminary, to be refined by the.use of 

two dimensional analysis. 



ECONOMICS 

Power Generation Costs 

The power costs for the settled bed fast reactor presented 

in this section are still of a preliminary nature. Parametric type 

surveys of core physics, core fuel cycle and blanket reprocessing 

cycle must be performed before ,optimum costs can be obtained. The 

costs shown here are.representative but should not be considered 

final. Overall cost trends for the two types (axial and radial) 

of fast reactors studied are best seen by referring to Figure 26 . 
This is a plot of fuel cycle and power generation costs versuscore 

burnup. On the basis of burnup it is noted that.the axial flow type 

core is lower in costs up to'.73,000 M~D/MT burnup, but in excess of 

this burnup the radial flow oxide type is lower. The radial flow 

carbide core appears to have higher costs than the other cases for 

any equal burnup. There are a number of factors, namely.breeding 

ratio, inventory, core size and the like which cause this, and since 

the differential is small it would be premature to select one type 

in favor of the other. Since fixed charges, operation and mainten- 

ance costs and nuclear insurance charges are all approximately equal 

for the cases considered, it is in fuel cycle costs that the differ- 

ential appears. The axial core has an inventory of approximately 

two to three times the radial cores. One would thus expect the f2.b- 

rication costs to be at least twice' as much for the axial case. Eow- 

- 8 2  



Figure 26. Fuel cycie and power cos t s  vs. burnup. 
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. . 

ever, Figure 26 does not show the tin6 it takes tc reach a given 

burnup for each core type. The . . axial core has an initial breeding 
:, . .. .. . .. . . 

ratio of 1.33 versus 0.8% for the radial oxide and 0.76 for the 

radial.carbide.. . . This difference plus the large inventory yields 

a bur nu^ .of 30,000 MWD/MT in 45 months (operation) for the axial 

core as comparedwith 12 months for the radial oxide ccxe and . . 8 . 

months for the radial carbide core. The.fabrication charges are 

thus written off over a much 1onger.time period for.the axial. core, 

and are thus lowest for the axial case. At burnups over 60,000 

IW/MT fabrication and processing charges have become very small 

and fuel cycle costs are approaching the base use charges for each 

case. 

. . Fower . . generation costs in mills/kwh for the three cores 

studied are shown,.in Tab.le 13. These costs are based.on -24 ogera- 
. ... I . .  

ting months core. cycle time .for .the radial type ,and 45 months . . for 

the axial type which corresponds,to burnups of 88,000 MVJD/MT for. 

the .radial carbide ,core, . . 63,000 MWD/MT for the radial .oxide core, 

and 30,000 P/IWD/MT for the,-axial core. The corescycle times were 

arbitrarily se1ected.a~ representing reasonable times .very early 
I ' 

in the study though itanow appears that the radial carbide case at 
I 

88,000 MND/MT may be unrealistic. The burnup numbers.given through- 

out this report are maximum values. However, in reactors of this 
. ., . 

type where fuel i s  well mixed during . . .. a core cycle maximum burnup , 
. . .  



TABLE 13 

POPJER GENERATION COSTS 

Fixed Charges 

Fuel Cycle 

Operation & Maint. 

Nuclear Insur ance' 

TOTAL 

24 mo. Cycle 
Radia1,Flow 
Carbide 

24 mo. Cycle 
Radial Flow 
Oxide . ' 

45 mo. "Cycle 
Axial Flow 

* .  
Carbide 

.and average burnups are not very different. The costs presented 

are in general below those given for the Advanced Plutonium Fueled 

Fast Breeder ( 1') . Capital costs are'lower since"'the 120o0F .sodium, 
1 

outlet temperature from the reactor permits the choice of a high ' 

efficiency turbine generator plant. The station efficiency is 

42%. Fuel cycle costs are low due to high breeding ratio; high 

burnup and long fuel in-core residence times which reduce fabrica- 

tion and chemical reprocessing charges. ' '%%is applies to the blank- 

et as well. The question of how to treat use charges in a breeder 

reactor is controversial but the effect of the use charge on total 

power cost is,small (0.2-0.6 mills/kwh). Any chinge in the method 

of computing this charge would not greatly affect the final conclu- 



. .. . . -. >., .?, - 5 

sions of a preliminary estimate of this type.. . 
,: 

J . ' I  

Capital Costs . . . . .  . . 
2 .  

' ~ i i c e  no detailed plant design has been made', i t  is 
,, . 

neither feasible *or practical to carry out a detailed cost estimate. 

Hence for the turbine .generator part of the plant a cost based on 

$70 per instalied kilowatt was assumed. This cost is comparable 
4 

, , .  

with costs for an -equi<alent section' of a high temper;ture, high 
'5 

pressure 'coal fired plant ( "2 ). The reactor section of the 
- .  

I .  

was estimated at. $35,000,000 using costs given for the Advanced ' 

Plutonium Fueled Fast Reactor ( '  1 . Annual Fixed Charges are corn- 
. ..* 

puted at the rate of 14.3% of all capital costs. A separate rate 

for nondepreciating capltal costs.such as land was not used since 
. . . .. 

this refinement is beyond the accuracy of this . cost. estimate.. ~ o t a l  

plant cost is $64,000,000 which amounts to $178 per installed kilo- 

watt. 

.. . . . . 
Operation, Maintenance and Nuclear 'Insurance costs 

. . 
$2,400,000 per year or 0.95 millsjkwh has been allocated 

. - .. , 

for operation and maintenance costs. The Cost ~valbation Handbook 

number for a 360 MWe plant which includes total labor, fringe bene- 

fits, maintenance materials and normal operating supplies as well .. 

1 .  

as special operatois for this :type of plant amounts to $900,000 or 
. . 

0.35,&illsjkwh. An extra $1,500,0.00 or 0.6 mills/kwh has ,been 

added to account for the contamination of the primary loop and 



fluid bed handling procedures for the fuel. The advanced plutonium 

fast breeder reactor at 300 MWe allocated $1,878,000 or 0.95 mills/ 

kwh for operation and maintenance.so that the use of 0.95 mills/kwh 

for the settled bed concepts which allows $522,000 more is not 
. . . . . .  , 

considered unreasonable. 

Nuclear insurance costs consist of $60,000,000 liability 

coverage at an annual premium of $260,000, all risk property insur- 
, . . . . :. . . . .  

ance at $220,000/yr and government indemnity at $26,00O/yr. Total 
.. . 

insurance is thus $506,000 per year or 0.2 rnills/kwh. 
. . 

Fuel Cvcle Costs 

Fuel cycle costs for three power reactor cases are pres- 

ented. These are the radial flow'.'carbide fueled core, the radial 

flow oxide fueled core and the axial flow carbide fueled core with 

height = 0.6 diameter. The costs have been calculated using the 

method outlined in the "Nuclear Power Plant Cost Evaluation Hand- 

book", Volume 4. The design parameters used are those listed in 

the various tables of reactor characteristics. the operating and 
. ( .: .:. . : .. 

economic parameters which were used as the basis for the analyses 
. .  . .., 

are listed in Table 14 and Table 15. 
. . 

The results of the calculation are given in Table 16 

for 24 month operation of the radial cores and 45 months operation 
. . . - . . , . 

. . . ' .  . <. , 

for the axial core. Again as in Table13on power generation costs 
.. . ' ,  .- - . .  . . 

these cases represent a wide difference in fuel burnup. Using 
. . .  



TABLE 14 

OPERATING PARAMETERS 
... . . . . , .  
. . 

Radial Radial Axial 
Flow Flow Flow 

. . 
.. . .. . Carbide . . 'Oxide Carbide 

. . . . . .  . . * . . 

1. plant' Operating Factor, % 80 80 , .  80 

2. Shipping Time, AEC to Fabricator, 
days 20 20 20 

.. . I. .. . . 
3. Shlpping Time, Fabricator to ' .  . ,. 

20 ~eact'or , days - . .20. .. . . '  ;. - 20 

4. Shipping Time, Recycle to AEC, . . ... . 

days '., 20 20 . .  ' . . '  :20 

5. Shipping Time, Reactor to Chem.. 
Proc. Plant, days , . ,  ' ' ' 20 . . " 2 0  . -  . , :  ..20 

6. Conversion and Fabrication Plant . . 

throughput rate ~ ~ ~ / r n o n t h  4 '4 4 
, . . 7. Lead Time Before Charging Batch to , . I 

Reactor, . . days 30 30 
. . 

30 
. . 

. , . . 

8. space Nel, % of Core " +  ' .4 .Q 4 
. . .. 9. ~ & c h  Size per. ~ o a d i n ~ ,  , ' , 

Core, MTU 
. . 

5.96 8.4 35 
Blanket, MTU 28.8 . - '  27.2 ' . "  . 42.4 ' 

10. No. Batches per Chcm. Processing 
Caxnjpaign 1 1 1 

11. Losses During Fabrication, % 1.0 1.0 1.0 

12. Losses, Conversion Pu, % 1.0 1.0 1.0 

13. Losses, Chem. Separation Pu, % 1.0 1.0 1.0 

14. Decay Cooling Period, days 120 120 120 

15. Chem. Separation Plant Process- 
ing Rate, kg U 310 310 840 

16. Residence Time in Reactox 
One Core Loading, calendar days 892 892 1650 
One Blanket Loading, calend.days 1784 1784 3300 



TABLE 15 

ECONOMIC PARAMETERS 

Conversion and Fabrication Cost 
(Exclude skipping, use charges and losses) 
$/kg u 

Shisping Charge, AEC to Fabricator, $/kg U 

Shipping Charge, Fabricator to 
Rcactor, $/kg U 

Shipping Charge, Reactor to Chem. Process, 
$fig u i . '  

Shipping Charge, Chem. Process to AEC, $/kg U 

Use Charge, %/yr 

Pu Price, $/g (metal) 

Conversion Charge, U Nitrate to UFG, $,/kg U 
. . 

Conversion Charge, Pu Nitrate to Pu Metab, $/g 
. -. 

separations:. Plant lIaily Charge, $ 

,9.50 

5 . 6 0  

1. SO, , . . .  



TABLE 16 

FUEL CYCLE COSTS 
mills/'kwhr 

24 month 24 month 45 month 
Radial Radial Axial 
Flow Flow Flow 
Carbide Oxide Carbide 

Core - 
1. Fabrication '.O. 06 0.08 ' .0.18 

2. Shipping 0.02 .0.03 . ,  , 0.06 . " 

3. Chem. Processing 0.33 0.43 
. .. 

0.51 

4. Pu U s e  Charge 0.20 0.24' ' 0.62 
. . 

5. , Pu  ons sump ti on o r  Credit - 0.34. - 0.28'; ' ' .  '-0.15' - 
Subtotal 0.95. 1.06 : 1 . 2 2  

Blanket 

1. Fabrication 

shipping 

Chem. processing 

Pu U s e  Charge 

Pu Credit  . . 

Subtotal 

N e t  Fuel Cucle cost 

Total Less Use Charge 



t a b l e  1G i n  conjunction with Figure 26 permits one t o  see the e f fec t  

of burnup on the fue l  cycle cost .  

The fabr icat ion costs.. &or both .oxide and carbide fuel  

spheres a r e  assumed t o  be $60/kg U. ~t i s  recognized tha t  handling 

recycle plutonium w i l l  require remote fabr icat ion techniques and 

t h a t  t h i s  i s  fur ther  complicated by "always safe" handling proced- 
. . 

ures necessi ta ted by working with uranium "enriched" with -10% 

plutonium and ' tha t  a l l  t h i s  w i l l  ce r ta in ly  increase the  fabr icat ing 

cos t s  over an estimated $301 kg U cost  fo r  producing low enriched 

uranium ceramlc pe l l e t s .  However, it is  f e l t  t h a t  it should be 

possible with 'metr ic  ton requirements t o  develop, methods for  . .fab.~i- 

cat ing these simple ceramic shapes t h a t  w i l l  not be much higher 

i n  cos t  than the  UO p e l l e t s  being manufactured a t  the  present % h e .  2 

It  is  of i n t e r e s t  t o  determine the  e f f e c t  of higher fabricating 
.... 

cos t s  on the  fue l  cycle cost  for  a typical  case. I f  we assume t h a t  
J r :' . 

t he  fabr icat ion charge is a factor  of 3 too law and i s  thus:;$180/kg 

U r a t h e r  than $60/kg U then fabr icat ion cos ts  i n  rnills/kkh a t  63,000 
, .. 

MWD/MT burnup f o r  the  r ad ia l  carbide, r a d i a l  oxide and axia l  carbide 

cores increases by 0.16, 0 :16, and 0.18 mills/kwh r&pe'&ively. 

Fuel.  cycle costs '  thus increase from 0.82,',OP75, :and b'. 72 mill/kwh 

t o  0.98, 0.91 and 0.90 mills/kwh respectively. Even a t  t h i s  leve l  

the  fue l  cycle cos ts  a r e  qui te  low. 

The use charge was calculated on the bas is  t h a t  a l l  



fresh fuel was leased from the AEC and .all bred fuel. removed from . 

. . 
the reactor was sold to the AEC. ~ehce:a use charge was applied to 

all fuel added to the reactor 'and . . nb; use charge was applied to mat- 

erial bred 'in the reactor. The reasoning used' in not applying inven- 

tory charges on bred plutonium while it is in the reactor is. analog- 

ous to an oil or coal mine operator who .does not apply inventory 

charges to his oil or coal until it is taken from the ground.and put 

into storage. , Since the blanket has -a l.arge volume, attempts at .... 

short time interval removal of bred plutonium would result in exorbit- 

ant chemical processing costs. Monthly mixing of the blanket mater- 

ial maintains the blanket breeding ratio and distributes bred plu- 

tonium uniformly throughout the volume. 
- .  . , ,  

. . 

1ntereit: on fabrication capital has been neglected since 

its effect, on .the fuel cycle cost is generally less than "0.05 mills/ 

kwh. In calculating chemical processing costs it was assumed that 

fuel which is U-238 containing Pu-239 could be processed at the same 

throughput as a U-238 Iuel enriched with an equivalent amount of 



TABLE 6 
..; 

TABLE .OF REACTOR CHEUCTERISTICS 

Identificatiori of'~eactor 

Directly Cooled Fast Reactor 1. Name of reactor 

.Axial Flow Axial Flow . ' Radial Flow Radial Flow 
(height=diam) . (heiqht=0.6 d i m )  (carbide) (oxide) 

2. Thermal power (in ccire) , 
Mw + 
Blanket (7% of c 0 r e . j ~ ~  

" . 

3. Net electrical power 
output, .m 359 

,I  
a0 

fast dp fast 

sodium 

4. Neutron spectrum fast 

sodium 5. Coolant material sodium sodium 

6. Fuel: Material UC-PUC UC-PUC UC-PUC u02-Pu02 

Form 0.265-in. 0.225-in. 
spheres spheres 

0.122-in. 0.080-in. 
spheres spheres 

7. Blanket: Material 

FO& 0.250-in. 0.250-in. 
spheres spheres 

0.125-in. 0.150-in. 
spheres spheres 

coolant is in intimate contact with the fuel in the core and 
blanket 

8. Distinguishing Features 

9-  Plant Type Being Describ- Conceptual designs of full-scale plants for cost evaluation 
ed purposes 



TABLE 6 (continued) 

Axial Flow Axial Flow Radial Flow Radial Flow 
(height=diam) (height=O. 6 d i m )  (carbide) (oxide) 

B. Engineering Data 

1. Reactor Vessel 

Design pressure, psi 

Design temperature, OF 

Outside diameter, ft 

' .  Over-all height, ft 

Wall ' thickness, ' in. 
. . , '  . . 

Material 

2, Reactor Core, Vessel 

Design .. . pressure, psi 

Desi.gn temperature, OF 

Inside diameter, ft 

over-all height, ft 

Wall thickness, in. 
. . .  

~ a t e r  ial A.I.S.I. 
3 1 6 ' ~ s  . 



Axial Flow Axial Flow 
(heiqht=diamL (height=O. 6 d i m )  

.B . Engineerinq Data (continued) 
3, Reactor Core' ' 

Active diameter, ft 6.95 7.29 

Active height, ft 6.95 4.37 

volume,, ft3 264 165 

Composition 

4. Reactor .Blanket 

Radial thickness, ft 1.5 

* Core contains 24 in. d i m  coolant pipe running along its axis. 
** UO2-Pu02 

Radi~l Flow 
(carbide) - 

Radial- Flow 
1oxid.e) 



TABLE 6 (continued) 

Axial Flow &cia1 Flow 'Radial Flow .Radial Flow 
(height=diam) (height=O. 6 dim) (carbide) (oxide 1 

B. Engineering Data (continued) 

5. P.rimary cooling System 
Core 

Number of flow loops 1 

Flow per loop, gpm 34,500 

size of flow headers, . '' 

. .  . . 
. in. 24 

. .  . 

' .  - . . Material 'of .construe- 
ion , A.I.S.I. 

~ . "  
a .  

316 SS 

Total pressure drop, 
psi 

. - 182 114 

Total, pumping power .- 

(at 70% efficiency),hp 5,250 3,300 

* The total pressure drop, pumping power, and flow velocity values are for the core only. 
The pressure drop and pumping power for botH core and blanket are about 50% greater, 
and the average.coolant velocity through both core and blanket is about 25% lower. 



TABLE 6 (continued) 

Axial Flow Axial Flow Radial Flow Radial Flow 
lheight=diam) lheiqht=0.6 - dim) (carbide) (oxide) 

6. primary Cooling System, 
~lanket 

Estimated pressure drop, 
psi - 
Estimated head required to 
circulate Na through bed, 
ft - 
Estimated average flow 
velocity, ft/sec - . - 

C. Heat Transfer 

1. coolant . , material . . . .  . . . . 
sodium 

. : 

0.27 

sodium sodium "sodium 

2. Inlet. temperature, OF 550 550 550 550 

3. Outlet temperature, OF 1200 1200 1200 1200 

4. Coolant flow rate, lb/hr 1.44 x 1g7 1.44 10' 
. . . . 

5. Number of passes 
. . 

1 1 

. . . . . . . . .  6. Average flow vel.ocity, ... . . . . . .  . . . . . . 

f t/sec 2.25 2.02 1.84" 1.70s 

. . . . . .  
* The total pressure drop, pumping power, and flow velocity values are for the core only. The pres- 
sure drop and pumping power for both core and blanket are about 50% greater, and the average 
coolant velocity through both core and blanket is' &out 25% lower. 



TABLE 6 (continued) 

Axial Flow Axial Flow Radial ~.iow Radial Flow 
(heiqht=diam) (heiqkt=O, 6 d i m )  (carbide) (oxide) 

C. Heat ~ransfer.':(.koritinued) . .  . 
. . . . . . . . 

7. Average volumetric heat gen- 
eration rate'h fuel bed, 
&w/f f.? .bed 4tncludv voids) 3.17 

8. Maximum volumetric heat 
gener'ation rate in fuel 
bed, -Mw/ft3 ' bed (includ. 
voids) 

. . . . 10.95 
. > 

9. Hsat transfer surface, 
ft2 43,000 

10. Average heat flux, 
~tu/hr-f t2 6.67 x lo4 

11. Maximum .heat flux, 
~tu/hr-ft2 2.29 x lo5 

12. Average fuel particle 
internal .temperature 
difference, OF 24.9 

13. Maximum temperature at 
center of fuel particle, 
OF 2018 

14. Maximum thermal stress 
on particles, psi 10 , 000 



TABLE 6 (continued) . . 
. . , , 

Axial Flow Axial Flow Radial Flow Radial Flow 
Iheiqht=diam) [height=O. 6 dim) (carbide! . (oxide) 

C. Heat Transfer (continued) 

15. Maximum-to-average radial power 
power peaking factor 1.86 

16. Maximum-to-average axial 
power peaking factor 1.48 

17. Over-all power peaking 
factor 2.77 

18. Hot channel factor 1.17 

19.  actor to compensate for 
local variations in heat 
transfer coefficient over 
particle surface 1.25 

20. Maximum sodium tempera- 
ture, OF 1965 

21. Average core power 
density; kw/lited core 
(incl. void) 112 

22. Average specific power in 
fuel, kw/kg Pu - 



TmLE 6 (continued) -.- I . .  . : 
. . . . 

Axial Flow 
, .  . (height=diam) 

. . 
. . - ,  

Axial Flow ~ a d ' i a l  Flow 
(height=O. 6 dim:) (carbide) 

. . . - 
Radial F ~ O W  

(oxide) 

D. .physics . . . .  

1* keff 
. . . .  238 2. u , / ~ u ~ ~ ~ .  Ratio "" 

3 . ~ii'el-'  Loa.didg (kg . Fu 2 3.9 ) 

4. Pa r t i a l  Breeding Ratio (core) 
..... . . , . 

5. p a r t i a l  Breeding r a t i o  
. . .  . .  (radial.  blanket). 

5 .. Partia1:Breeding . Ratio . . .  

(axial  blanket) 
. . ,  . . ,;.. ' .  ~ 

. .  . 

7. Total Breeding Ratio 
. . . . . . . . . .  ?.., . 

8. bled& Fission Energy, kev 

9. Average Capture t o  Fission 
r a t i o  i n  Pu 239 

10. Radial Maximum t o  Average 
Power Generation Rate 

11. Axial Maximum t o  Average . . . . . . . . .  

Power Generation Rate 

12. Average f a s t  Flux i n  Core, 
neutrons/cm2-sec 



TABLE 6 {continued) -- 

D. - Physics (continued) 

13. Core Breeding Ratio (average) 

14. Core Breeding Ratio ( a f t e r  24 
months) 

. , 

15. 'bkeff/rnonth ( i n i t i a l )  

16. bkeff/month (average) 

Axial Flow Axial F ~ O W  Radial Flow Radial Flow 
(heiqht=diam) .(height=O. 6 d i m )  (carbide) (oxide) 

17. akeff/month ( a f t e r  '24 months) i 

18. ~u~~~ added/month ( i n i t i a l ) ,  kg 
,. . . . ... 

19. ~u~~~ addewnibnth (average), kg 

20. ~u~~~ added/month ( a f t e r  24 
months), kg 

. . . . 

2 1  Doubling Time ( ~ u ~ ~ ~  only), years 
. . 

22. Doubling ~ i m e  (PU,  ili isotopes),  
years 

23. Effective Delayed Neutron Fraction 

24. Prompt Neutron Lifetime, sec  

25. Burnup - maximum a t  24 months 
(45 months for  ax ia l )  

See Table 9 0.7098 0.796 
. .. 
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