This document was prepared in conjunction with work accomplished under Contract No. AT(07-
2)-1 with the U.S. Department of Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any lega liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

This report has been reproduced directly from the best available copy.

Available for sale to the public, in paper, from: U.S. Department of Commerce, National
Technical Information Service, 5285 Port Royal Road, Springfield, VA 22161

phone: (800) 553-6847

fax: (703) 605-6900

email: orders@ntis.fedworld.gov

online ordering: http://www.ntis.gov/help/index.asp

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy and its contractors, in paper, from:
U.S. Depatment of Energy, Office of Scientific and Technica Information,
P.O. Box 62, Oak Ridge, TN 37831-0062

phone: (865)576-8401

fax: (865)576-5728

email: report s@doni s. osti . gov




DPST-68-505

TEOHNICAL DIVISION : document consists of
SAVANNAH RIVEER LABORATORY . mﬂr b )
) il arigs-d

£ Copy lNo.
gﬁﬁhﬁ FT » HN. Btetson, SROQ
UNCHANG 2=-22. TI3 Mle, SRL
By...... ﬂ i .
E:ts."m E’;\{:ﬁ Iml;EsTn August 30, 1968
Ol /155
TO: P. L. ROGGENKAMP '["[S FILE

RECORD COPY
FROM: D. RANDALL-J. A. SMITH

The pocaaibility of burning reactor-grade Pu {(~20% 240} in a mixed
lattice patterned after the current Mark l4=3C charge was inveiﬁt—
gatg% as a means of supplzing fesd material for producticn of Cm
or <°2Cf. The major problem in designing & Pu busggr charge is to
balance the power fractlons in driver Pu, driver U and targets
so &M to keep tempsrature coefficients of reactivity sufficiently
negative for atatblas ngiratinn of the charge without imposing a
severs limitatlon on throughput. The Inyestigation described
here was a survey calculation, provlding only a gross dafinitlon
of a feasalble cherge sequence.

8 BY

" Reactor-grade Pu can be burned satisfactorily in & mixsd lattice
comprised initially of three Fu fuel asssmblies plus thrae depleted
uranium target asssmblies per hex. A3 Pu sxposure progeeds, the
depleted-uranium target load would have to be lightensd, and
aventually replaced by enriched uranium fuel, to maintain operable
reactivity. I Pu with an initiel content of 20% 240, 7% 241, 1%

242 were exposed until 75% of the flssionable Pu lsotopes wers burned,
the degres of burnup achiseved 1n the Cm-I charge, the avaraﬁe Fu
power fraction would be 0.65, ahout LOP better than Cm-I. ssuming

8 reactor power level of 2100 MW snd innage of 20%, the correspending
exposure of the Pu assembliss would b about LOU KMWD/reactor year

for g throughput of 660 kg(Pul/reactor ysar. The ultimate yileld of
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suc¢h a Pu=burning aampaignl{requiring a seccnd reactor to carry
out the atEh flux Om-II type irsﬁgiaticn would be 100 kg/reactor
year of Fu {or a mixturs of Pu and higher isciepaes).

uch a Pu-burning program would displace normal Mark 14-30 charges

frem the presgent resacteor scheduls. In tha Pu-burnin raactag MWD
genareted in enriched urenium would be reducsd to ~i?h and <3Py
production would ba reduced to ~1/2 that of & Mark 14-30 charge.

% Egmm%ry of the characteristics of such a campaign 1s given in
aple ]

Table I
Sumary of Pu Burnlng Stages

Frevioua
Pu EU 2371 Power Tenp.
Stage Exgoigre, P, Eﬁﬂdhgéauan Cantent, E;EEE Lom5x ;E

1 0 0 3 0 - - -108

2 Q.20 0 2 1 - - =10

3 Ouly3 o 2P 1 - . - e =108
L Q.70 1 i 0 1.0 l.2 -14
i1 1,00 1 2 0 2l D7 -13
6 1,30 1 1 1 .2 2.9 -7
7 1,67 1 1 1 0.5 1.3 -~ 9
g 2.07 i 1 1 1.0 0.7 -9
9 2+50 1 1 1 1.6 0.5 -9
10 2.95¢ 1 0 2 Oy b 1.2 -2

B0gloulsted only for the end of stage one
bRequires Mark 30B rather than Mark 30A
“31.42 nfkb at end of stage 10
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4, Frogedurs

.

Charge Dasign

The starting lattice was a Mark l?-BD type mixed lattice
using Mark 30-4 depleted uranimm (DU) targets but with

81l Mark 14 enriched uranium fuel replaced by Fu fuel in
Mark 14 geometry, Each Pu assembly containsed 2500 g {Pu),
including 20% 240, 7% 241, 1% 242, initlally. The 2500-
gran ‘eentent was chosen to provide an inltlal het-poisconed
buckling of ~200 uB. [T¢ manufacture a Mark 14 with 2.5 KgZ
of Pu per assembly requirez the use of 20 mil cladding. To
use 30 mil ¢ladding would requirs the Mark 14 or anether
geomatry, )

Whila lattice reactivity increases during a given target
stage, dus o bulldup of Pu 1n the DU targets, reactivity
drops frem stage to stage as the Pu fuel burns up {just

g3 in a normal Mark 14-30 charge). Thus, as Pu expesure
proceeds, the DU terget load must be reduced and, a?entuall{,
snriched uranium {EU§ fuel must be sdded to meintaln operable
reactivity., These changes in leading take place in the three
lattice positiona per hex 1nltlally ogcupled by DU targets,
i.9., the lattice vontszing thres FPu asssmblies per hex at =ll
times,

Consetralnts

The only inflexible constraint on the syatem i= that the
temperature coafficlent of reactivity be negative to pexmit
gtable operatlion of the charge. A more gualitatlive require-
ment iz that the Fu ﬁﬂw&r fraction be kept as high ae
gosaibla to parmit the maximunm Pu burnup rate. guideline
erived from this requiremsnt is that the power in the indi-
vidual Pu assemblies should be higher than the power in
any other single assembly. Although net a rigid require-
ment, having any cther assembly power higher than ths Fu
asgenbly power would necesgssitate reducing flux in Pu assem-
blies in ordar to aschleve full reactor power. Thls would
introduce a complicated flow zoning scheduls.

-—
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Ancther guideline is that the Pu exposure should proceed

as far as in the Om-I charge, in ierma of fractlen of
fissionable Pu isctopes burned, before the Pu is discharged.
Thiz fraetion was .75. The plutenium would then bs
processed through the 200 Area and raefabricsted into new
reactor agsemblies for irradiation in & Com~-II type charge.

3. Approsch

The present ghalysis is & survey, in the sense taat &

ccarse definition of charge ecmpogition ﬁnumber and content
of DU targets and enriched uranium fuels) sufficesa to show
whather the Pu could be burned up within the constraints
liasted in the preceding section. Thuas, to slmplify the
analyeis, the only DU targets considered were fresh Mark 304
targets. In fact, the results show that Mark 304 targets
would not serve well at all times, and that some llighter
(3CE or C) DU targsts Erababl should be uged, It is also
recognlzed that some charge characteristics such as tempera-
ture cosfficients and power ratios would be slightly
different a4t stage end from those gilven hers which Ior the
most part ars for the beginning of a stage.

Charge characteristics were calculated for ssch of seversl
patterns of DU targets and EU fuels as functions of Pu
exposure, ;gr sach loading pattern and FPu sxposure, the
amount of 2370 in the EU fuel required for criticallity wes
derived and then tempersture coefflclents and power ratlos
wers calculated for this lastlcs.

4 second aimplifying aspproximation wes made to estimate the
neutron spectrum encountered by the Pu {and hence the Fu
resction rates)s The spectrum encountered durinf the lnitial
target stage was derived explicitly from THOR ealoulaticns,
The ultimate spestrum was assumed to approgch that derivad
for the Cm-II charge. The interim spactrum was estimated
by interpolation between these sxtremes. The composite
gpectruk was used in an APE calculation to estimate Pu
composition asm a function of exposure after the initiel
stage.

The sssentigl results of the APE caleculetion are summariced
in Figurs 1. The ultimate ensrgy yleld of the Pu is ~~82
MWD/initial gram of Pu. To burn up 75% of this energy, the
pxposurs goal of the preceding section, requires = Fu
sxposurs of 3.5 n/kb.*

TI /6= 102 nfen?
N Il Ii.f.‘.ll'ﬂ
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As stated earllier, one of the major problems is to design
the lattlce to overccms the tendency toward positive
temperature copefficients of reactivity. This characteristic
arises prim%i%ly frem the fact that the effeqtive cross
saction of Pu gscre&ﬁea with neutron temperature while
that of fissile £3¥Pu increasses. Presence of other assem-
blies in the lattice can introduce negative contributlons

to tha coefficient by characteristics inherent in the other
assamblies and by interaction of these asasemblles with the
Pu zpgcmblies,

The inharent ch%%ictEristin centrlibuting te the negative
temperaturse coeffleient {5 increased res¢nance abs §gtlen

in the DU tergets both from Doppler broadening ef U
resonances and from decreased moderstor denslty as the
moderator tamperatura rises. Ths magnituds of this negative
effact lnereases with DU terget weight. The inharent co-
afficient of EU fuel i= alsc negative but small compared to
that of the DU targets, The interaction clted above rejers
to the %eneral tendensy to equalize fluxes smeng assembllea
&9 the lattice heats up. Thus, if fp f? w1, raiain
tewperature in¢repses DU sbsorptlions o Egive to Fu absorp-
tions, which makes a negative contribution te the coeffielent.
But, if @p./ y 71, the contribution to ths vemperature
coafficiEE% 1%“positive. The present survey assesses the
combined effects of all these factors.

B, [Dstailed Caleculations

1.

Reaotivity Levels

The initial lattice was arbitrarlly sssumsd to contain

three Pu and three Mark 304 targets per hex., The quantity
of Fu per aaaembl{ was then derived from the gendltion that
the hot-peolsonsd lattice bugkling bs about 200 uB, comparable
with the normal Mark 14-30 charge. The celeulated waluss of
buckling va. Pu content, plotted in Figure 2, for the hot
elaan ponditlon, were used to estimate that a 2500 gram
segembly of Pu conmtaining 20% 240 would provlde ths reguired
buckling when adjuated for the hot-polsconed sondition.

As the Pu is burned the targat 1oadin%umust be Lightensd
and, in most cases, enriched uranium el added te obtaln a
hot=polsoned buckling of about 200 uB gg the start of a
target stage. To find the amgunt of 2357 required in the EU
fuel, HERESY calculations were made using a searsh on cootrol
rod thermal utilization (frg) ggr eriticality. From these
results {Figure 3) values G% 227 gontent that yielded fon =
575 were selected. The criterion of s fixed value of fipy
was prescribed to facilitats interpretation of temperature
coefficient data, as dasgribad in the followlng ssction.

The derived values of 235U content required to provide a
fixed control rod complséfient” at the start of a target stage
are plotted as functions of Pu expesure im Figurs L.

-
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For cases involving vacant lattlce spaces the HAMMER's
wers run with inereased pitehes to simulate the corrsct
fuel-to-moderator ratics (7.56" for one vacancy per hex,
2.28" for two vacanciss per hex).

Tempereture Cpefficlants

Temparature coefficientsy of regctivity were calculated

with the zomblned HAMMER-HERESY ecode as functicns of

sXposure for sach of several cump%gﬁents ef DU targats

{using the appropriste smount of U in EU fuel for sach

gaae]. The coafficients derived ware ftotalt coefficlents,
-

K = (Kyot = Xpo1a)/70°C,

where the hot condition impliesz 20°C moderator, 60°C
coolant, 120°C Pu or EU metal temperaturs and 200°C Du
ESEEI temperature. 41l cold temperatures were teken to be

In-calculaning Lemparature coeffiecients the effects of
control rods were included b emplo{ing a racipe developed
in the Mark XIJA=50 Teochnical Manual, vig., that

~f hoty o A _p cold
Fl fCR J o= 0.9 (1 ch Je

The coefficisnt calgulatad at the end of the first target
stage was =10 x 1072 k/°C, As Pu exposure procesde the
coafflclent varles widely, depending on DU target loading
and Pu sxposure. The caleulated results, plotted in Figure
5, 1ndicete that the temparature cosfficient of reasctivity
can be kept negatlve at all times.

Fower Hoatios

Relative powers in different assembliss were caleulated
from HERESY absorptions plus the fission-to-absorption
ratloe from DIED. These ratios are plotted as functions
of Pu sxposure in Pigure &, Figure shows the Pu powsr
frecticn, i.,a., the ratic of powar in three Pu pazemblies
to total power In the hex.

-
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Pu exposure was tranglated [roughly} frem n/kb to other
units in two ways. Figure 1 shows MWD/initial g{Pu] as

5 funstion of Pu exposure. Total elapsed time can be
derivaed from this Figure. Assuming an initlal Ioading

of 258 x 2.5 = 645 kg (Pu), an operatilng reactor power
level of 2100 MW, an average Pu power fraction of 0.65,
ahd a reactor innage of 8%& ields the result that the

Fu would bs exppssd to the “gf#-pcint" [3/4 of flszionable
isvtopes burned wp) in 361 days =

(611 MWD/kg! x (645 kgl
(2100 M) x 0.65 x .80

St11l anather messure of Pu sxposure ls provided by find-
ing the corresponding numbar of DU target stages. The

IU flux ratio was ecmputed from HERESY calgulaticns and
i= plotted in Figure 8. The calculatlons showed that flux
ratic varled by only about 1% ag the number of LT targets
per hax was changed. TFrom the [lux ratlo plus the ohsS£Ea-
tion that the zversge DU target expasure to cobtaln &% Pu
gasay plutonium in Mark 14 charges 15 about 0.38 n/kb, ons
can darive the number of Pu target stages as & functicn of
Pu expogure, This result is shown in Figure 9.

G. Conclusions

l. Optimum Procedure

The Pu power fraction decregses with exposure for a gilven

DU target loading snd incresses aas tha number of DI targets
per hex is reduced. Thus, the optimum procedurse would be

to reduce the number of OU targeits per hex at the earliasst
sxposure permnitted by the reguirement for a negatlve tempera-
ture coefficlent of reactivity., Thua, 1f one wersw restricted
to Mark 3DA targets, the irradiation would begin with thres
DU targets per hax, change to two DU targets per hex In
atage 2, change to 1% DU targets per hex in stage 3, then
use two DU tergets plus one EU fuel per hex in stage L. AL
this point one could operate with one DU target plus 1 or 2
EU fuels per hex until Pu exposure reaches about 3 n/kb [9
target stages) where the last DU target could be removed.

UNCLASSIFIED
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The path just described woul ide a reasconably high
average power fractlen in the Pu, but the fractlon could

be inereased sppreciably if one were not required to
follow the nl-D{ curve' of Fipure 7 for the greatest part
of the irradiation. The sprarent sclution t¢ this problem
is to utilize lighter DU targets than Mark 304, If curvaes
of tempergture coefficient and power ratics were sketchsd
Intuisively for ons Mark 30B targst per hex, they would lis
between the ¢orresponding curves for serc and one Mark 304
target per hex, which illustrate the Eossibility of changing
to an equal number cof lighter weight DU targets before
reducing the number of DU targetz per hex.

The eptimum procedure is therefore to begin with three
Mark 304 targets per hex, 1ifhtan the ftargst load; go to
two Mark 304 plus one EU fuel per hex, lighten the target
lesd; zo to one Mark 304 plus one or tyo EU fuel per hex,
lighten the target loed; and finelly, coperate with ne DU
targets but ona to three EU fuale per hax.

2. Pu Throughput

The average Pu power fraction, {rom Figure 7, is about 0,65,
If an average opsrating power lavel of 2100 MW and & raactor
innaga of SE% are assumed, 1t followe that the Pu eculd
generats 403 KMWD/reactor-year. If the Pu i= exposed to

the "3/L-point", this corresponds to a Pu throughput of €50
kg {Pufreactug—gaar. The Brnduct is Ehﬂ kg of Pu E%?ing Y
assay of 17% ¢39Pu, L84 240pu, 134 24IPu and 229 24<Py.
Geing fisszion/abszorption ratios of 0.€8 and 0.7l for the 239
and 241 isotopes of Pu, resgectivelg lelda an ultimete
rreduction rate of about 100 kg of A and hi%har MESE
nuclides per year, but the burnup of the 240 - 100 = 1A4C kg
¢f Pu regulres a seeond reactor.

If one assumes the remgining 35% of reactor power distributed
equally betwsen DU targets snd EU fusl this represente a
rﬂughl{ L-fold reduction in MWD/reactor-year gemsrated in

EU fuel compared to & normal Mark 14-30 charge. The raduction
in DU target expeosure (hence normal Pu productlon would be
roughly twofold, :

_—
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3. Flow Zoning

Figure ©& shows that thes ratic of Pu assembly powsr to
other assemtly powers variss rapidly with Fu expasure.
This loplies that relative flow to speh Lype assambly
willl have to be gdjusted before eagh! target atage, and
pyer a fairly wide range. Since thege ratles vary

sbove and below 1.0 the Pu assemblisE themsslvea wlll
require flow restricting orifices in some ¢gses. Thus,
careful study will be raguired to deviss flow zoning
schedules to provide reasonably high reactor power levels.

Program

The work discusged in thig report 1s sufficiesnt to Wrough inM
a program for burning plutonium. Further work is required to
lmprove the definition of problam grmss snd to develop better
gstimates of production capability. 4 program aimed at these
improvenents is a5 followa!

l. Further define the target and 2327 fuel stages

o Galewlske zppreximate reschor power distributions
and flow zoning requiremsnts

© Estimate rezctor powsr capabllity
¢ Improve the eatlmates of production.
2+ Examine safety problema

¢ Evgaluate the losg-of-target ingident at polints
throughout such g campaign

¢ Caleulate reactivity coefficienis

- temperature (thls report goea only far shough to
assure that they can be made negative)

- HED gdditlion

= Void
o  Worth of compenents during C & D

¢ Evaluate stabllity and xenon effects.
A
UNCLASSIFIED
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3. Examine c¢oat coptimizaticon

¢ Select program objective (product = 244Cm or 252cf -,
aod time scale :

o Determine cost as a functien of fractional Pu burnup
in the firat phsagze,.

At this time 1t is assumed that thls progrom wlll be given a
low pricrity and that work on the cdesign of Mark 16-30 charges
will tske procedence. Detailed design of a Pu burning campalgn
call not be started in any case until an actual producticn
commitment is made beceuse the detzils are sensltive to the
startlng assay of the plutonium to ba burnsd,.

DR/JAS:vpb
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