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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
Thermal Reactor, a 0233-Li7—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 stndy it was decided to
investigate further the directly cooled fast concept. The reason
for thlS ch01ce was dictated prlmarily by the greater 51mplic1ty
of‘the dlrectly cooled fast systems and the greater cost reductlon
potentlal It 1s.adm1tted;y true that these factors may have res-
qlted in part from the fact that the systems have not been investi—
gated in much detaii. 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 broblems.
In addition to further-assessthe potential, the sodium outlet tem-
peratnre has heen raised from 1050°F to 1260°F and the electrical
power output has been increased from 300 MWe net to 36O 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

* Preliminary Report - Internal Distribution Only
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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/kmh"at;maximum burnups in excess of
40,000 to 50'600 MWD/MT.. Power generation costs range from 5.3 to
6.2 mills/kwh depending upon the burnups attainable. No optimiza-
tion of these systems has yet been undertaken so these numbers are
still very preliminary. | |

As pointed out in the previous report the feasxbilityT
of the-fuel cycle\has yet to be demonstrated. An experimental pro-
gram to determine feasibility is underway but has not prdgressed to
the point where definitive results have'been obtained. The program
consiSts primarily of'out-of-piie‘and in—pile tests of the carbide
'fuel systeml‘ It is important‘to point out that the resuits 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 finai‘proof must await the outcbme‘of parametric type
surveys and optimization studies, it is known‘that'for equal sise
cores the carbide'fuel will have higher performance and better ec-
onomics than an oxide if both are takenmto 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 theg basis of
better heat transfer characteristics, neutron economics and lower
fabrication costs. It was originally thought that a $5-10/kg
fabrication cost was possible. This represents a considefable cost
savings over the $60/kg charge used in our étudies'for ceramic -
fuels. However, it was found that the low costs applied to un-
alloyed uranium.particles not uranium—piutonium 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 MWD/T maximum for the ceramics the use of metal fuels appears
rather-unattractive.- | |

It should be noted that the emphasis in the study is
placed on the reactor and its internals éince it is in this area i
that the‘seﬁtled bed reactorbdiffers from a sodium cooled solid fuel
reacto;. Components and equipments external to the reactor would
be similar to those ascribed to a large sodium cooled nuclear
power plant. The decision to do further'deSign'work on the directly
cooled fast reactor implies that with anlad fuel the primary 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 hiéhly radiocactive anyway.
The contamination will, however,~ha§e an'effect on maintenance
procedures and this is accounted for~1ﬁ O & M charges. The use of

clad fuel pellets‘would‘arleviate this problem to a considerable
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extent but would also result in somewhat higher fabrication costs. -
Concept feasibility is dependent upon successful cladding techniques
only if the cladding is necessary to insure pellet integrity over .-
fuel lifetime. The problem of sintering or sticking of the fuel
pelleté becomes serious on;y if‘thisvoccursAin,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 reéides in the reactor for a 24-month or longer
period, fuel removal, éddition'and mixing by fluidization may occur
every two to four weeks, thus preventing aéglomeration. The ex-
perimental program must determine the relation betweeﬁ sintering
time and irradiation time; if such exists, since it is possible that
" the sintering time may be much shorter after long fime_irradiation.
In addition to criticality calculationsvand flux distri-
butions appreciable effort was devoted to calculating sodium coeffi-
- cients, bed settling 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 result$ presented may change as the work is refined.
It ic aleo evident'when one reviews the economic section that physics
parametric studies are needed to determine optimum sizes and breeding
ratios: Sodium coefficients are mildly positive for the large axial

core and negative for the radial cores. A dollar's worth of reac-
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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 rad;al qxide 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 that these coefficiénts‘vary
in either sigﬁ and'mégnitude or in magnitude indicates that these
effécts éan be minimized by choice of core size andAconfiguratibn.
A coﬁsiderable{amount of énalySis remains to be done in thisAarea.

Héat transfer and fluid flow analyses have beén further
refined. Thermai stresses in fuel, boiling of sodium in a hot
sector and pressuré drop through'tﬁe core are the major design.
limits. These calcﬁlations Have been doné.for.a few specific core
coﬁfigurations and.parameﬁric studies. in conjunctién with physics
and ecdndﬁicvéstimates must now bé initiated in order ﬁo éstablish
“optimum cbnditions.

Mechanical design work w%s performed on the radial flow
concept since it is somewhat more complei internélly than the axial
design butlthermal stress analysis and expahsion'probléms have not

been investigated in detail.



INTRODUCTION-

This report presents the status of.Qork on fast reactor
systems utilizing fuel in the form of particulate solidsAaad cool-
ed by direct flow of sodium through a settled bed ofvsuch fuel.

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 sodium up
through the bed and during this state removal, addition and mixing
of fuel is accomplished. During operations of thlS 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-
tion, yet handle fuel as a liduid:duridg traasfer,and'redistribu—
tion operations is one of the‘ﬁajor 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 diameter to reduce ptessure drop. A blapk—
et of similar fuel particles'sﬁrtounds the core and is cooled by
down floWing sodium. FloQ is-regersed fof-fluidisiag operations.

The radizl flow core is cooled b&ﬂbtiogiog sodium into a
central pipe from whence it flows radially outward through core

and blanket. In the top portions 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 permits a smaller core and a lower

inventory.

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.

Overall mobility in the fuel permitting the particle

suspens;on to flow free;y ip tubes'connecting the_re—
actér‘cofe region.with'aﬁ outsi@e,ve§§el (for fuel
makeup and reprocessing) in‘respénsg to pressure adjust-
ment in the flgidizing liquid streaﬁ. Provision for
fuéllmakeup‘at frequent intefva}$ is itself an import-
ant advahtéqe since only smal; améunts of excess re-
activity wouLd then be'requi:ed.’ ?his is extremely

important in a fast reactor.

Elimination of 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
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expensive oﬁe. Thé.containment of the fiséion prodpcts
within the fuel particles by means of applied coat;;gs
would pfovide a valuable additional degree of freedom
in the réa;tor design since the préblems associated
with sepa:atioﬁ of fuel and coolant would then be mini-
mized. The egonomic.aspects of particle coating pro-
cesses and theé overall infiuence on fuel cycle (includ-
ing reprocessing) and maintenance costs is preéently
unknown, | |

Excellent possibility of very high bu;nup in the fuel._
Ease of réprocessiﬁé of the fuél due to the ability to
transfer(the‘fluidized fuél in the same manner that a
1iéu£d is transferred. |

Assurénce of achieving uniform burnup iﬁ the fuel by
virtue of the mobility of the fuel.

Confinement of‘fhe fuel to the core of the reactor

AL

while retaining the other advantages of a liquid fuel.
Use of the partiéuiaﬁe form of solid fﬁel without the
need to recifc&lafeifhe fuel through pumps, valves, etc.,
and Without pr;blégé of erosion or attrition of fuel

pafticles. Even with fluidization of the fuel almost

quiescent conditions obtain with the laminar flow state.

L )



THE CARBIDE - FUEL VPROGMR’A_M;:

The proposed fuel for this reactor is a uranigm—plgtonium—
carbide fuel in the fo;mvoﬁ 1/8-inch diameter unclad spherigal.par-
ticles. JUranium-plutonigmjoxide 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 sphe;es in the(l/8finch_diameter-size :
range, Actually fhe gepe?a; develbpment of U-Pu-C fuel is still
in its inﬁancy. .Untii more ?a;ic data are obtained on this three-
compqneﬁt sy;teml the Bréokﬁaven National Laboratory fuel program
would utilizé.uraniﬁm éarbide. In preparation for such a,fue;
development ﬁrogram a re§iew of the state of the art regarding
uranium carbide and ufanium-plutoniuh-éarbide technology was made
and thelavaiiébility of the fuel matefiélfwas.invéstigated, Three
géﬁeral aspécts weré?conéidéredé faﬁrication'téchnique, fuel'com-
position, aﬁd faéiétion.damage. A progfém'for out;of;éile'and
in—pile testing'ié preéented. - | ‘

Fabrication Techniques.

There éfé two'basic methods ofifébriéééion of>both
uraniﬁm carbide and piutonium cérbidéufueiiﬁéiﬁg'empléféd étighe'
éreséht timé.v Théy are powdef7méta11;fgy and afé melting and
casting. Méterial fabricated'by'eithéf'mefhéd has both advantages
and disadvantages which.appear to be strongly dependent on its

specific application to a particular rcactor system. No selection
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of fabrication technique can be made at this time wi;h reference
to the settled bed fast breeder reactor. Iﬁ ihe final analysis,
the size and shape of the fuel required for this reactor may be
the governing factor in selecting the fabrication technique.

Composition of Fuel

The ideél compoSitién of any carbide-fuel (UuC or éﬁq)
is 6ne which contains stoichiometric ca;bon, (4.8 w/o C). However,
ffém practical considerations it is not’éconoﬁically feasible
tb 6Btain this exact carbon to uranium ratio. Therefore, with
éhese fuels we woﬁid be deéling with eitherAh?postoiéhiometric

(<4.8 w/o C) or hyperstoichiometric (>4.8 w/o C).
. {

HYPOSTOICHIOMETRIC CARBIDE FUEL

The hypostoichiometric fuel would have a mixture of
uranium carbide and free;uraniﬁm (uc + U),land thus have a self-
imposed temperature limitation based-on the‘melfing point of
uranium. In addition, the presence of free uranium might lead
to radiation instability. However, present radiation damagé
stud;es_on hypostoichiometric fuel has not revealed this effect;
Alsp,1Qutvgffpile-§tudieé indicate that thgre is no reaction with
sodium. Within the temperature limitations, the mate:iai'appearé

to behave as. if it were stiochiometric uranium carbide.

ﬁYPERSTOICHIOMETRIC CARBIDE FUEL

The hypérstoichiometric fuel is a mixture of uranium

-10-
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carbide, uranium dicarbide, uranium sesquicarbide (UC, UC2 and

Uzc3). Out-of-pile experiments indicate~thet a decarburization

reaction occurs between the UC2 and sodium or NeKf andithet_with
a 1000°-1200°F liquid metal temperature, continued exposure would
resu;t in cemplete decarbur}zation of the fuel. The depth of de-
carbqrigation appears to be independent of specimen diameter and
cerbon‘content. . Since -the decetburizetion process results‘in_an
ipcreese in carﬁon content in the liqtid metal, a corresponding
carburiiationtof stainless steel components in contact with the
liquid metal would occur.

| Recent work at AI has indicated that heat treatment of
the hyperstoxchlometric uranium carblde fuel may result in a
conversion of the UC2 to Uzc3 which appears to be more stable
against decarburization. gowever% more'experimental data on this

conversion is required.

Plutonium Carbide Fuels

There is some 1nformatlon avallable on PuC fuel which
may have signlficant bearlng on the UC-PuC fuel. When considering
hypostoichiometric PuC one encounters the same problem as with UC,
The meltingvpoint of Pu is only 640°C (1180°F). This is well
below,the‘average surface temperature-of‘the_fuel, and, as a
result, cemplete melting of all free plutenium present in the fuel

would probably occur.  Hyperstoichiometric fuel appears to be com-
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posed of PuC-Pu2C3 which, if one assumes a similarity to the

UC-U2C3 system, éhould be stable against decarburization.

Plutonium-Uranium Carbide Fuel

Ai this early staééfof the development of the three com-
ponent fuel system, it is'difficult to specify the most desirable
cdmpositioﬁ of the fuel. However, it will probably be in the
range of 80 w/o UC - 20 w/o PuC. On considering the three phase
sYstem there méy be a decided advantage in ﬁsing the hypéstoichio-
metiié'fuel. .If‘a U-Pu phase results from the exceés metal.the
possibility of free ﬁiutonium is eliminated. One must still con-
sider the ﬁrbperties of the U-Pu pﬁéée and free uranium under
high temperature and radiation. However, as indicatéd above,
ﬁheugfégenéé of free ﬁraniﬁﬁ does not appear to be‘$;~detrimental

as one might assume,

RADIATION DAMAGE

An extengive radiation damage study progfam'with UcC is
now in progress at BMI, NDA, and AI. In addition both NDA and
ANL are eﬁéééed in an irradiation program with U-Pu-C fuel systems.
.HOWEVer, there are no data available on the latter syskem‘;£~thé
presént time. o

An cxamination of the various in-pile UC fueled Eapsulés
at BMI reveal very little aamagé at burnups up to 2;,000 M&d/ton.
There is no indication as to wﬁich fabrication tedhniqﬁegapgéars

to give the best results. Very high burnups (100,000 de/tcn)
-12-



may cagSe an iﬁcrease in volume. The feasibility of obtaining

thisAhigh‘a burnup level is unknown at thié time, |
Anticipating radiation~damagé data on the U-Pu-C system,

some investigators feel that the U-Pu‘phase in hypostoichiometric

fuel may be somewhat unstable.

OQut-0f-File Testing

| As part of the deve;opment program of the reactor fuel
system, a series of out-of-pile capsule tests will be performed.'
These tests will serve a'three;fold‘purposea |

1. To screen fuel materials fabricated by the various
methods and to determine the most promising fuel
éomposition:

2. To investigate,the possibility of sintering between
the spherical fuel particles in the presénce,of high
temperature liquid metals: |

3. To provide control specimens for comparisonAwith
results'of in-pile tests in order to deiineate 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 showvn in
Figures 2 and 3 respectively.' The 0.125-inch spherical fuel
particles will be placed in the inner tube (0.180-inch ID), there-
by essentially forming a column of'fuel. The function of the hole
pattern on thé tubé is to allow the liquid metal in the central

-13-
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Figure 2. Assembled out-of-pile fuel development capsule.
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Components of out-of-pile fuel development capsule.

Figure 3.



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-
imate those that would be present in the reactor.

The‘put—of-pile capsule work will be performed with NakK
rather than with sodium as the fluid. Initial tests will utilize
uranium carbide. The tests will be extended to include uranium-
plutqnium—carbide when this material is more readily available,

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

TARLE 1

OUT-OF-PILE CAPSULE T3EST PROGRAM SERIES I

Capsulie Operating

designation temperature, °F Coolant Time, Hr
OP~1 . 1450-1500 NakK . 700
oP-2%* 300-1450 NaK 700
OP-3 .. 1450-1500 NaK 3000

*Continuous thermal cycle between 300° and 1450°F.

In-Pile Capsule Studies

The in-pile irradiation tests will be required in order
to investigate the overall radiation stability of the fuel includ-
ing swelling, particle breakup, fission gas release, as well as
the possibility of sintering of the fuel particles in a high tempera-

ture-high radiation environment. In addition, the fuel fabrication

o



techniques and various fuel compositions which are still acceptable
after out-of-pile testing will be further evaluated. HThe program
will be initiated with instrumented capsules using enriched uranium
carbide as the fuel material. The final in-pile tests, however, will
utilize the uranium-plutonium carbide fuel system. Most of the test-
ing will be.performed with a thermal flux as éhe referénce 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 ééused by high
energy neutrons (~ 0.5 Mev) is insignificant compafed to that caﬁsed
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-
ing power operation., At the present time it is estimated that full
power ‘operation cycle for the radial flow fast reactor is approx-
imately one month. At the end of the operation cycle thé core fuel
would be fluidized for fuel charging 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 fuel will be irradiated for a predetermined period
such that_the total burnup is the same as that in the reactor system
after a one mqn;h 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
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will b€ carried out to obtain high burnup information.

The proposed irradiation tests with enriched uranium car-
bide will be performed in the BNL graphite reactor and MTR. The
capsule design will be such that it will be adaptable to either
reactor. The BNL radiation test will provide the necessary low burn-
up data while the MTR radiation test will 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 final 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 to conform to the
MTR requirements. The double container concept is necessary to main-
tain the integrity of the pile in the event of a failure of the inner
container with a subsequent release of liquid metal and fuel. The
space between the inner and outer container is filled with He at a
slight positive pressure. The He will be continually monitored for
fission product gases to insure the integrity of the fueled inner
container. The uranium carbide spheres will be located in the inner
container in a manner identical to that of the out-of-pile capsule,
the fueled length being approximately 4 inches. However, the hole

pattern is drilled the full fuel length. The purpose of this modifi-
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cation is to eliminate the possibility of a liguid metal void form-
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 located 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-
ment. The conceptual design of the thimble shown in Figure 5 in-
cludes the required concrete shield plug, air cooling system and in-
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°F

Fuel Center Temperature
(calc.) ~ 1450°F

Mass of Fuel 10.3 gms UC

I -
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Unperturbed Flux (thermal) 7.5 x 1012

Fission Heat Generation 1,500 BTU/hr
Auxiliary Heat 2,500 BTU/hr
Design Heat Load 4,000 BTU/hr
Dead Weight Load 1 1b

Heat Sink NaK

Coolant Air

Heat Barrier Helium
Capsule OD 1-1/8 inch

Material of Construction type 316 SS

Availability of UC

The availability of test quantities of 1/8-inch uranium
carbide in spherical form from commercial suppliers was investi-
géted and the results are encouraging., The immediate purpose
is todbtain the material as an "off the shelf" item without en-
gaging in a fuel 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.

Six fuel suppliers were contacted and allbexcept one
have quoted on the material. As of this date 200.grams have
been purchased and received from Vitro Laboratories.

The procedure with all fuel received from vendors is to

perform both metallurgical and chemical analysis on a representa-
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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 gize 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 uc,
needles, or any foreign material. The white areas in the grain
boundaries are free uranium which is to he expected since the mat-
erial is hypostoichiometric.

Capsule Program

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 NakK.
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Figure 6. Uranium carbide spheres size range 0.060-0.150 inches diam.



Figure 7. Uranium carbide spheres size range 0.060-0.150 inches diam.



Figure 8. UC (4.7 w/o C). 150x. HCpH305, HNO,, HoO etch.

3)

Figure 9. UC (4.7 w/o C). 500x. HCoH30p, HNO5, HpO etch.



IN-PILE AND OUT-OF-PILE CAPSULE PROGRAM

TABLE 3

Test Dur-
Fuel Fuel Operating ation or

Cap Fabrication Composition Temperature Irradiation Flux
Designation Technique w/o_C °F Period Level Burnu
op-1 High 1450 700 hr
oP-2 Intensity 4.67% 300-1450 700 hr NA
OoP-3 Plasma 1450 3000 hr
or-4 Arc Hypostoi- 1450 700 hr
oP-5 chiometric 300-1450 700 hr NA
OP-6 1450 3000 hr
oP-7 Arc Melt or Hypostoi- 1450 700 hr o
orP-8 Powder chiometric 300-1450 700 hr NA >
oP-9 Metallurgy 1450 3000 hr
oP-10 1450 700 hr
oP-11 Sintering 2.7 % 1% 300-1450 700 hr NA
OP-12 1450 _ 3000 hr
BNL-IP-1 Determined by NAVY 1450 ~ 5 mo 7.5 x 1012 0.2%
BNL-IP-2 0.P. Tests 1450 ~ 5 mo 7.5 x 1012 0,2%
MTR-IP-1 Determined by NAvVY 1450 1 oper.cycle 2.5.x 1013 0.35%
MTR-IP-2 BNL-IP Test 1450 s im0 2.5 x 1013 5%

OoP Out-of-Pile

IP In-Pile

NAvVY Not Available Yet

NA Not Applicable



MECHANICAL DESIGN - RADIAL FLOW

The reactor vessel is 6.93 ft ID by 13.75 £t high with
a 1% in. thick wall. It is designed for a pressure of 200 psig
at 1200°F. 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 Figs. 10 and 1l.

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 perforated
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 % 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 is 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

T
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region, enters the lower plenum through the bottom perforated
plate and leaves through four 18 in. diameter nozzles at the
bottom of the reactor vessel. Some coolant is permitted to leak
from the 24 in. diameter central pipe in the vicinity of the slid-
ing seal above the core removing the heat generated in the top
blanket and also serving to hold the blanket in a settled condi-
tion.

The external portion of the coolant system can be broken
up into any number of individual circuits balancing capital cost
against reliability and operating considerations. In all cases
the circulating pumps will take suction on the intermediate heat
exchanger and discharge into the reactor vessel. Thus the pumps
will operate in the cold leg of the coolant circuit. Surge volume
can either be incorporated in the intermediate heat exchanger or
in a separate surge vessel.

Fullowing is a detailed description of the core com-~
ponents:

1) Core Vessel and Central Coolant Pipe: The core
vessel is 3.85 ft diameter by approximately 5 £t high with a 24
in. diameter pipe running vertically on the core central axis.
Thus the fuel region is annular, 3.85 £t OD by 24 in. ID and
3.85 ft high. The extra height of the core vessel permits a 1 ft
expansion of the fuel bed during fluidization.

The perforations in the core vessel and central pipe are
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1/16 in. wide by approximately 2 in. long. If it proves too diffi-
cult to'perforate‘% in, plate in this manner, the cylinder can be
made up.of % in. plate with larger perforations with 1/8 in. per-
forated sheet attached to both sigés. - The 1/8 in. sheet.would be
punched with the desired perforations.,

Stiffening rings are provided on both cylinders in order
to prevent collapse under tﬁe bearing of the fuel and blanket
pellets.

The core'vessel’is~3upported on -the: lower érid work by a
section of the 24 in. central pipe. Sliding 'seals are incorporat-
ed’ in the upper and lower sections of the central pipe -to accom-
modate differential- expansions. Neither seal must be leak tight,
in fact leakage is desired through the upper - seal: to permit'cqol-
ant flow into the top blanket. Some effort is required to reduce
leakage from the . lower seal since cold inlet sodium is mixing -
with the hottef outlet sodium, however, absolute leak tightness
is not a réquirement.' The slip seal shown here consists‘of‘a
steel wool packing. that can be compressed by an intgrnal ring in
the 24 in. central pipe.. BAccess to this seal is th;ough the
flanged opening at the top of the central pipe.

- The fuel pellets rest on a perforated plate at the. .
bottom of the core vessel. The perfofated plate rests on a

grating support structure. A plenum below the support is fed

by four 3 in. diameter fluidizing inlet lines. - When thg'bed*is'
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fluidized the'sodium flows out through four 3 in. diameter pipes
at the top of the core vessel. .Both a fuel loading port and un- .
lééding port are vproﬁided. fhe;unloading ports at the bottom
sdpport plate are furnished with traps that will not allow fuel
to pass in the settled state, But will permit fluidized fuel to
flow. |

2) Blanket Region: Fertileimaterial in the form of
1/8 in. pellets surround the core filling the space between the
core vessel including the central pipe and the reactor vessel
to a height 2.5 ft above the operating fuel level, Annular struc-
tures are attached to the_reéctor vessel in the top and bottom
blanket regions. These form a void, the purpose of which is to
provide an approximately constaht cross section area throughout
the blanket, permitting‘a better degree of fluidization.

Fluidizing sodium for the blanket enters-through=four
4 in. nozzlés at the bottom of the reactor vessel, flows through
the bottom plenum and distributes through the perforated plahe'
into the bianket. This fluid leaves through four 4 in. nozzles
at the top of the vessel. Again, a blanket loading pqrt, and
blanket‘unloadingrports are provided. It should be noted that
three sodium circuits communicate within the reactor vessel. The
coolant stream, core fluidiziﬁg stream, and blanket fluidizing

stream have in some cases common plenums, and in all cases can
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communicaie through perforated plates. However, only one fluid
system is required to 6per$£é at a;y iiﬁé~and while one system
is operating the others must belvalved off in external piping to
ensuregthe(proper flow path. .

3) Control Rods: Control rods are shown installed
internally.aroundvthe_periphgryJof the;24,in.(centra1 pipe. An
alternate location is shown within the fuel region. Either posi-
tipn>is feasible,and a;final selection requires more detailed
physics- calculations. In either caéevthe4control rods would prob-
ably be 2 in, diameter boron steel rods in thimbles. -

4) sSupport Structure: The core weight is approximately
18,000 1bs. This load is carried on the support struéture at the
bottom of the vessel through a portion of the 24 in. central pipe
acting as a column. The blanket weight of approximately 150,000
lbs is also éarried by the same support structure which consists
of a continuous grating that supports the perforated plate. The
gréting in turn is suppurted on I-beam sections. A double row
of I beams is provided to permit continuity of fluid iﬁ the lower
plenum. The I beam grid work transmits the load to the vessel
wall where the entire load of fuel, blanket, and vessel is carried

by four external supports.
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MECHANICAL DESIGN AXIALA?LOW

No additional mechaﬁital{desién work was performed on the
axial flow reactor, thpugh heat transfer, fluid flow, physics and
economics were done to. accommodate. the. higher:sodium outlet tem-
‘ perature. -Characteristics of the axial floﬁ reactor are given
in the table of reactor'characteristics.A Figure 12 is a schema-
tic of the reactor taken from BNL-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 transfer resuLté described on the following
pages apply to solid fuel reactors cooled by force@ convection of
liquid sodium, The core consists of unclad spheres of fuel which
form a settled partiéle bed. Sodium fills the spaces-between
particles, and when flowing, permits high heat transfer rates.

The large heat transfef surface pxeéent ih é particle bed also
assists in achieving high power density. The factvthat the fuel
can be fluidized allows the entire core to be periodiéally *homo-
genized" and thenAsettled for.another period of operation, per-
mitting a ﬁniform fuel burnup with time,

Two éoolant flow concepts have been considered in detail.
The first, has downward sodium f£low, parallel'to the axis of a
gylindrical settled bed. The second flqw concépt has coolant flow
radially outward from the axis of a cylindrical settled bed. 1In
this case the coolant is introduced to the fuel region by first
flowing through a hollow pipe which penetrates the center of the

c¢cylindrical core.

Design Criteria
In order to utilize the high thermal efficiency of the
most modern steam plants a reactor coolant outlet temperature of

1200°F was prescribed. Previous work as reported in reference
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(1) differs only in that the coolant outlet temperatqre'is
1050§f. | | | |

| The soroey of ooteneial fuel types was e#tended to
include oetal alloys of the Uranlum-Plutooium-Molybdenum system.
A literature search was also performed to obtain more recent data
on the physical properties of the fuel types con51dered. An allow-
able tensile stress equal to lO 000 p31 for uranium carblde was
employed in thermal stress calculationsf This allowable stress
sets the largest permissable_particlejéiameter for a fixed peak
heas generation rate, Thesefore, in ofder to achieve a lo&ering
ih fuel volume, weight, andvcapital charges, for conditiohs of
fixed thermal power output, it is deslred to reduce the diameter
of the fuel partiole. A reduction in fuel particle Qiameter,
however, increases the core oressure droo and hence pomolpg power.,
The particle diameter given in this secﬁion for eech reactor is
an optimum value producing minimal annual cost forfpump1n§~énd“
fuel inventory.

A review of pressure drop correlations for liquid flow 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

(2)

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-
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certainties in particle uniformity, roughness and sphericity.‘
Radial and axial power peaking factors were‘used for each reactor
configuration in conJunction with physxcs data. A hot channel
factor equal to 1. 17 was employed in all reactor calculations.
The hot channel factor is the same value used in the Atomic In—
ternational study( 3 ), and is intended to reflect the influence
of deviations in particle geometry.on local coolant flow and

bulk temperature rise. Also, a heat transfer factor equal to 1.25
was applied to the fuel temperature rise in the region of over-all
power peaking in order to compensate for variations in heat flux
around the surface of any sxngle particle. This factor is the
same as used in the ORNL pebble bed study( 4 ); The particle

maximum thermal stress was determined using this factor together

w1th overall power peaking factors.

Rcoults and Discussion

The pertinent heat transfer data are presented in the
Table of Reactor Characteristics. The advantages of the radial
flow core relative to the axial flow core have become even greater
at l200°E than in the previous designs with a sodium outlet tem-:
perature equal to 1050°F. From the standpoint of thermal and
hydraulic considerations, oxide or carbide fuel couldvbe used
successfully. Uranium carbide because of its greater thermal con-

ductivity permits twice the power density relative .to oxide fuel,
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and:therefore half the fuel inventory.
For a thermal power of 824 MW, the radial flow carbide

reactor requires 32.6 ft3 of which.40% is sodium.  The design

7

flow of 1.42 x IQ 1b§/hr remo?es‘the3heat in changing temperature
from 550°F to 1200°F, . The hot channel factor of l.i% and tﬁe
axial flux beaking factor,of.I.40¢cpmbine to producé a hot .channel
maxiﬁum sodium temperature o£‘1615°F. | |

This maximum tgmperature'qcéurs gt.the ouéiet, Methods
of reducing this temperature were not considered in‘ordeg to.prer
- serve the basis of.comparison among the diffgrent reactors studied.
The precise gffed;sAof interchannel mixing have not been dgtermined
aﬁd because oI the small particle diameter, a reductiﬁn.of maxi-
mum sodium and fue;_temperature is anticipated with no change in
other . parameters. In the event that further study reveals that
interchanne; mixing is not sufficient to pfoduce more uniform
coolant outlet temperatures, this still may be brought about.
If the core tank diameter is varied smoothly from a maximum at the
end planes,to_a‘minimum at the core mid-plane, then'together with
the cylindrical central goolant pipe it becomes ppésible to design
the core. for isothermal cpolant outlet temperatur;. Thé result-
ing reactor wouldhpossess i;o;hermél coolént outlet temperature
and through periodic f;qidization, would yield a un#form,fuel |

burnup.
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SETTLED BED STABILITY

Calculations in the'thsics section of’'this report on the
effect of bed settling on reactivity, indicate as exéected a positive
effect. ""The magnitude of this effect is depéndent on the core size,
the lar§$r§ébres being less sensitive than the small cores. Though
these calculations are éxtremely'rdugh-and rnust be refined by using
two dimensional codes, it is belieyed that the trend is correct based
on the assumptichs made: Prémpt eriticality for these reactors is

obtained at a k

: of ~ 0,004, which is the delayed neutron frac-
excess |

tion. For thé>Worst'caée, total bed settling in a vertical direction,
a change in void fractions of 1.5%, 1.8% and 4.6% respectively for
the radial carbide, radiél oxide and axial carbide cores amounts to
one dollar's worth of reactivity. 7Tt is important to point out, how=-
ever, that in the radial flow cores where the vertical effect is
strongest the flow pressures in a horizontal direction greatly ex-—
ceed the gfavitationa; forces in the vertical direcfion and that: bed
compaction, if it does occur, will be in an outward direction.: Phy-
siCSLCalculétidns“for-this occurrence have not been undertaken . at-
this time though it is expected that the feactivity‘effect will be
considerably smallér than ‘for the' vertical compaction case.

In‘any event,; unless as a result of refined calculations
the magnitude of the effect is reduced to a very small value,fit-is

considered imperative that the bed be brought to a stable degree of
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compaction. Wlth this requirement in mind rough experiments were 4
performed with a bed of O. O9-1nch spherical,lead particles to ‘gain
some inSight into the matter of reproduCibility of bed compaction
by various methods. The methods included impact vibration of bed,
mechanical vibration of bed, pulsed fluidizing flow, slow fluidizing
shut off: and rapid fluidizing shut oft.' The last three methods re=
quire manipulation of the fluidizing stream.. The results indicated
for any one method or combination of methods that the compaction was
reproducible although each different method gave a different void
fraction. The range of void fractionstfor all the methods was be-
tween 33% and 36%. AIn practical terms’theiohject is to obtainvbed
compaction such that the coolant stream;duringlpOWer operation pro-
duces no significant effect. 1In 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 compaction 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 state of compaction. An ideal close packed array of
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uniform size spheres results in a void fraction of approximately
26%.‘ A'uni£9;m'pgcking of this type would be obtainable only by
"ﬁand" 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 shiéld.: The enérgy woﬁld then be transmitted
throggh'a rod directly into the bed of spherical particles. If void
fra;Fions less than 33% can be obtained,by this method further pack-
inqﬁby no;mal means,.i.e. fluid flow, lqw frequency vibration or

earth tremor would be highly improbable.
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REACTOR PHYSICS

Introduction

The principal method of analysis used for these fasc ‘
reactors was multi—group, one dimensional dlffusion theory. 'The
dlffusion equation was solved nomerlcally by the use of the Atorics
International AIM-6 code( 1). This code utlllzes a llbrary of
mlcroecopic croes‘sectlon data, and has provision.for a concentra-
cion seerch on one or two elemencs; as well.as’for an extensive

(2)

edit of output data. Modifications of the AIM-6 code have
been made to allow neutrons%from a given group to scatter to six
successive lower groups inscead oflcheemeximum of five permitted
by the original FORTRAN'dimeoeioo‘ecetements, to allow storage
of the microscogpic cross seccion data library on oinary.tape
rather chan on binefy cerds, and to allow AIM-6 to be.run on the
IBM~-704 computer whichrﬁas available for BNL use at the time this
work wdas begun. |

The microscopic cross sections used in these calculations

(3)

‘were the 11 group set of Loewenstein and Okrent - For use in
t s , ‘ . : 242 .. 241 .
burnup calculations, cross sections for Pu and Pu ‘were taken
‘to be the same as for Pu240 and Pu239, respectively, except for
~..239 241 . .
the values of v for Pu ~~ and Pu which were taken to be in the

same' ratio as the values for thermal fission. Average absorption

cross sections per fission product pair £for use in burnup calcu- -
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( 4)

lations were based on the work of Greebler, Hirwitz and Storm .
The groug structure over which the averaging was performed was

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

Method of Calculation

The voiume fractions of the.various materiéls were es-
téblished from the reactor design.' From thése volume fractions
and the densities of the vari§us méterials (Table 4 ), thé average
isotorpic éoncentrations of the vario;s isotopes were computed.for

each region.

TABLE 4
Material Densities Used In Settled Bed Fast Reactor
Calculations
Material Density, gm/cm3
* Steel 7.78
Sodium 0,832
Uoz-Puog 10,0
UC-Pud 12.8

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

238
/

= 1,01, The initial

was jperformed, in cylindrical geometry, for the ratio of U
239 .

Pu . -concentrations which gave a value of keff

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

keff" There is, however, no particular significance in:this choice

of a nominal one rpercent excess reaétivity, and it secems quite

feasible in>the fuel cycle for these reactors not to require more.

than one dollar in excess reactivity because of burnup considera-

tions,
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An initial excess reactivity less than the present 1% would
correspond tp:an“increaSe in the U238/Pu23? ;atio, and a_gain in
the pregding raﬁio.?‘

‘A neutron balance foi thé‘reactor, as well as the initial
reactqr parameters and the spectrum and power d;stribution were
obtainediion\thé;AIM—6 data edit. The partial breeding rat}q ob-
tained by‘thisrpéthéd:is defined as the ratio of non-fission cap-
ture in,Uzis'in a given region tQAthe total absorption in‘Eu23? in
the reactor?: The to;al breeding ratiot is the sum of the partia;
breeding ra;;os for all regions. The.bregding ratio obtained from
tﬁe neutronwbglange is.the initial vélue, as are the values ligted
for the other parameters uﬁlegs otherwiselnoted.

ébanges iﬁ reacti§ity and fuel isotopic composition,with
time werelipvesﬁiéated using a one group model, Thg fuel cycle
studiéd Qas one where the reactor ope;ates at constant power fo:
a specif;eq,pgriod. AAfter each burnup period»(one month‘intevals

239 is added to/or fuel removed from the

in this qasg)vsufﬁiciept Pu
core so thégzghe effects of fuel burnup and fission product bgild—
up afe overcome, and reactivity is restored to just'thg value at the
beginning of core life time. Some approximations uere“mQQQTIS

tﬁe courge;og this gélculation. First the 1l group cross segtipns
were ayeraged:gvgrxthe initia; core spectrum to givgdayeraéé.one

group cross sections., These average cross sections were then used

throughout the calculation and changes that would actuélly occur
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in the spectrum with time were neglected; One group equations were
then written to compute the average flux in the core (for a épeci~
fied power level), reactivity ahd'iédtopic concentrations as a func-
tion of ﬁime. The isofope concentration equations weré:written as
difference equations to facilitate computation. Tﬁe'time interval
oflone month used in this calculation was suffiéieﬁtiy small not to
introduce a noticable error in thé solution of ﬁhe differéntial
equations, These equa£ions were then solved;héing the IBM—G}O
computer to obtain the monthly'changes in reaetivity and core com-
position. Because of the simple mbdel used,, it was hot possible
to include chamges due to the buildup of plutonium in the blanket.
It is to he expected'that plutonium will be buili hp, preferentially
on the inner edge of the blénket, close to the cofé, wﬁere it will
have the greatest influence on reactivity. Pdwér ahdtféactivity
pertubkations due to the non-uniform spatial buildup of'plutohium
maylbe minimized by fluidizing the blanket élso at times when the
core 1s fluidized for fuel changes. This will pefmitAmixing and a
consequent uniform distribution of plutonium in the ﬁlanket.
Cha"hges' in reactivity, and breeding ratios with time, and the rate
at which fissi&nable material is consumed or bréd, derend, of course,
on the power level at which the reactor iscmefaiédéga the fueljﬁ
manageméht schedule that is followed. The results\féﬁgg£édnké§e

apPIY'ﬁhly:té the spééifiC'methods used.
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Effective Delayed Neutron Fraction, Frompt Neutron Lifetime and
Absorber Worth

The effective delayed neutron fraction was computed from

the expression:

 NFI[: [ NOG | .. ., /NOG 1
I ~ m _m 1 m +
T o) | = Bmvj zfj(r)¢3(r)){ ( )\ av |
3 _ m=1l-vol' j=1 . : Sl = J
eff NFI; ¢ { NOG ; /NOG ]
S 3 > j(r) 0 (r)) ( Z xj 5 T(r)) av !
m=1{ ./ vol \ j=1 g 4 / -1 -
where
m = index of fissionable isotope '
NFI = total number of fissionable isotopes
NOG = number of gréups
j = group index
v? = total number of neutrons per fission in group j for
J isotope m
Z?.(r)=‘macroscqpic fission cross section in group j for isotope
=%J " m at radius r '
¢j(r) = flux in group j at radius r
g™ = delayed neutron fraction for isotope m
x™ = the fraction of fission neutrons from isotope m born into
J group j :
[ ¥00% - 1.0]
~3=1 3 "
x;m = the fraction of delayed flssion neutrons from isotope m

born into group j

I'NOG Im = 1. OJ

“i=1l ] ~49-



¢;(r) = adjoint flux in group j at radius r

The fluxes and adjoints were computed and punched on

cards by AIM-6. The delayed neutron data was taken from ANL-SSOO(S)
and the effective delayed neutron fraction for the reactor was
evaluated on the IBM-7C90 using a program written in FORTRAN.,

The prompt neutron lifetime was evaluated from

P NG g*(x) % () B.(r) av
1 = J vol j=1 ) )
B
NFIf, NOG NOG
r m m m _+ '
T T r.(r) BA(0) ) (¢ %, £ (r) dv]
m== "\701 J-___l Vj ‘fJ J >(J=l J J

where i‘aj = (;%;> = the average of the reciprocal of the yg;g;ity
of a neutron in group j. In tie ealculation ‘of both the effective
delayed neutron fraction and_the'prompt neutrgn'lifetime, the
spatial integration was carried out over the whole feactor. The
reactivity worth of absorber as a fﬁnction of radial position was
evaluated on the IBM-7090 from an expression identical with the
one for the prompt neutron lifetime., 1In this case, however Ztaj
was the macroécopic ébsorption'cross section of boroﬁ‘ébﬁéaining‘
isotopes in their natufal isotopic abundance. The microscopic
boron absorption cross sections were taken from the work of Yiftah,

(6)

Okrent and Moldauer . The 16 group cross sections in their
work were reduced to the 11 group set actually usediby:weighting
over the core spectrum in each of the reactors studied. The

isotopic concentration of boron used (0.11 x lO24 atoms/cﬁ3) was
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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 perturbétion theory applies, an annulus

at radius r having a thickness Ar
reactivity‘r°Ar times as lérge as
thickness 1/r. Similarly, a ring

an angle of less than 360° may be

cm will produce a change in
that produced by an annulus of
of annular segments that subtend

expected to produce a change in

reactivity épproximately given by the change produced by a complete

annulus times the fraction of the annulus that they occupy. The
reactivity worth of Bloin this reactor will be approximately 5

times as much aé that for natural boron, pér gram,

Discussion of Results

The neutron flux spectrum for the radial flow aesign 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 radial pover generation 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
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function of position in the core are shown .in Figure 315. The
spectra in the coolant pipe and blanket are softer than in the
core, and since the core is\airelaéiveiy thin annulus, the speétrum
varies somewhat from one position to another in the core. The
neutron balance for this reactor is presented in Table 5 . The
large neutron leakage for this design consists principally of leak-
age from the central coolant pipe. The parameters of interest for
the carbide fueled mddial flow design are shown in Table 6"+ The
initial fuel loading for one perneﬁt excess reactivity is 812 kg
Pu239. This corresponds to a UZBe/Pu239 ratio of 7.34., The partial
bréeding ratio in the core is 0.7612 initially and the partial
breeding ratio in the blanket is 0.7299 for a total of 1;4912. The
fact that the partial breeding ratio in the.coré is less than unity
means that fuel must be added to the core periodically in order to
maintain reactivity. Over a 24-mon£h period* a total of 206 kg

Pu339 must be added to the core to compensate for the burnup of

Pu239 and accumulation of fission products. Changes in core com-

* Burnup studies for all designs were based on a reactor power

of 815 Mw‘t). Since the actual thérmal power output varies from
one design to another, the monthly burnup period is a nominal one,
and must be reduced in the ratio of 815 to the actual'power in
order to obtain the true time.

** Table of Reacto: Characteristics.
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TABLE_ 5

NEUTRON BALANCE FOR RADIAL FLOW
FAST REACTOR WITH CARBIDE FUEL
(U238/pu239 = 7,34; kege = 1.01)

Coolant

Core Channel Structure Blanket Total
Steel Absorption - - 0.0020 - 0.0020
Sodium Absorption 0.0007  0.0010 - 0.0006  0.0023
U238 capture 0.2580 - - 0.2473 0.5053
U238 pission 0.0635 - - 0.0157 0.0792
Pu?3? capture 0.0636 - - - 0.0636
ru232 pigsion 0.2753 - - - 0.2753
Leakage - - he - 0.0723

0.6611  0.0010 0.0020 0.2636 1,0000
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position also cause a decrease ‘in’ the breeding ratio as the reactor

operate$. The average decrease in ke ¢ per month is ~ 0.005, but

£
this‘does not take into account’ contributions ‘to reactivity from
239 o e
Pu . bred in the blanket. The true averag'efdecrease:ln-keff per

month would be expected to be closer to 0.004. ‘Since the effective
‘delayed neutron fraction for this reactor is ~ 0.004, it seems
possible to operate this reactor on refueling intervals of approxi-
matelykone month and still not-need‘an'excesé reéactivity greater
than one dollar at the beginniné of a fueling interval to allow

for burnup effects. Doubling ﬁime for these designs have been
estimated using a time-averaged partial breeding ratio in the core,
and the initial value 6f the partial breediné ratio in the blanket.
It has also been assumed that all of the breeding is done in ‘one
rea@to:. Under these coﬁditions, the time required for each
reactor to produce a net dain of"-Pu239 equal to the original load-
ing of Pu239 was estimated. The time required-to produce a net
gain (amount bred minus amount consumed) of plﬁténium (all isotopes)
equal to the original fuel loading was alsoiestimatéd; The differ-
ence is due almost entirely to Pu?49. The concentration of iso- -
topes‘higher than this is negliéible. “XIf it is assumed that there
exists a set of similar reactors;‘so that as plutonium is-bred it
may immediately be used to partially fuel another reactor, and it-
self begin to be used for breeding, the doubling time becomes
'7significantly~shorter,
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The neutron flux spectrum for the oxide fueled radial
flow reactor is shown in Figure 151 This core has a larger volume
and lower fuel denéity than thé qérb;de fueled radial flow design,
and a comparisoﬁ of ﬁhe two desigﬁs éhows that the oxide fueled
core has a "gsofter" spectrum'and‘a lower median fission energy.
The variaﬁion of spectrum with position in the core is illustrated
by Figure 17 . Since the core annulus is thicker thaq for the
carbide fueled déSign, and the séecfrum in the core is closer to
that ih the‘cooiént pipe and blanket, it does'not vary as much
from one positioh to another as it does in the carbide fueled
design. The powér distribution for this design is shown in Figute
18 , and the neutronlbalance~in Tablé 7 . The reactor para-
meters are listed in Table 6 . The initial fuel loading for

239 ratio is 7.68. -

this design is 1096 kg Pu239, and the UZBS/Pu
The volume of the oxide fueled radial flow core is much larger than
that of fhe'éérbide fﬁeled cote, and thougﬁ‘the fuel deﬁEiE&“is
less, and the Pu239 constitutes a smaller fraction of the total fuel,’
the core loading still is larger. The-spéctr&m is "scfter" in the
oxide ébre'than in the carbide, and the capture-tdéfission ratio
%iA“Pu239 hés inéreééed from 0.2309 té 0,2622, ~Whifé the total
breeding faﬁio ié'émaller than for the carbide design (1.414 com-~
pared with 1.491), ihe partial breeding ratio in the'cofe is:larger
(0.846 vs 0.761). This core breediné ratio results in'an aéeiage

monthly decrease in k_.. Of ~ 0.003, which is less than the effect-

££
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y238 Capture
U238 Fission
Pu239 capture
Pu23? rission

Leakage

Core Channel  Structure  Blanket Total
Steel Absorption - - 0.0020 - 0.0020
codium Absorption 0.0010 0.0011 - VINVIVIVY) 0. 0LU28-
0.2972 - - 0.2000 0.4972
0.0628 - - 0.0124 0.0752
0.0729 - - - 0.0729
0.2785 - - - 0.2785
- - - - 0.0714
0.7124 0.0011 0.0020 0.2131 1.0000

TABLE 7

NEUTRON BALANCE FOR RADIAL FLOW
FAST REACTOR WITH OXIDE FUEL

(U238/pu239 = 7,7; xgge = 1.01)

"Coolant
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ive delayed neutron fraction for this design. Additions of fuel
at intervals of approximately one month in order to maintain
reactivity are therefore feasible in this core also without intro-
ducing more than one dollar of excess reactivity at the beginning
of the interval.

The neutron flux spectrum’for the axial flow design with
carbide fuel is shown in Figure 19 . The spectrum is harder than
that for the oxide fueled design, but not so hard as that for the
smaller radial flow carbide‘fueied reactor. The radial power dis-
tribution is shown in Figure 20. The larger value of the ratio
of the maximum radial power generation rate to the average radial
power generation rate is due to the larger core diameter. The rat;o
of the maximum axial power generation rate to the average axial
pdwer generation rate is 1.343. This is not only smaller than
the value for the oxide radial flow core which is taller, but also
less than the value for the carbide radial flow design which is
shorter; There are two reésons for this, both related to the axial
blankets. One reason is that while ﬁhe radial and axial flow de-
signs both have a distance of 2.5 ft between the top of the core
and the top of the top b;anket, the axial flow design also has this
blanket thickness on the bottom, whereaé the radial flow design
has only 2.17 ft on the bottom. The other difference is that in
the axial flow design the core coolant inlet, a two foot diameter

pipe, is directly over the core and hence forms part of the top and

63 -



RELATIVE FLUX PER UNIT LETHARGY

1.0
0.9

0.8.

0.7
0.6
0.5
0.4
03

0.2

Q.1
0.0

ENERGY (ev).

107 10 ¢ 10° 10* 10°
I ' | T l -
MEDIAN FISSION ENERGY . CORE HEIGHT = 4.37 FT.
[ ' 1 ‘ CORE DIAMETER =7.29 FT. _|
. v/ p® s 26 L
MEDIAN FISSION ENERGY = 317 Kev |
| ' | I
. 2. 3 4 5 6 7 8 9 10

LETHARGY

Figure 19."Néutron'flux spectrum - axial flow carbide fuel.

]



RELATIVE. RADIAL POWER GENERATION RATE

0.9
0.8
07
0.6

0.5

0.4

0.3

0.2

0.1

0.0

P
MAX

st D
IDI\VG

" CORE

L

P
- ?gﬂl(AXML);L34

AVG

CORE HEIGHT
CORE DIAMETER
U238 / Pu23'9

(RADIAL)

1

4.37 FT.
7.29 FT.

12.6

1.91

I

" BLANKET

L1

0O 10 20 30 40 50 60 TO- 80 90

100 110 120. 130 140 150

REACTOR RADIUS (cm)

Figure 20. Radial power distribution - axial flow carbide fuel.



bottom reflector. In a one dimensional analysis this was homogen-
ized with the blanket proper. This sodium absorbs neutrons less
strongly than the Hanket proper, and since it is a good scatterer
returns many of them to the'core. The lcwef ratio of the axial
maximum power generation rate to average power generation raﬁe of
the axial flow design is due to the fact_that the reflector on the
bottom is thicker, and has more effective average properties.

The neutron balance for the axial flow carbide fueled
reactor is shown in Table 8 . The leakage frem this lar.'-ge'core is
very small as would be expected. The initial paraﬁeters are given
in Table 6 . The plutonium is a small fraction of the fuel

(0238/Pu239 = 12,57), but because the core is mo large, the fuel

loading is 2783 kg Pu23?. The initial value of the breeding ratio
for this reactor is 1.683, A partiéular feature of fhis design is
that the partial breeding ratio in the core is 1,374 - greater

than unity. As a result the reactivity and plutonium content of the
core will increase with time, Time dependent reactor parameters

for this design (Table 9 ) were obtained using a 45 month rather
than a 24 month cycle, and a different method of fuel management.
After the first month of operation, fhe reactivity will have in-

creased by an amount Ak equal to 0.00133 and there will be a net

gain (amount bred minus amount consumed) of 9.38 kg of Pu239 and

eff

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

mass (plutonium + uranium + fission products) sufficient to restore
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TABLE 8

NEUTRON BALANCE FOR AXIAL FLOW FAST REACTOR

. " U!'WITH CARBIDE FUEL:. _

. ..Steel Absorption

Sodium Absorption

G238 Capture

U238 Fission

Pu239 Capture
Pd239‘Fission

Leakage

Core

0.0012
0.4615
0.0817
0.0676

0.2682

0.8802

‘Structure

0,0003

0.0003

b7~

(U238/Pu239 - 12.6E Kogg = 1.01)

B;anket o

. 0.0002

0.1036

0.0049

LT

0.;087

Total -
0.0003-

0.0014

© 0.5651
. 0.0866

.0.0676

0.2682
0.0108"
1.0000



TABLE 9

TIME. DEPENDANT REACTOR PARAMETERS .FOR THE
AXIAL FLOW FAST REACTOR WITH CARBIDE FUEL

After

lst Month 45th Month
-Core Breeding  Ratio  --.. - - 1.374 1.152
Akeg¢/month " 40.00133 +0..00100

Net Gain in Pu239/month in Yoa ‘
~ Core, kg 9.38 3.97

Net Gain in Total Pu/month
“in Core, kg ' 14,44 ~ 8.81

Pu239 Removed from Core/ -
. month, kg 31.67 8.77

Total Pu Removed from Core/
- month, kg - 31.73 9.52
Percent of ébre Mags Reémain-

ing* : 98.9 72.0

*Core Mass = Plutonium + Uranium + Fission Products

. -68-

Average

1.263

+0.00057
:6.49
11.45

18.26

. 18.88

8l.4



:keff to its original value is then removed. Since the material
re ’ f ' '

:emoved must bé hoﬁogenedus, it inclﬁdes, for‘thésfifstjmonth,
31.67 kg of.Pu239, 6:96 kg of the highér plutonium iéotbéeé;”énd
such amounts éf fié;;pn‘pgodﬁcts ana 0°%® as to leavé éa.é»pércéﬁt
of the.qriginayupdre mass rgﬁaininé; Affer the-sécond ﬁbnthﬁof'

operation, k will have increased by a smaller amount, and the

eff

239 will be smaller. As é result, a smaller amount

net gain in Pu
of material must bé removed from the core to restore fhe;réaéfiv-
'1ty to ;ﬁs initigl value. The éize of these changés ovef a 45
month pefiod; ahd ﬁheayefage over a 45 month periodnaﬁe shown
in Table 9 .. These changes réfer ﬁo the éoré only; and‘dé hofﬁn
include changes ;ﬁ tﬁe contriﬁutian that ﬁhé'biaﬂieézmakes toward
maintaining reactiy#;y.‘ Tﬁe to€a1 aﬁouﬁt of:matefiai removed'frém
the core over a 45 month éeriodiwiil result iﬁ”a feducgioh in the

core height of approximately 14.7 inches.
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REACTOR CONTROL

Reactor control has been studied using firet order linear
perturbation theory, and the results for the three reactor designs
are shown in Figures 21,22, and 23 in the form of curves for
reactivity worth of boron absorber per unit area as a function of
position. Since the two rad1a1 flow des;gns are smaller than the
axial flow, the reactivity worth per unit area of .an absorber is
greater at a given radius. In the ax1al flow design the value of
an absorber is largest near the center of the core as would be ex-
pected. In the tuo radial flow designs,.the effect of placing an
absorber in the coolant pipe is.even 1arger than placing it in the
core., The importance, particularly of the high energy group is |
(less in the coolant pipe than in the core, and the higher energy.
group fluxeauare lower. However, the low.energy group fluxes in
the coolant pipe are even larger than‘in.the core (a softer spec;
trum) and the importance of these.low energy groups is no lessAin
the coolant pipe than in the core. In addition, the absorption
cross section of boron increases rapidly with decrease in spectrum
so that it is a more effective absorber in the coolant pipe than

it is even in the core.

Sodium Coefficient of Reactivity

(9)

It was first pointed out by Nims and Zweifel that the

sodium reactivity coefficient may be positive for some fast reactor
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Figure 21. Reactivity worth of natural boron absorber per unit area
- as a function of position - radial flow carbide fuel. ‘
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designs. Yiftah and Okrent exaﬁined the sodium reéctivity coetffi-
cient as a function of reaqtor size and composition(lo ). Some gen-
eral remarks will be made concerning this effect. The sodium re-
activity coefficient may be resqived 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 éodium density due to the decrease in parasitic
absorption in sodium. This cqmponent is usually much smaller in
magnitude than‘either of the others and not significant. 'Reduction
in sodium density resul;s in a hardening of the spectrum because
there is less of a material that is responsible for a considerable
degradation of the neutron énefgy spectrum. The loss of sodium
also causes an increase in leakage since the neutrons ﬁndergo

fewer collisions 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 leakagé 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 Y49
with energy and ipcreased faét fission in U238).

will be the overriding component. In small reactors a decrease

in sodium de&sity will have its strongest effect in increasing
leakage, and reactivity will decrease. |

Results of calculations of ke vs sodium density for the

f£
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reactors in this study are presented in Figure 24 . These calcula-
tions were done by reducing sodium density uniformly throughoutvthe
reactor (core, blanket and sodium coolant pipe). In Figure 24, o
is the value of sodium density relative to the density at operating
conditions po. Values of keff(O)‘aretmose computed in cylindrical
geometry with the fuel loading for a nominal keff of 1.01. From an
examination of Eigure>24,it is seen that for both the carbide fueled
and oxide fueled radial fiow<reactors reactivity decreases as sod-
ium density is reduced. No calculatioﬁ was performed for the no
sodium case becéuse of the difficulty of taking into account the
large void (empty coolant pipe) which exists at the center of the
reactor under that condition. The decrease in reactivity with de-
creasing sodium density is tolbe expected since thege are small
reactors and in addition have an especially large amount of leakage
due to the-cehtral coolant Pipe. The carbide fueled radial flow
reactor, being smélier than the 6xidé fueled, experiences a more
rapid decrease in reactivity. The axial flow carbide reactor has

a larger vclume 1little leakage and experiences an increase in re-
activity as sodium density decreases.

The éodium density coefficient as calculated here may be
interpreted in various ways. It may represent a coefficient for
loss of coolant in the case of a rupture of the coolant line. In
this case the approximatién must be made that the loss of coolant

may be adequately represented by a uniform decrease in sodium den-
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sity in the reactor when in fact the loss of coolant would most
probably result in'a lowering of ﬁhe coolant level. The decrease
in sodium density can represent vb;dsrin the coolant because of
boiling caused by local hot spth\or'éhe presence of cover gas
bubbles in the coolant, ,The-sodium_coefficiept may also be consid-
ered as the sodiﬁm temperature coefficient}sf:reaééi;ifffi In that
case it is necessary to inte;pret'the éoefficient in terms of the
change of sodium density with temperature. A decrease of 10% in
sodium density'cérresponds to a rise in sodium temperature of
~ 350°C or 630°F(14 ), Since the effective deléyed;neuﬁron fracf
tion of the axial flow carbide fueled reactor is ~\0.004, a change
in sodium temperature of ~ ASOQC ;;uld not causé.tﬁié feactor to
become prompt critical . |

The sddium coefficients derived from Figure 24 were used
to prepare Table 10 . The values presénted there are given in

terms of

Akeff/k

0 /o

T

———

B

that is the change in ke relative to the ‘yalue 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
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'SODIUM COEFFICIENTS FOR SETTLED BED FAST REACTORS

Reactor .

Radial Flow Carbide
Axial Flow Carbide

Radial Flow Oxide

BRogg gg)

keg£(0) /0o

sodium Density Change

1.00 - 0.75

1.00 -~ 0.50
-0,0644 -0.0872
+0.0182 +0.0186
-0.0394 ~0.0564

~98<

1,

00 - 0,25

-0.1318

+0.0185

-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 qoefficient for reduction of sodium den-
sity in terms‘ofia?sodiu@.temperature_goefficient, it is necessary

to assign a negative 'sign to the coefficient in order to make it

&

conform ﬁq common usage.
- Partial coefficients for a 25% reduction of sodium den-

sity in .each region separatély are shown: for each of the three

reacto; types in Tgble 11 - In theAtwq :adial flow designs most

-

of the éontribution‘to the change inl£éaé£ivity coﬁéé frdm tﬁe éool-
ant pipe, since most of the.leakage is from this region. 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 ha;dening caused by a
decrease in sodium density in ﬁﬁe core. Although the decrease in
reactivity with dec;ease in sodium density that occurs in the rad-
ial flow cores is a desirable feature under certain éonditions (it
tends to make the reactor‘stablé at full power operation), it
will also introdﬁce additional reactivity under conditions where
sodium density increases.

Since for the radial flow designs the greatest reactivity

contribution is due to changes that teke place in the coolant pipe,

an effort was made to determine if_this effect could be reduced by
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TABLE 11

EFFECT OF 25% DECREASE IN SODIUM DENSITY

- 8Q

(k = 1.01 with full density sodium)
eff k
A eff
Pipe Core Blanket Whole
_Reactor Only Only: Only Reactor
Radial Flow Carbide ' -0.0140 -0,0007 - -0.0013 "-0.0160
‘Radial Flow Oxide -0,0091 +0.0003 -0.0010 -0.0098
-Axial Flow Carbide - +0.0047 -0,0002 +0, 0045



varying the diameter of the pipe. A series of calculations were
performed on the ?adial flow carbide fueled core for coolant pipes
of varying radius, maintaining constaﬁt core valumes and keeping
the height Qf the core egual to its outer diameter. The results
of these calculations are shown in Figure 25 . The magnitude of the
sodium coefficient can be'reduce&'by'reducing the diameter of the
coolant pipe. Since the axial flow design_has a coefficient that
is opposite in sign, and theAmagnitu&é will decrease with decreas-
ing core size, it is to be expected that by properly adjusting

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 exaﬁple ﬁhe Z?R—III Assembly 35 mockup of the
Fermi B feactor core(ls’ 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 thé vicinity of these resonances(ll’xj.
These techniques have been applied to the calcul;tion of sodium

(13)

coefficients . Any further work on the reactor design in the

present report must include investigating the use of refined cross
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section averaging methods for the sodium resonance scattering
in pre&icting the measured reactivity..changes’ in. experimental
assemblies, and if this method:. indicates .an improved .agreement - .
with experimental results,” it will be used in further calculations.
Even more important thatithis, 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.” +The :large leakage
of neutrons down the coolant pipe islinadequately represented
in one dimension, and the.sodium-feact;vity“coefficients obtained
must be regarded. as only preliminary. ¢«. - - . C 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 threeireactor designs, was a change in the
bed density from 60 volume: precent of the core to 65 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 % of the core;

- -It was necessary to .perform this calculation in slab
geometry in order 'to.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 dimensional calculation, an :iteration
wae peerrmed on' the i@akages as descriﬁed by. the tranverse buckl-
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ing in both the cylindrical and slab geometries. This was facili-
tated by the use of tlhie Bué¢kling Iteration Frograi ( 7,8 )'that
was made available by Atomics International as an additional’
 program with AIM-6. AIt was from this slab calculation that the
ratio of maximum to average power generation rate in the axial
direction was obtained.

- Once the slab representative of the core in the axial
direction was: obtained, the height and composition of the vari%ﬁé
regions was adjusted to account.for the settling, Sodium expelled
from the core went into the pool above or below the core. The
resulting reactivities were then calculated, and the results are
shown in Table 12 . It is seen that in all cases reactivity
increases as a result of fuel compaction. Aamong the rédial'flow
cases;, the carbide fueled coré, with its smail volume is slightiy
more sensitive -to fuel bed settling; while the axial flow reactor
which is much larger than either of the radial flow designs ex-
periences much less of an increase in reéactivity for the same
fractional bed settling. A local settling gives an effect propor-
tional to the core affected and to the importance of the regioﬁ
affected. Thus a SEttliﬁg*iﬁ'tHéjcenﬁfé; % of the core has an
-effect % as large as that for the whole core, and hence an import-
ance per unit volume approximately twice the core averaged value.
The results in Table 12 are given per percent volume change in

sodium density, and are obtained by averaging over a -12.5% bhanéé
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TABLE 12

EFFECT OF BED SETTLING FROM REFERENCE CONDITION -

R T A T . L
TAV/Vo .for sodium volume fraction change
of -12.5% o
Reactor " Change in whole core  Change in central % of core
Radial Flow B L -
Carbide ' " 40,259 B ' . +0.124
Axial Flow : - ‘
Carbide ' +0.0860 ' : +0.0399
Radial Flow . | e :
Ooxide +0.213 ' +0.104
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in sodium vdume 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 vo;ume fraction in
the whole core of the carbide fueled radial flow reactor from
0.400 to 0.396 would be a charige of 0.01 = §V/V and the reactivity

change would be 5ke - (+O.26)(0{bl) = 10,0026,

££
" In these calculatibﬂé‘of4fuel partiéle 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,llike the
calculations presented for the sodium coefficienté 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 twé»types (axial and radial)
of fast reactors studied are best seen by referring to Figure 26 .
This is a élot of fuel cycle and power generation costs versus core
burnup. On the basis of burnup it is noted that the axial flow type
core is lower in costs up to 73,000 MWD/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 burnﬁp. 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-
anée 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 fab-

rication costs to be at least twice as much for the axial case. Eow-

- 871



06—

04—

FUEL CYCLE. COST, Milis/kwh
(@}
0
I

|

AXIAL FLOW CARBIDE

ANE -5A'DIA|'. FLOW CARBIDE

. RADIAL FLOW OXIDE

Sl LU NS N - I I

T T 1 T

30 40 50 60 70 80 90

.. BURNUP IN CORE (Mwd/MT)(x10%)

PCWER GENERATION COST, Miils/ kwl

Figure 26. Fuel cycle and power costs vs. burnup.



ever, Figure 26 does not show the tiﬁé.it takes tc¢ reach a given
burnup for each core type."-rhe”axial core has an initial breeding
ratio of 1.32 versus Oié4 fdr{;ﬁe radiél oxide and 0.76 for the
radial .carbide.. This difference plus the large inventofy yields
é burnuplof 30,000 MWD/MT:in 45 ﬁénths (opération) for the axial
core as compared with 12 months for the radial oxide core and 8 .
months\for the radial carbide core. ’Thg,fabrication charges are
‘thus written off over a much ionger.;ime period‘fo;.the axial core,
ahd are thus lowest ior the axial case. At burnups over 60,000
MWD/MT fabrication and processing charges ﬂave becéme very small
and fuel cycle costs are approaching the base use chafges for each
case. |

. Fower generation cqsts in.mills/kwh for the three cores
studied are shown in Table 13 . These céstg are based on ~24 opera-
ting months core. cycle time fok,the radial type and 45 months for
the axial type whigh corresponds to burnups of 88,000 MWD/MT for.
the radial catbide:gore; 63,000 MWD/MT for the radial oxide core,
and 30,000 MWD/MT for the;axial core. The core cycle times were
arbitrarily selected,;s ;epgesénting reagqnable timeé,very early
in the study though it.now appears that tye radial carbide case at
88,000 MWD/MT may be anealist;c. ?he.bu:nuprnumbers_given through-
out this report are maximum values. However, in reactors of this

type where fuel is well mixed during a core cycle maximum‘burnup §
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TABLE 13

POWER GENERATION COSTS

mills/kwhr

24 mo. Cycle 24 mo. Cycle 45 mo. Cycle

Radial Flow Radial Flow- Axial F;ow

Carbide’ Oxide Carbide _
Fixed Charges 3.66 3.66 ~ 3.68
Fuel Cycle 0.62 - 0.75 1.16
Operation & Maint. - 0,95 1 0.95 '0.95
Nuclear Insur ance 0.20 ' 0.20 0.20

TOTAL 5.43 5.56 5.99

and average burnups are not very different. The costs presented
are in geﬁéral below those given for the Advanced Plutonium Fueled

(1)

- Fast Breeder . Capital costs are lower since the 1200°F sodium
outlet temperature from thé reactor per&its the choice of a high~
efficiency turbine generator plant. The station efficiency is

42%. Fuel cyclé‘costs are low due tolhigh breeding ratio, high
burnup and long fuel ;n-cdre residence times which reduce fabrica-
tion and chemical reprocessing charges. ' This applies to the blank-
et as well. The gquestion of how to treat use chargeg in a breeder
reactor is controversial but the éffect of the use charge on total

power cost is small (0.2-0.6 mills/kwh). Any change in the method

of computing this charge would not greatly affect the final conclu-

~90-



sions of a préliminary estimate of this type.

o

Caéifal Costs
lSiﬂcé no detailed plant design has beeﬁ)madel it is
neither féasible hbr practicai to cairy out a detailed cost estimate.
Hence for the turbine generator part of the plant a'cosﬁ based on
$70 per ihsﬁalied kilowatt was assumed. This cost is comparable

with costs for an'equiéélent seciibﬁ of a high temperétu:e, high

(-2)

v

préssure'coal fifed plant . Thé reéctor section of the plaﬂi'
was estimated at'$35,00b,060.uéingzéos¥é giQén for,thé-Advahced'.
Plutonium Fueled Fast React:or('l ). Annual Fixed Charges are com-
pﬁ:ed at the rate of 14.3% of all capital costs. A sépafate rate
for nondepreciating capita; costs such as land was ndt used since
this refinement is beyond the accuracy of this.cost.eétimate._ Toﬁgl
plant cost is $64,000,000 which amounts to $178 per installed kilo-

watt.

operation, Maintenance énd Nﬁclég; insurah¢e Costs

'$2,400,000 per yé’a{f or 0.95 mills/kwh has bele»n alAlo“cated‘
for operation andvméihten;née éosts. Thé'cOst Evalﬁaﬁion Handbook
number for a 360 MWe plant which includes fotai lébof, fringe bené—
fits, maintenance materials ahd normal Speréting sﬁpﬁlies as well .
aswspééial opefétofs for this type of plant amounts td $900,600 6r
0.35.mills/kwh. An extra $1,500,000 or 0.6 mills/kwh has been

added to account for the contamination of the primary loop and
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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"opexation and maintenance- so that the use of 0.95 mills/kwhu
forrtheﬁeettled bed concepts which allows $522,000 more is_not
considered_unreasonable.

Nuclear 1nsurance costs consist of $60 000,000 liability
coverage at an annual premlum of $260, 000 all risk property ipsur—
ance at $220, OOO/yr and government 1ndemn1ty at $26,000/yr. Totai.

insurance is thus $506,000 per year or 0.2 mills/kwh.

Fuel Cycle Costs

Fuel cycle costs for three power reactor cases are pres-
ented. These ate 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 paramete:s ueed are those listed in
themyarious tables of reactor characteristics. The operating andx"
economic parameters which were used as the baSlS for the analyses
are listed in Table 14 and Table 15. S

The results of the calculation are given in Table 16
for 24 month operation of'ttearadial cores and 45 months eperation.
for the axial c¢ore. Agaia és:;ﬁ Table 13 on power_generationAco;ts

these cases represent a wide difference in fuel burnup. Using
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TABLE 14

OPERATING PARAMETERS

Flow
' Carbide -
Plant Operating Factor, % 80
Shipping Time, AEC to Fabricator, o
days ] 20
Sh;pping Time, Fabricator to - A
Reactor, days 20
Shipping Time, Recycle to AEC, R
days - - 20
Shipping Time, Reactor to Chem.
Proc. Plant, days e Col 20
Conversion and Fabrication Plant
throughput rate MTU/month 4
Lead Time Before Charging Batch to
Reactor, days 30
Spare Fuel, % of Core 4
Batch Size peffLoéding- B
Core, MTU 5.96
Blanket; MTU 28.8
No. Batches per Chem. Frocessing
Campaign 1
Losses During Fabrication, % 1.0
Losses, Conversion Pu, % 1.0
Losses, Chem. Separation Pu, % 1.0
Decay Cooling Period, days 120
Chem., Separation Plant Process-
ing Rate, kg U 310
Residence Time in Reactor
One Core Loading, calendar days 892
One Blanket Loading, calend.days 1784

Radial

Radial
Flow

- ‘Oxide

80
20

20
20

- 20

1.0
1.0
1.0

120

310

892
1784

Axial
Flow
- Carbide

"~ 80

20
20
;izo

20

30

35
42.4

1.0
1.0
1.0

120

840

1650
3300
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TABLE 15

ECONOMIC PARAMETERS

Conversion and Fabrication Cost
(Exclude shipping, use charges and losses)

$/kg U
Shipping Charge, AEC to Fabricator, $/kg U

Shipping Charge, Fabricator to

- Recactor, $/kg U

Shipping Charge, Reactor to Chem. Process,

$/kg U

Shipping Charge, Chem.  Process to AEC,$/kg U
Use Charge, %/yr

Pu Price, $/g (metal)

Conversion bharge, U Nitrate to UF6, $/kg U

Conversion Charge, Pu Nitrate to Pu Metal, $/g

Separations:. Plant Daily Charge, $

-94~
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1.50
1.50
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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 . ‘ - :0.06 0.08 -7 0,18
3. Chem. Processing 0.33 0.43 ) 0.51
4. Pu Use Charge © 0,20 ‘ 0.24 0.62
5. Pu Consumption or Credit - 0,34 - 0.28°  =0.15
Subtotal . 0.95. 1.06 . 1.22
Blanket
l. Fabrication ‘ ‘ Q.15 0.15. . 0.11
2. shipping - 0.05 0.05 . 0.04
3. Chem. Processing ' 0.12 0.12 0.07
4. Pu Use Charge SR TP N
5. PucCredit . . -0.64  =0.63 . -0.28
Net Fuel Cucle Cost . . 0.63 . 0.75 . 1.16
Total Less Use Charge - (0.43) . .. (0.51) . {(0.54)
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table 16 in conjunction with Figure 26 permits one to see the effect
of burnup on the fuel cycle cost.

The fabrication costs:fo; both;oxide and carbide fuel
spheres are assumed to be $60/kg U. It is recognized that handling
recycle plutonium will reéuire remote fabrication techniques and
that this is_fqrther complicated by "always safe" handling proced-
ures necessitated b? working with uraniuﬁ "enriched" with ~10%
plutonium and'thét all this will certainly increase the fabricating
cds;s over an estimated $30/ kg U cost for producing low enriched 4
uranium ceramic pellets. However, it is felt ;hat it should be
possible with metric ton requirements to develop methods for .fabri-
cating these simple ceramic shapes that will not be much higher
in cost than the UO2 pellets being manufactured at the present time.
It is of integest to determine the effect of higher fabricating
costs on the fuel.cycle cost for a ;ypical case., If we assume tﬁat
the fabrication charge is a féctor of 3 too low and is thué;$180/kg
U'?éther than $60/kg U then fabfication costs in mills/kwh at 63,000
MWD/MT burnup.for.the radial carbide, radial oxidevand:;¥ia1 carbide
cores increases by 0.16, 0.16, and 0.18 mills/kwh réépéétively.

Fuel ¢ycle costs thus increase from 0.82,-0%75, :and 0.72 mill/kwh
to 0.98, 0.91 and 0.90 mills/kwﬁ respectively. Even at this level
the fuel cycle costs are quite low.

The use charge was calculated on the basis that all
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fresh fuel was leased from the AEC apd all bred fue}'removed from
the reactof'wus sold £¢ the AEC; Hehce;a uée chérge was applied tu
all fuel added to the reacuor-%gd ng.usé charge wasaapplied,to mat-
erial brediinuthe reactor._ The reaéoning uéed:in nét applyiug inven-
tory charges on bred plutonium while it is in the réactor is analog-
ous to an 511 or coal mine operator who does not apply inventory
charges to his oil or coal until it is taken from the groundland put
into storaée.h Sinqé the blankeu'has-a large volume, attempts a;
short Fime interyai removal of bred plutonium would resuit iu exorbit-
ant chemical ﬁrocéésing costs. Monthly mixihguof the blunkeu mater--
ial maintains the planket breeding ratic and distributes bred plu-
tonium—unifo:@ly throughout the volume.

quefeéu;on fabrication capita;;has béén neg;écted since
its effect on the fuel cycle cost is generally less than 0.05 mills/
kwh. 1In calculating chemical processing costs it was assumed tﬁat.
fuel which is U-238 containing Pu-239 could be processed at the same
throughput as a U-é38 fuel enriched with an equivalent amount of

U-235 »
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A. Identification of Reactor

l.

Name of reactor.

Thermal power (in core),
Mw + g o
Blanket (7% of core)Mw

Net electrical power
output, Mw

Neutron spectrum
Coolant material

Fuel: Material

Form
Blanket: Material
Form

Distinguishing Features

Plant Type Being Describ-
ed '

TABLE OF REACTOR CHARACTERISTICS

TABLE 6

Directly Cooled Fast Reactor

Coolant is in intimate contact with the fuel in the core and

blanket

Conceptual designs of full-scale plants for cost evaluation

purposes

.Axial Flow Axial Flow . Radial Flow Radial Flow
(height=diam) {height=0.6 diam) (carbide) (oxide)

838 837 824 824

59 59 57 57

363 363 359 359 |
: @
fast fast fast fast X
sodium sodaium sodium sodium
UC~-PucC UC—PuC UucC-pucC UO2-Pu0,
0.265-in. 0.225-in. 0.122-in. 0.080~-in.
spheres spheres spheres spheres

uc uc uc Uo,
0.250-in. 0.250-in, 0.125-in. 0.150-in.
spheres spheres spheres spheres



TABLE 6 (continued)

Axial Flow Axial Flow Radial Flow Radial Flow
(height=diam) (height=0.6 diam) (carbide) (oxide)
B. Engineering Data
1. Reactor Vessel
Design pressure, psi _ 200
Design temperature, °F 1200
Outside diameter, ft ‘ _ ‘ S 6.93
Over-all height, ft ' 13.75
‘wall thickness, in. - S 1.75
Material A.I.5.I. -
= o | '~ 316 ss -
2. Reactor Core Vessel ‘
Design pressure, psi - 200
Design temperature, °F. - . 1200
Inside diameter, ft a ‘ - 3.85
Over-all height, ft : - 5.0
wWall thickness, in. 0.5
Material , _ | . A.I.s.I.

316 ss



TABLZE 6 [continued)

Axial Flow Axial Flow Radizl Flow Radial Flow
(height=diam) (height=0.6 diam) (carkide) {oxidz)
B. Engineering Data (continued)
3. Reactor Core
Active diameter, ft 6.95 7.29 3.85%* 4.63%
Active height, ft 6.95. 4,37 3.85* - 4,63%
Volume, ft3 : 264 165 32.6 63.1
Composition '
UC-PucC: (60%) 158.4 9¢ - 19.6 37.9%%
Na (40%) 105.6 . 06 13.0 25.2 é
o
4, Reactor Blanket T
Radial thickness, ft 1.5 1.5 1.5 1.5

* Core contains 24 in. diam coolant pipe running along its axis.
*% UOZ—PUOZ ‘




TABLE 6 (continued)

Axial Flow Axial Flow Radial Flow ‘Radial Flow
_ | , (height=diam) (height=0.6 diam) (carbide) (oxide)
B. Engineering Data (continued) '
5. Primary Cooling System
Core E '
Number of flow loops 1 1 : 2 2
Flow per loop, gpm - 34,500 34,500 17,000 17,000
Size of flow headers, ,
dng o 24 24 240 . - 24
'Méterialnof.construc—
ion S A.I.s.1. a.I1.3.1. A.I.S.I. A.I.S.I..
' ' - 316 ss 316 ss 316 ss 316 ss S|j-
Total préssuré drop, o , :
psi , ; . 182 114 70%* 93*
Toéai-puméing'pOWer ' )
(at 70% efficiency),hp 5,250 3,300 2,000%* 2,640%*

* 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
(height=diam) (height=0.6 diam) (carbide) {oxide)

B. Engineering-Data (continueéed) .

6. Pri@ééy éboling System,
Blanket
A Estimated pressure drop,
psi - 5.44 45 -

Estimated head required to
circulate Na through bed,

ft - 15.05 135 -
Estimated average flow o &
velocity, ft/sec - - 0.27 2.09 N
C. Heat Transfer |
1. Coolépt,maggriall sodium sodium ' sodium ‘sodium
2. In;qt‘tempefature, °F 550 550 550 550
3. Outlet temperature, °F 1200 1200 1200 1200
4. Coolant flow rate, lb/hr 1.44 x 107 1.44 x 107 1.42 x 107 1.42 x 107/
5. Nﬁﬁber of passes | N 1 1 1 1

6. Average flow velocity, Dt oo T S e »
ft/sec 2.25 ' 2.02 _ 1.84%* 1.70%*

* The total pressure drop, pumping power, and fiéﬁ-vélocity 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 about 25% lower.



C.

7"

. bed; -Mw/ft3 bed (includ.

10.

11.

12,

13.

14,

Heat'Transfeff%¢ontinued)

Axial Flow

(height=diam)

Average volumetric heat gen-~

eration rate in fuel bed,

Mw/ft3 bed (incdlud. voids) 3.17

Maximum volumetric heat
gener ation rate in fuel

voids)

Heat transfer surface,
££2 ) '

Average heat flux,

-Btu/hr-£ft2

Maximum ‘heat flux,
Btu/hr-£t2 :

Average fuel pérticle
internal ‘temperature
difference, °F

Maximum temperature at

center of fuel particle,
o . ;
F

Maximum thermal stress
on particles, psi

10.95
43,000
6.67 x 104

2.29 x 103
24.9

2018

10,000

TABLE 6 (continued)

Axial Flow Radial Flow Radial Flow

(height=0,6 diam) (carbide) (oxide)

5.07 25.3 13.05

16.55 52.8 28.1

31,700 11,550 34,000 é-
et .
{

9.02 x 10% 2.44 x 10° 8.26 x 104

2.94 x 10° 5.08 x 105 1.78 x 105

28.9 42,2 68.7

2022 1689 1742

10,000 10, 000 10,000




Axial Flow
(height=diam)

TABLE 6 {continued) .

Axial Flow
(height=0.6 diam)

C. Heat Transfer (continued)

15.

lo.

17.

18.

19.

20.

21.

22.

Maximum-to-average radial power

power peaking factor 1.86
Maximum-to-average axial

power peaking factor 1.48
Over-all power peaking

factor 2.77
Hot channel factor 1.17

Factor to compensate for

local variations in heat
transfer coefficient over
particle surface 1.25

Maximum sodium tempera-
ture, °F 1965

Average core power
density, kw/litef core
(incl. void) ‘ 112

Average specific power in
fuel, kw/kg Pu -

1.85

1.41

2.61

1.17

L79

3¢0

Radial Flow

Radial Flow

(carbide) ~ (oxide)

1.19 1.22

1.40 1.41

1.67 1.72

1.17 1.17
]
<
O
i

1.25 1.25

1615 1622

893 462

1015 750



' Axial Flow

TABLE 6 (continued)

Axial Flow

Radial Flow

Radial Flow

(height=diam) (height=0,6 diam) {(carbide) (oxide)
D,'thsics o o
L. Kegs 1.0 1.01 1.01
2. u?38/pu?39 Ratio 12.57 7.34 7.67
‘3. Fiel Loading (kg Pu?39) 2783 812 1096
4., Partial Breeding Ratio (core) 1.3742 0.7612 0.8453
5. Partial Breeding ratio
' (radial blanket) 0.1393. 00,5387 9.4296
. :
6. Partial-Breeding Ratio. .. . ::§
(axial blanket) 0.16%1 0.1912 0.1389 .
7. Total Breeding Ratio 1.6826 1.4911 1.4143
8. Median Fission Energy, kev 316 346 239
9. Average Capture to Fission
ratio in Pu 0.2521 0.2309 0.2622
1of Radial Maximﬁm to Average
Power Generation Rate 1.91 1.19. 1.25
11. Axial Maximum to Average
Power Generation Rate 1.343° 1.41 1.43
.12. Average fast Flux in Core, ’
neutrons/cm2-sec 1.6 x 1013 . 4.9 x 1013 3.6 % 1013



Axial Flow

TABLE 6 -continued)

Axial Fiow

(height=diam) (height=0.6_ diam)

D. . Physics (continued)

13'

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25,

Core Breeding Ratio (average)

Core Breeding Ratio (after 24
months)

'Akeff/month (initial)
Akeff/month (average)
Akggg/month (after 24 months)
Pu239jadded/month (initial), kg
pu?3? aédéé/mbnth (average) , kg

pu?39 added/month (after 24
months), kg

Doubling Time (pu239 only), years

Doubling Time (Pu, all isotopes),
years

Effective Delayed Neutron Fraction

Prompt Neutron Lifetime, sec

Burnup - maximum at 24 months
(45 months for axial)

See Tab.e 9

15.6°

“11.5

0.00399
18.1 x :0~8

30,000 MWD/MT

Radial Flow Radial Flow

(carbide) (oxide)
0.7098 0.796
0.6639 0.748
-0.00512 -0.0031
-0.00566 -0.0035
_ !
7.85 6.4 S
o 1
B.96 7.5
10.14 8.5
'5.8 9.2
4,1 5,9
0.00387 0.00379
22.4 x 1078 31.6 x 1078

88,000 MWD/MT 63,000 MWD/MT
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