Pebble Bed Reactor -
Core Physics and Fue! Cycle Analysis
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‘,o rnaraec«rirc petformancé,/ ?reating & s;ngle poxnt in time effeet&

T ‘ .rcnSxderablo savings in cn-puzer ane as opposed fo followlng a lung - -
- reactor history, permitting evaluation of reactor performas;g‘over a

T broad range of design parameters and operaiing mcdes.

The anatysis of ore requirements and fuel costs indicates thac the

concept shoald be competitiﬁé with others. 1the best performance is

1>“ ;¥ achaeved with highly enriched uranium recycle, and although fuel
btéedihg is possiﬁie,ﬁproduction of fuel at a significant rate {s
l1ikely uneconomical. The\follpwing‘tablc'summarizes kev vesults of

this performsnce assessment .

This work was »erformed tor DOE under a technlcal information
excharge ‘umbrella agreement between the Federal Republic of Germany
and the United States. The effort was primé;fiy intended to proeduce
reliable results independently from thbse generated with Cerman methods

and data.
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'fheix: 300 }ﬁ'e 'ZH"’RQ

: followmg types ‘ot .)pera:ion'

1. 'Full' gr.rxcnec. nitd feed 'mt' t‘qer.n,

a) ‘thriowaway cycle (t—urr‘c"}, oo SR ' o -
b} scidctive reprocessing and re. e 'cfmv:-rr_er,.
2. Mediva o wrxched (~20 percet.t Uz‘5 Lok wit} tho..r:,r') anl
" low :ar!._m-d .hrowaway cyc.e (burrur‘t ' e
3. Detvatured #23% fn U?%% with thorius, \Jith,«:eproc'ﬁés.iixg and~
recv:*le ’ronvertcr) : _'
4. U3 fuel (frm a prebreedt.r or fasi reactor) v.n*.h 'hurium
(cor"'er.ar, n2ar breeder, or breed-ri..
735

.

5. Converting fu ly enrirhed i fue: writh thovium to p-33

fue} \1 rebrl.eiet)
A c;x.side.n::st_»e ancunt of analyéis has bLe s done on tb«i-‘pé“;bvle bed
concept Im che PRG, ri%s16,17,18, 4 Caleulat ons have beer done by the
“staff ar LALL using the (,eman cedeg for ma: H,.e. calengat '/.71‘:3 which ‘we're ‘
imported by tsm for uwse in the 15,5 The e..r:y wffort in t 12 US was ca -
assessment of ine performance of aa ‘advanced kre . der concepy freled with

v233 propos.i by the General Electric Ccmpn:.a,(’

, T e
Federal Fepublic of Germany . .
But this fscility {a down Jue to. water orrzring the core causing iron

rust and suusequent catalized cavbon, .mvgea seaction damsging pebbles.
o




 :cﬁntinu0us1y tuoled pﬁbble bed reactor concept. An in:erxu document L

 Asas xzeued repo'tiag caiculations done primarily for an advanced bf&eﬁeri

- claim orxg{nal‘ty only rcgardiug sume of the methods of qnalysis_ nd‘u‘

_;thaxr application. Thtq ‘work_ was intended tc prnduce reliable results

' Prlmary emphasis in this study was p]aced on the ‘ong-teru potential
"ot on a. spccifxc design, and \ariac;on in technologv 1Dve1 is conaxderen h

 1»;We con51der the FRG Jrguments Supporting the once-through cy*le as

10pposed to rapxd recycle, to be sound. -

Eaansxs at ORRL in the Larly effort was -on metheds tn treat the

quit= irdependentiy of those generarted with thp German methods and data. o

The resultm of this study are presented and discussad in the main
body of fuis report. The wnit costs used in this study are shown and
che economic modeling is discussed in Appendix A, The resonance shield-
ing model is describcd‘in’Appendix B where certain reference resonance
in:egrils are reported, and the_broaq group cross section collapseu'
procedure 1s‘deécribed in Appendix C, the calcularibns,done with the
NITAWL. and XGDRNPM wodels in the AMPX code system.8 Thc steady state,
continuous fueling model used for the base calculations by application of
the VENTGRE? and BURNER!® codes is described in A  pendix D. The point
reactor model survey caiculations done with the PREMOR codel! are dis-

cussed in Appendix E.

The drawiﬁg in Fig. 1-i indicates the geometric description used
in these calculations. An average core power densitv of 5 Wep/cc was

generally used. For a 1,700 MW, plant 3,000 MW,.., this gives a coré
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Fig., 1-1 A Simple Representaticn of a 3,000 MW, Pebble Fed Reactor




ﬁenriehment from ore., Consumption is estimated directly from the dif- ﬁ,i e

ference between fxssile uranium feed and recovered fissxle uranium

discharge. Commitment is- estimated from COta; external fissile uranium

feed and thus it the amount of ore required to supply: Eeed to onejw “fdlba;t“elg

. ~:{ : reaeESr over its life.; These are simple definitions, yet there are 'i" | o
4 complexities, as regerding eredit at the end of the reactor life. What

ETe .congtitutes’ recoverable material on a Chrowaway cycle after it has been T

W

in a reactor?

Regarding Potential Use and Development

The pebble bed gas-cooled reactor concept has the poten=ial for use
"to generate electrical emergy in power planté. For the long term, the
; o direct gas turbine cycle is of interest to eliminete a secondary steam
i - system. The concept has tbe potential for production of high temperature
 process heat., Dual service to produée high temperature process heat and
.‘electricity has 1ntere5t1ng applications which could be of considerable

importance.

—_


file:///slre

In addition to the coqsiderations above, the pebble bed gas-cooled

K

reactcr concept admits use in a. variety of roles from a burner~to at’

i 1east a b’eae-even breeder, ‘and a prebreeder to use 2350 fuel to produce
233y breeder fuel Plexibiljty of the design anﬁ pebble management appear
f? . to admit superior performance - for example, once recycle. of fue]ed pebbles

_— without reprocessing allows high exposure to be achieved while a high rate
of “breeder fuel production is achieved in fertile pebbles in a single pass. \}‘
Blankec fertile pebbles may be removed and passed direccly through the core
toreffect a high fissile content reducing reprocessing lossee. ‘ R

. Still the concept is not developed, and ic9~deveiopment will require a --
considerable irvestment of U.S. Government funds and the commitments of
private industry and utilities and other possible users, Even with a rea-
sonable level of support, it is a major step to achieve a viable industry.

A cooperative development program with the FRG can reduce this cost and 1is
attractive considering the German commitment to develop the concept. Commit-

ments may not be forthcoming considering the problems of the Fort Saint Vrain



fixed fuel HTIGR demonstration plant, especiaitly if this plant will not
operate at the design power level. Still, good performance of the FRG
THTR demonscration plant in the early 1980's could then‘changq:the

situation. The current US effort is oriented toward the development of

the. fixec fuel concept.

‘bevelopment of the pebble»beanconcept faces technical hurdles. These

lie in the areas of the requ1rements for concrol heat removal, 1nstrumenta—

tlon, stabllity, ‘safety, pebble handling, and materials.: The core: could be?\ L

limited to a small and uneconom1cal 31ze by the requirements. Favorable
capital xnvesrment and fuel process1ng costs remain- to be demonscrated
Licensing requlrements remain to be estab11shed Indeed 2 preferred deslgn‘
for a ;arge plant uon51der1ng practical aspects remains to be 1den;1t1eda
The pebblebbed concept shows'adequate promise for outstanding per-
forménce totjuscify a continuing investment in-development, The tech-
nical uncertainties must be reduced before the construction of a large

planct could be seriously considered.

Pebble Design an.. Fxposure

We believe that continuing development and testing will cause a pre-
ferred pebble design to evolve which cannot now be predicted. Tt appears
possible to achieve both the heavy wetal loadings assvmed in this study
and the high exposure (burnup), but this may not prove to be true. Where-
as the breeder pebbles need to be loaded heavily to effect a low carbon
to heavy netal ratio, up to 35 Kgm HM per pebble, the pebble loadings for
the other services are within limits of what has been demonstrated. The
THTR reéctor has apparently satisfied FRG licensing requirements with a
pebble loading up to 16.5 gm and 100 thh-D/rgm HM exposure with consid-

eration of control and safety as a demonstration p]ant.12

High exposure remains to be proven. The AVR experiment has demon-
straccd12 the routine exposure of 180:thh-D/kgm HM, compared with
values up to 250 considered in the calculations at a considerably higher
power density. Test expericnce has sﬁOWn preferred desi;;ns,z1 fatlure

modes and achievable burnup. Actual requirements to contain the fissfon
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products and effect a high exposure within an accaptable damage Tevel
remain to be established. It is not clear, for example, whether or not
a SiC containment shell is required around the heavy metal Kernels.

Requirements with recycle must be demonstrated. -

1in°egral reactlon rate measurements.~ Some of the data orlginated w1th€<

_‘the General Atomlc Comvany. Some ENDF—IV data is deemed 1nadeauatelvr<

Thé‘microéropic cross sections uqed in this study have been used .-

in the past for analys1s of gas coolad; granhlre moderated rcactors.

They have a long hlstory of modlflcatlon to improve recults of calcu—’*‘ o

‘latlons compared w1ch experlments, especlally cr't1cal experimenCS»and};,xﬁ”"

evalua*ed for thermal reaCCOr calcu1ations. LL]ttlL of tne current
cffort has gone into cross section evaluation, and full documentation

of the source of all of the data in use would be a formidable task.

We believe that a modest discrepancy in the thorium regonance
integral would not seriously affect the reported results. If the
ébsorption rate in thorium were lower than estimated, the reported
results c0uld be obtained by modest changes from the selected pehble
designs to increase the resonance integral, or by increasing the thor1um
loading, or vice versa. We have treated a realistic pebble design
with-a reasonable modeiing scheme to account for resorance shield-
ing, but recognize considerable uncertainty due to the simple methods

used,

1t is worth noting that the pebble cell (multiple cell for more

than one pebble type) presents a challenge for establishing effective
reaction rate cross sections. Another chalienge vet under study’ié
that of establishing reliable pruperties for neutron transport across
the reactor Iin the diffusion theorv approximation given data for the
pebble cell. Generally we have used a homogencous, infinite medium
spectrum obtained by specifying a buckling and representative reactor
contents to generate collansed few=group cross sections, Variations
in temperature and nuclide concentrations have been ignored, except

for the different thorfum loading in two pebble types, in that a single

set of microscopic cross sections was used for each reference condition,



v

. ’ We have considered loading the pebbles with Thi, .  Sere silicen

was included, primarily to nroduce reactlion rate inforzation te allow
assessment of the. ﬂenénuence of performance an the amount of SiC used
in the karnel coatxnbs, 1f any. A Signlfi'ﬂnt amount of graphite +-n-

tamination pks included.

Modeling

The steady 5Late, contlnuous fueling mod@l dlqcuqaed in Append1x [/

'”;s not a conventlonal method of calculatios. The conventjonal -etnod

thls‘m del:ue qeleﬁt a'p01nt 1n the reactor hxstorv -and assume thaL the

;“feed vomp051tioc.and rate have bLen fiXLd for some tLML, caqsing Lhe
r];dlscharge composltion and rate also to be fixed at a tead; st ate’
ico1d1c10n.' A solutlon,to the problem is obtained dlrtct;v by adjust- -
ing th2 tlsSILG feed composition in an lte.ﬂlth process Lo efrect the ‘
ftrltlcal Lord1t1on and . deq0(1atrd neutrnn flUY distribution. This
solution for che reactor propertics at a point in the operating history

is used to characterize performance. Tt is representative of all but

'Lhu'early historv for throwaway of discharged pebbles, but does not
account for the effect of fuel re-ycle after veprocessing and the build
l - . J:. up nf the higher actinides and the assaciated change in the reactor
characteristics with time. The model was cuosen to ajlow parameter
studies to be done with a relatively sophisticated nentrouics code at

2 much lower compuration cost ciirn required to follow the operating

history.

. We note that although ﬂhe critical reactor state is approximated
&irectly, an iterative process is used to effect a solution. Many
hat not all of the problems were tightly converged. Extrapolatior

«emes have been used to approximate converged solutions where neces-

- sary, and slight variations in results mav be due to incomplete con-
vergence, Long reactor histories werc caleulated by exploiting a point
reactor model which allows survey calealations te be done at low cost.
Account could be taken of selective rvcyulv and an economic medel appiied

Lo predict fuel cost for a single pebhle vype,
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costs for gower plint apn
situation. Manv parameters can take

significant indirect ceosts depend an the

on rances in values, and the

details of

choices

the ceanonic We revort reference results

which may or may no t allow direct comparisons to be made witd

‘results reported in other sctudies, and selectively explore the effect

changes Trom the reference calculation.

Primary decumentation of the methods of c7lculation is found in

the referenced reports covering the computec codes.



SECT10N 02: BURKER PERFORHANCE WITH ENRICHED URANILM

- We elected to make a majority of the needed exploratory kelrusutions

uith fully enriched U*?> feed with thorium. There is interesc xn the:

perfornance uith this feed as a burner operation, the dischatge ~ateriai
:tored ot possibly discarded. Chmplications from ;hanges in the
s::tpt: ;m"o *-t‘)e plutonium isotopes are not S:Wte as. Eit‘t

L TRIUT SR

parameter,studies were dnne'by obtaining continuous fﬂkliﬁg, steady “tatr
-isolutions. These one-dimensional barameter studies were made primarily
'fot a thick radial’blanket (using a small radial buckllng). TVQ—dimenf -

sional results were obtntn(d for selected condxtinqa, in-luding .d! ase ‘ 'xf

4“?,~ ,;I*'J' of fertile pebbles to effect a radial b)anket in the reactor, and ¢]¢r°
- tening of the power density by variation in fuel enrichment (in:reusing

ic radiéllv); Calculations were made to examine behavior af:er shut down

and after a power level rhangc Fina]lv. twn-dimensional discrete
ordinates calculations were made to assess the core nuc jear properties

_with and without an iniet axial blanket.

At the start of FY 1978, a number of expinratory caléulatinns W e

done before the calculational procedures had bheen fine toned for 7.

effort. An abbreviated fission product representation was used which

underestimated neutron losses, overpredicted the conversion ratio and
- underestimated the fissile feed rate. Conclusions drawn from this early
rffort served te gulde the effort, and some of those, especially appli-
cable to ‘the throwaw.v cvcle, are:

1, Decreasing the <uore height from that for a nuclear optimunm

bare reactor decrceases the power denslt¥ peak, an effect :
observed in the Cerman analysis effort. 2 ‘ i

2) The fissile feed rate varics slowly with changes in a design
(such as change in the carbon to heavy metal ratio) for a given
~exposure, and this causes the fuel cost and the U30g ore con-
~ sumpt {on and commitment, to vary slowlv with design changes.
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3) Once-recycle eof the fertile pebbles reduces the fissile feed
rate :nd hence reduces fuel cost and ore coasumption (but the
cffect is less than expected).

| R 4) The economic optipun C/HM ratio was predrctnu to lie below
- R the value of 325 chosen in Germany, for both throwaway and
' R recycle with enricued uranium feed, using indirect costs
‘ representative of us utilxty companies.

MR D P

Selecten tesu]ts from these 2arly calculatxons are showm in Table
, ‘2*! for the steady stace continuous fuelxng model. These results show, .
‘,,,fur exeﬁple, the effect uf core: beight on the power density peaP._ These '~; . i‘;fj
'ﬂ{bsults show snall incnnvistencies reflectlng,the prelxmlna'y'nature of
%the caxculatxons doue at the starL of this work. Infotmat1on about power
g ?density pezkxng and expasure by pebble type was made available after'such

carly Lﬁluulatxoﬁa had bcen made by'enhanc1ng the analys1s methods .

Table 2-1. Results of Early Parameter Studieé
(One~dimensional, axial blanket, 1200 MW, plant,
5 Uth/cc, atomic C/HM 325) .

fase ARl BAB1  BADI  L3CI B3FZ  eACH B4Ez  BSCH
Core beight {cm) 350 500 906 700 709 769 7090 795
{ycle {primary/fertiie; 177 . 171 A N l/'(é 171 172 1FA
“Residence time {full power yrs) 4 4 3 ki 3 <4 4 5
Conversion katio ' 617 .637 .640 676 624 .63c 594 665
Fissile Inventnry {Fgm) 1,267 1,125 0 1,030 1,019 123 1,065 1,022 1,093
.Peabk Ax.al Power Density - .
LR e 148 19.6 14.6 14.7 1.8 125 2.7
(are Leakace Fraction B85 .08 L0584 L08ES 0sT1 9653 510 6127
Average Exposture (Fh '
I/Kgm M) Miw 1163 1181 90.22 141.1 " 117.8  lge.m 142.7
Feed Rates (Kgm/C at full power) - !
Orimary  The -  5.6009  5.6002 5.6000 T.467% 7.467S 5.6009 5.600°  4.5430
¢ 1.9819  1.2943  1.3930 1.9268 1.65%6 1.9375 1.6750 1.927)
ot 1056 1010 ,0909 1028 .0882  .1030  .0R%  ,102%
Fertile Th22 17.817  17.816 17.814 23.75 21.8%2 17.817  16.099 14.45
Pa- .0021 .6006
E 4476 .3329 )
g 1508 1339 _
yir .0292 L0283 !
TER .0080 L0101 ‘

. ' Once-rPcyclﬂ 0( the fertilp pebbles w1thout r»process1ng
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| The initial fissilv loading at reactor start up w~35 acl wSudily
obtained in this efforr. Hovever, it enters the fuel cost calculations. , 5

Selected results are showm fn Table 2-2 for the clean core with 2 one-

dimensional model assuming radiai blanketing. e e

Table T-2. ¥nitial Reactor State qudktiOﬁS_ - u,"*””; SRR
(One-dimensional, .clean.core) - ' ’ ' :

Ccfy, nominal - us® 15" ast s
‘i Core‘héightj(c9) 5 ,300 ‘ “7§0  : 590f.Fé;7Qﬁi :
' Fissile Invéntory : S o
T (Rgm) © 2,128 2,162 1,366 1,238 989
_ ¢ Conversion Ratio  1.098 916  .856  .86T .B51.

Peak Axiaf Power - ' :
‘DgnsiCy (wth/cci 11.62 7.83 11.41 7.63 7.67 7.66 PN

a . . Lo
Oaly the upper half of the core fucled.

Yo axial blanket at the inlet.

Most of the fucl in the upper half of the core.

Primarv results of one-dimensioral paraﬁeter studize are shiown in
Table 2-3. These results indicate the improved fuel atilization by once
recvele of the fertile pebbles without reprocessing.  Radial Clanketing
was assumed in these cases. The "evcle” terminology 171 means fresh
feed fur both streams, while 1/1/? means fresh feed for both streaus,

but the fertile pebbles are recycled orce (withou: r- processing).

The supplemental results in Table 2-4 at a C/HM of 250 display the
effect from variaticn in the inlet design, within the limitations of
diffusion theory ane the reometric represeatation. The results for
increases In "he radi. ! *.:ckling indicate the effect of Incredased
neutron leakage, as w5h17 h¢ the consequence of less effective radial

hlanketing and/or a smaller reactor size. L :ter two-dimensional
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4 Table 2-3. Tesults at Several Heavy Metal lLoadings
~.© . ..z (One-Dimensional, Asial Blanket,
cE L] 1,200 M, Plam:, 5 H_t_hlcc)

{f

-fﬂ-m '!H“Mhp W

L e R O an . pa
R h’nin}&—fr.e Sy UL S B TN SR T17) (LSRR
| %acs BaTaces tigeid 8T €417 power) O S '
- peirary Smet | ;.*F R TN 12610 11675 2.4 B 5527
: 'fzza 231 2.187 173 1982 27804
Ry N e T RS LT
Feet:i: Pees '»‘*‘3 250378 .33 4 st RISHT 505
23 L - . T
L‘(;' »
N SR
e
- 2. ,
Prizary Discharce m;;;‘ 15,783 i1.e46 475 ven . T
233 - R S . 0004 Rxi¥:] ) 5 ] 50V
G w17 - 2795 £274 279 %
0 a2 o778 ez ST V1 3
3 : 42 LiBS 1235 S s RITHS
. dj;;: S w6 a1 % nw
o 098 08 1506 681 6530
Fisgile Pu .02 L0621 ¥.36 aeen 519
Strer By o019 oms omg L0196 L5079
Fertiie Dtscharge The ¥ 18 8 Wweg .18 6.813  28.067
pa? 3 L0017 6006 5162 8007 0031
u;j: 4380 3579 160G 1689 5904 -
vt 3120 1097 1130 9650 153
- u;;’: 6258 0762 0166 0223 .0297
¥ .ocha 5063 2015 o114 0054

563
2398, 8

6.8217

2.126¢
1t

22945 -

5.987¢

)
1378
519

T3
L1063
.0A87
6017
.62

29.6%

- 009
4504
1397
4307
.0078

v156'2 O DU
205141y ]

&1
1.%32 -
1633
11.2%

£.91¢1

RITY
L0376
890
e /LR

.0a1¢
.0018
9.5%23
0071
2118
0928
052
0143

bcte tnat tne pebbies have about the same 10ad =q 4t & (/ae 175
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Table 2-4.° bupu;emeutal Resu‘ts for Full} Enrchec Feed .
S ; (One-Dimensional, C/EM 250, 500 cm height, e
T i T : 1,200 Hﬂé, 5 ch[cc) S , T

mxl? e

a0
g © Blagket -

L ,WjSSIOn Product Absorptlon FraC£10n 175 L ngs L1185 11690
o Exposure (MM, D/¥gn HM) ‘ N AN i
e -~ Average < . 154.2 1526 1510 151.7
Primary Fertile E 205/1¥3  203/114 214/103 - z12/106 )
" Mass Bélames (Kgn/D at full power) : : S
Primary Feed Th23s - “6.4210  6.420 6.216.  6.6210° B : ,
S s ©1.9232 7 1.8897 2.0867  1.9955 T R
o T S - .1033 1007 11320 L1068 B
- Fertile Feed - Th23z . ' 11.250  [1.250 11.249 . 11.249
Primary Discharge Th232 -~ 59161  :5.911> 5.9152  §.9059
Pazi3 .0007 | .0007  .00GY .0007 -
U3 T 367 1363 .138) .1364
uz e 0376 .0381 . .0375 6385 ;
U 0890 - .0842 1010 .0822
Y236 2785 L2733 .3034 .2857
BN L] ~.0807  .0791 - .0872 .0836
Fissile Pu ~.0016 - .0016  .0018 .0017
Other Pu .0018 | .0018  .0019 .0019
} Fertile Discharge Th3? 9.5523 9.5379 9.671 9.6392
| : paz33 0011 L0011 0014 L0011
243 2182103 2163 2122
TR .0928 .0935  .0908 .0920
u23s .0252 0253 .0244 .0247
TREL ) .0143 0146 0125 .0133

®These cases hac about 0.0017 fraction neutron absorptions in stlicon while
the others had none (inadvertently).

Actual core radius for 600 m3 is 618 cm (but with power flattening the
effective radius nay be Tess than this), .

“This case treated 13 energy qroups instead of 4,
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‘~“calculations. ailow comparison u1th specific tuo-dimensxonal models ‘and

N generally show less effect1v~ 1n—core radlal blanketing than was assumed

sidered (Iacking d1rec mixing capabllity), 11tt1e effect was found from\

-this approxlmation by aIterlng the model but add1tiona* results are noc

reported lere. n R ;

Veutron balance data accounting for losoes are shown in Table 2 7

for selected cases.

e ~

The data prebented previously allows the assessment of perturbations'

from the reference cases. A 0.0l fraction increase in neutron loss
causes about 0.02 loss in conversion ratio and 0.05 traction increase
in the fissile feed ratce. Thus removing the s1licon and an associated
absorption fraction of 0.0015 would be expectéd to incréése the con-

version ratio by 0.003 and reduce the fissile feed rate by less than

0.01 fraction; doubling the silicon conrent to better contain the fission

fragments in the heavy metal kernels would reduce the1conversion ratio
by 0.003 and increase the fissile feed rate by less than 0,01 fraction.

Blanketing and Power Density Flactening

Regarding power flattening, consider firét the core without a radial
blanket. By increasing the fissile feed enrichment radially outward,
the exposure to a neutr.n flux which decreages radially outward can

effect a nearly flat radial power Jensity. Flattening reduces the peak

i I A




i the allowahle exposure before severe pebble damage.

Hlth a longer resx—

dence t1me at the edge of the- core exposure 1ncreases. To effect the’k

‘i;same exposure w1th a 25 percent vazlaC1on in the residence time would

yrequire a peak to average power density of about 15 percent neglecting _ff‘le‘f;'*‘
'axial effects, while with a flat peuer densxty the exposure would vary

approxxmately as the reciprocal of the residence time: (Axial deplet1on‘

of fuel reduces the effect.) 7 ) o '_'

Disadvantages of power flattening include increased neutron leakage

decreasing the fuel conversion ratio aid increasing the fissile inventory
and feed rate, increaseh power density near the reflector which may ex-

" ceed that inward due to neutrom-flux peeking in and return from the re-

N fiectof, and elevated flux level in the reflecior increasing the damage E
} ' | 'rate.v'The increased fuel requirement can be held tolerable by inéomplete
flattening, holding down the feed enrichment toward the outer edge of
the core. This holds down the power density p:aking near the reflector
and reduces the fluz level in the reflector. (However, the power density
peak is not reduced as much as {t could be.) The effect of the condition

near the reflector is especially important because of the large volume




% Table 2-5.  Two-Dimensional Results for Fully Ennched =
' s Feed With" and Without Intemal Pgarhali Blanket R

pzmry/rerule uy 2one oatn R Do R R
ATy e - .. 282162 LY RO 246/57 Za1/56 - 28256

CUlzp T e T e awTee 268762 a6 25360 253760
e 3 e < 260456 268/58 - - T2RYSE . RENEy T 260756,
RN 1)U ‘ Coaye 239127 26340 . 2345 200,39
] |3 A A 1 SN AR - SUL L LAY ¢
R R L B -8 B T 7 Lt IR T
© Mass sa';mce‘sff(‘ugn‘,rbfaz full oo-.-r) SR > ST TTEST oot
o Prisary.Fees Tl - LT sl Tsazia . Y5218 sa216 - s.izi6.
o g T 2lzeey L 22166 % 222450 T 2wt 2.2487
” gt ’ R S ) 1156 ERIE N 1199
Fertile Feed Th'*: N 3 25.419 6.t 25.409 25805 - 25.408 -
Primary Cischarge Th'* . 48766 4.4362 . 4787 4.6800 4.67%
, Peit : 20905 605 - a00s . .0006 - 0606
L sy S VP s nw RTINS § 13!
T T ) .03 0137 0335 .023s - .03
- E oL " 1048 1034 1092 1128 1207
R - : gie . L3178 .3168 I .3203 .23
o : ) cogi .0899 .6897 0%4 0908 L0912
ERE o Fisstle Py 0013 0019 .0020 ~goze 062
e _ Other By I [0922 o220 - 0022 002z .0023 j
’ Ferzile Discrarge Th' 23.611 23.601 23.591 23.587 23.587 |
Pyt 0020 002} L0021 .002i 6023
et L48Y: 444 .4503 L A9z L4970
HA ) 1219 1226 L1294 V296 1308
IEE ) 0286 .0287 0286 0286 .0289
yo .0078 .0078 L0576 0076 .0074
",',f» $regnocon of radial zones ’m!ward) and relattve primary nebble residence tires: 175, ,95; 1,5, 37¢, 1%, 1.0,
fAL TR TG TLNI255 1710, 112750 half primary, Ralf fartile peblles.

Te: r'u-r nELLPNN BNEYGY GrOUn, fnsu- g £ 4, |
"FarH u streyny racycled tndividuall<To the nest suter channel, the fourth one . 1ck tn the central channel, radig!

‘,u]'irn’ -mmn' not recycled, - |
VAP MR AFLITT s
” e | B
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Table 2-6. Additional 'l‘vo—Diménsional Results for Fully Enriched U**®
(5 Wyp/ce, 5073 cm height, 1,200 M)

j Lty wiit -’
2 U R I3
0 11 Ti15E
) o2 gz R 4] :
2t ‘5:‘_5 S e 8.2 :
T T &7 T
2,627 N2 T b5
168 82 R 4 4.2
N < &8 w | 3w

R N . Y67 hze
LHEIBS | SAEs5 | S.S28 0 4238
CiUkBRS L IEIIAS. sEMs 4335

5.286-5 B85 62245 FITRA
U ONSIes Eae-S T 87t | 6,133
6A76-6  fertile 7 fertile  6.083.%

(6. - 68066 fertile, fertile  £.033-5
hposure?ﬂm Of kg 1) } B O
age . ; 7%.4 %6 9.3 154.2
. Primary/Fertile by zoie path N e _
o Y T 2281 253/ 268785 il
2 : 29 3Yss 231788 265763 265452 25 1
- o o S 175 248781 "~ 240485 p72%2 272450 2631
[T oL voo20/33° . 241050 23839 279735 274138 i .
sy ot 137X 2828 L 22mel Y /1€ 2547 %
(L () JE e BN 28 202/18 /8 ‘e 728t 26
mss&alimr: (?gn/D at full gower) ’ - ) :
Primary Feed- - Thiiz ’ 7.4241 6.1367 6.1867 5.1218 ¢ 3218 €167
: cooaEm T : 2.6816 2.5564 2.5002% 2,430 (481 ioner
gee . . L1429 L1363 .2306 135G 1325 i3s
Fertile feed The 6. 148 21,787 21,873 LN W ) 13,4308
Primary Discharge Th™'* 5.9268 5.0 57263 16806 &ts36 N TI
Pa<t? .5013 . O0F .0UR 0007 YY) )
us 1582 1383 1848 1185 189 1359
yei N ' .638) .0359 L3562 L0528 513 2
yais : L2506 L3935, 2162 L1330 18633 1688
e S 386) L3690 L6324 L3519 L3481 - .1347
- . g VI66 1072 L1824 0968 .1003, .0974
- g Fissile Fu . .0025 .0023 L0042 .0023 L0023 .0022
i Other Pu ) -0023 .0023 0040 L0028 . 0024 0023
- Fertile Discharge TW1: , 26.535 20.267 .20.193 23 7158 23,768 9.3689
paiit , L0042 L6077 0026 L0027 .0a2° %12
g1 ) L2185 .4389 Yy L4911 4883 .2168
120 RTEY) 1159 1306 RIEY: 1209 Y
. - o 0245 0248 L0232 0253 0260 Nrs]
v 0044 s 0947 6058 L0059 a3

23150 refer to notes in Table 2-5.

%o inlet axial Blanket, :

hanyla- core, auter internal blinket, radial ine fractions .06, four at 21%, 0.1,

Annyiar core, inner and outer internal blanket, radial zone fractiaons 0.4, fonr at 0215, 4.1,
g3ee case MR2B1 for fee rates of other yranium fsotapes (primary discharqge),

,)Swmc different modeling,

p¥deling different, more reflection reduces rore losses.

“Modeling different, large reflectors.
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Table 2-6. (Cont'd.)
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'invnlvtd (volu-e prohortional o r ).' ?1atteﬁing’na€‘significéniIQ'
aggtmte mnon drivmk ﬂ.nx mﬂ

1ntion inrreasina coar{cl :equirameats,?

.tallinit the da-age rate to the gzaphite teflector.) Radial blanke;;ng
can also effeut a batton blantnt vich ported pebble exdt due to naturai
pehbie flow. The use of fertile pebbles for the radial blanket is .

- a:ttactivc because they>can be continuousl naoved»and then.passed B
through the core without prccessing to effect sufflcient tissile cantent ,".ﬂ =

‘ to avoid both unecononita;.processing and bigh loss. A radial blanket B
T . ' likely disallo-'s the location of control rods in the ref}.ector. ' -

Blanke:ing the top of the core with fertile ‘pebbles seems desirable
preferably allowing them to pass on through the core to avoid a fixed
= = : blanket requiring removal and avoiding low build up of fissile material
) in fixed outer pebbles. The core lcakage would be reduced 1ncreasing
‘the conversion ratio and reducing the fissile 1nvertory and ‘feed rate.
A 50 cm blanket above a 500 cm high core adds 10 percent pebble loading.,
"0 but these are unfueled pebbles. qu effective blanketing, these pebbles
R should stack above the others. Thxs would increase the coolant prcssure
drop, but less than by a factor nf‘che relative height increase since

the inlet gas temperture at the tog‘nf the core is low.

The means to effect a near flét zone of pebbles at the top of the
bed, with introduction of pebbles below it, would have to be invented
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'jAhé ae;ongffated:'“Sﬁortéf:résidencé time of-pebblés near tﬁ;‘éenter - | o -
tends to cause a voided xnverted cone at the top which may be a evére." |
‘:iinpact. Indeed the requireaeuts for conttol and. shatdown rods may be -

severely lnpact”d by an inlet hlankct of moving pebbles. At least thfre
fﬂoﬂld“be'lncreased'requxreaents for structural sup ‘rt toﬂmaintain Eree

. Effect of Pebble Packing

The dependence of performancc on” tﬁe pebblg pdckxno fractlon uas

alculatcd with the follnuing rpqultS‘

. . Pie L ~,‘ _-. . 10 Percent
’ B ‘ . -Reference -Packing Increase
Pebble Packing Fract1on ; ' ‘0.6} : ‘10.671‘7 »
TCootan: Fraction ~ 0.39 : 0.329 .
' jConverqion Ra[io 7 k' - ’0.6298H . 0.6523 :
: Figeile Inventnry (Kgm} - 1,562 ' 1;628
Fissile Feed (Kgm/D) 2.160 2.133
- Peak Fower Density )
- Core ' 12.6 - 18.6
Primary Pebble , ' 53.5 © 48.6 . o]
n Fertile Pebble - - 15.5 15.3 :
) Fissfion Product Absorption Ffaction .1037 .1003 1
Core Leakage Fraction L0572 L0500 ?

Increased Problem Size

More meshpoints and exposure regions would be used for design sup-

port calculations than were used for these survey calculations. A few

problems weré solved to test the capability. The number of axial regions

was increased from 14 to 30 for the {ueled pebbles (34 including an




o

axial blarketr}, and the radial from 5 to 11, making 644 composirions to
treat for exposure compared with 136 typicailv used in the analvsis.
The number of (R,Z) meshpointé was increased from 50 - 32 = 2,&00 to

53 - 88 = 4,664, 18,656 space energy points. The computer time was
increased by a factor of 3. The results indicated that the reference
calculations were adequate for survey; a lower power density peak was
found at a small increase in the fissile feed rate, and relatively good

flattening was found te be possible ﬁith’Oﬂly two feed enrichments.

Annular Core

An annular core design is worth consideration. Above some core size,
such design could be necessary; the control of pebbles appears to pre#ent
problems for a large core requiring multi-porting, but an annular design
is likely not desirable below some plant size, perhaps as large .s 3,000
Huth. By incorporating a central column of concrete axial steel ties
can be used to reduce the load on and significantly ease the structural
requirements of- the concrete pressure vessel heads. This concrete nust

-be shielded, so an internal graphite reflector is necessary which would
be subject to a hipgher damage rate than the external reflector, inviting
adjacent blanketing with fertile pebbles. LIt may prove feasible to
locate control rods in this internal reflector and also associated
instrumentation, possihly attractive for control of xenon driven flux
oscillation. A 73 em radius concrete column and 36 em reflector has
an area of 3.87 m2 compared to 120 mz for a 18 cm radius crvlindrical
core, an increase of onlv 3 percent and an outside core radius increase
to 628 ¢m, not veryv significant in considering such aspects as capital
costs., However, shielding of the concrete mav require considerablv mere

material than considered here.

Significant reduction in the variation of the pebble residence time
mav result with an annular design without significant impact on the
requirements for distrituering the feed pebbles. This conld reduce the
variation in pebble exposure allowing increase in the averagpe. The re-
quirements for power flattenfng do not appear to b changed much, but
the neutron flux which peaks {rn the annulus may not he as stable, The
teadency for xenon driven radfal flux oscillation within the annulus

section Is reduced but across the whole core (azimuthal) {s preater.,



Requirements in the thermal, hvdraulics area - ppear to be no more diffi-
cult to satisfy, although multiple coolant entrance and exit ports may be

even more attraetive with the central plug < -.. !ing through the reactor.

Results for ar 1nnuldr core with a 7% cm concrete plug and a 36 cm

iriternal reflector were shown irn Table 2-6.

After Shutdown

After reactor shatdown, the level of 13%%e poisoning pasées through
a maximum due to 13%] decay and discontinued absorption losé, and then

decreaseq to zero due to decav. Also, the decay of 233pa to 3 fuel

© adds excess neutrons in a neutron balance. Witk load change there are

changes in the‘neutron balance. Here we are interested in such effects
and the dependence of these on the core design. of ‘gspecial interest

are how long the plant would stay chut down before startup is possible
(Xe override requirements), and when the ﬁultiplication factot‘increases
\above‘ﬁnity requiring rod insertion, and how much control worth is needed

to effect the subcritical state after a long time.

The history of the multiplication factor after shutdown and follow-
ing load change was determined by treating the reactor as a fixed bed.
Selected one-dimensional results are shown in Table 2-°. These calcu-
lations treat the full set of chain equations used In the continuous
-fucling model explicitly is considered including 2?3P3'233U, 13%¢ +135Xe,

14E

and the route to ‘“9Sm‘invoiving “Pm and ’“°mrm, at operating tempera-

ture. Note the significant effect of the loading on bhehavior.

Additional calculations were done for a reference two-dimensional
case having a C/HM of 250 (MR256). The results obtained at shutdown and

following it for the reactor at power (hot) and cold are shown helow:

Multiplication Factor

Time After Shutdown (Hours) Hot Cold

0 1.0 1.0297
6 .9516 .9799
12 . 9483 .9765
18 L9591 .9876
24 L9735 1.0024
30 .9871 1.0164
36 .9984 1.9281
42 1.0071 1.0370

13,140 1.0729 1.1047




Table 2-8. Multiplicatien Factor After Shutdown

233t Feed " 235 Feed 235 Feed
c/uM 175 c/HM 325 c/mM 175
Once Recycle Once Recycle Once Through

Case Description 3 Year Residence 3.5 Year Residence 1.5 Year Residence

Time After Shutdown (Yrs)

0 1.0 1.0 1.0
3 .9761 .9587 3772
6 . 9654 . 9404 w9671
9 .9623 .9341 . - .9643
. 12 .9636 .9349 .9658
: 15 .9676 .9398 9699
18 .9728 . 9468 9753
21 .9786 9549 -.9811
24 . 9845 .9633 .9870
27 .9901 . .9714 .9926
30 .9953 .9789 .9978
33 1.0000 .9858 1.0025
36 1.0042 9919 1,0066
-39 1.0078 .9973 1,0102
42 1,0109 1.0018 1.0132
45 1.0136 1.0057 1.0158
Time After Renewed Operation with Fixed Bed (Days)
1 1.0032 1.0013 1.0034
2 1.0013 1,0002 1,0014
3 1,0011 1,0002 1.0015
4 1.0007 .9998 1.0015
5 1.0003 . 9991 1.9013
Time After Power Level Reduced to Half (Davs)
) . 9986 1.0012
1. .9981 1.0011
1.5 .9976 1.0010
2. .9971 1.0008
2.5 .9965 1.0006
3. . 9960 1,0005
. Time After Power Level Increased to Full (Days)
.5 .9955 1.0003
1, .9950 1.0001
1.5 .9945 1,0001
2. .9940 .9998
2,5 .9935 .9996
3. .9931 9995

The prompt reactivity temperature coefficient was also calculated

for this case at power as -2.9 < 107" per °C {(without chanee In the
graphite temperature), where the temperature rise would be the average

.n all of the heavy metal (considering flssile and fertile content).
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The zfter-shutdown situation may he examined for partial override
capability. The following results are based on the two-dimensional
calculation for shutdcwn thh 2 C/iM of 250 without any allowance for

delay in effecting power or temperature changeS'

Time in Hours

Fraction —_ — — —
o S override _ Worth Restart Restart Restart
S _ e R - Capabilitv in keff Allowed not reallowed
R dpabllity : - - owed " - Allowed to k ..>1
e T o R eff
R N o 0 2 ;37.4 B B} o s
040 000226 19 @S5 10
060  0.033 31 187 156
0.80 0.0448 4.8 - 12.4 -~ - 202 - C
-1.00 “0.0560 : always ? B - 37.4

- Noté that if peak load occurred once daiiy and is assumed to persist
over a period of 4 hours, and with shutdown at the end of one period, it
would be desirable to be back to power in 20 hours. Allowing 3 hours to

; : bring up power, restart in-17 hours is desirable which would require a

ef

This is an appreciable amount of neutron loss to tie up, amounting

worth of 0.0456 in k g °oF Just over 80Z total override capability.

to abcut 9.09 loss in conversion ratio compared to abhsorption in thorium.
Analysis of the requirements on- a distribution grid would be required to
show that such override is not needed or is not justified based on costs
(with energy purchase or trading allowed), probability distributions of
plants down, capability to maintain a viable supply at a low supply level,
and assessment of the probability of rapid stértup. There is a basic dif-~
ference between a corevwith an axial blanket and one without regarding
override. Without the blanket the required reactivity can possibly be
tied up in control ruods iﬁ place of axial léakage without degrading per-
formance.. The analysis here is incomplete; a careful study must be made
of the situation involving a selected control rod and core design and
control rod role, with sophisticated treatment of ncutron transport and
consideration of startup at a temperature below normal operation and

operatfion for a period at below design level.
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Ffom the viewpoint of Xe override and control requirements (and
others such as stebility from tighter coupling), a low C/HM is attrac-
Zive. However, the worth of an individual control rod decreases with
decrease in the C/HM and associated higher fissile loading, so many

aspects must be considered.

Flux Oscillation Driven by Xenon and Its Control

A large Teactor would be expected to exhibit heutron_flux level.

oécillation on a period of several hours, drivei\By the Xel3s$concenf

tratlon -changes. Increase in the flux level Iocally causes an 1ncrease'

* in the destruction rate relative to the pxoduction rate due to the lag -

‘in the concentratlon of the 1135 precursor, ‘and an equillbrlua concen-" *

135

tration of Xe 1s apnroached only after several hours delay - The

135 js higher at the eIevated

flux level and acts as a poison reducing the flux level locally. Thus

the flux level would be expected to roll around the core along the
azmuthal coordinate, oscillate in the coordinate of weakest coupling.
Tnis behavior is associated with a weakly coupled core and would require
compensation by slow local changes in the neutron loss rzte, increases
and decreases, as with control rods, for coves above some size to avoid
excessive local power densities and unstable appearance in operationm.
The condlition would be expected to be aggravated by increasing the
carbon to heavy metal ratio, increasing the power density for a given
core size, and flattening the power density. If cores above some size
are to be used, flux tilting must be sensed with instruments and the

driving force compensated.

It is unlikely that axial flux oscillation could be tolerated due
to the complexity associated with effecting local axial compensation
and the requirement to measure flux level changes in three dimensions.
To test for stability, (R-Z) two-dimensional problems were solved for
the reactor with and without axial and radial blankets and the once-
recycle bf fertile pebbles without reprocessing, for.a 500 cm high
fueled core, a C/HM of 250, and a power level of 3000 thh (not the
worst design conditions). The bed was fixed. The multiplication

factor was calculated following short exposure steps over an operating
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period of several hours treating the full set of chain equations used
[ o - for evaluating pcrformancé. Initially a perturbation was introduced

15 . .
12 concentration to

i o g_;ifa -to excite the oscillation mode: setting the Xe
}m; zero in a-few zones having high power densities. - The peak pouar densxty
apbroachéd an asymptotic stable value exh1b1t1ng damyened osc11;at10n,_

_and there is‘stronger dampenlpg with blankets than without. We conclude

that che"core;ié Scéble in the (R—i) plane'and“will not exhibit axial -
l.,,.

oscillation drlven bv the Xe The calculaC1on was done wlthout 4
‘-lzemperature feedback and hence is conServative-. tﬂmpetature ‘eedbacu
:wbuld be a danpenlng effecc thrOugh the 1ncrease~in ‘the Th232 tesonance~ﬂf’
Jnlegral from Doppler broadenxng Hitb 1nctease in temperature add1ng .

local absorptlon Hlth 1ncrease in the local flux level, power dens1cy

aﬂﬂ tempe ra ture .

. Examination of azmﬁthal stébility is left to te done in the con-
tinuing effort with teﬁperature feedback :oiprodﬁce‘meaningful infor-
- mation. Assessing stability is, however, impacted by sdch complexities
as two types of pebbles which have quite differeat power densities and
temperature feedback. We note that only a small amount of neutron
absorption would be required, even for 1 large core, considering the
small change requéred in the ncutron balance. The required instrumen-
tation and mechanism for control remain to be established as well as
the maximum core size for a specific design anrd operating conditions
for which control is not needed. The location of movable absorber
in the reflector or in quadial blanket may well prove feasible as

well as out-of-core instrumentation.

‘Explicit Modeling of the Core Inlet

Discrete Ordinates and Monte Carlo calculations were made to
explicitly model the core fnlet region. A reference (R-Z) case was
chosen that had a thin axial blanket and 20 percent of the refereuce
core area as an outer radial blanket. Nuclide concentrations were
taken from a steady state, continuous fueling model calculation treat-
ing two dimensions but without representation of the core inlet region.
Essentially the same four group cross section data were used for all

calculations. Calculations were made with the DOT-1V codcl3 using P3
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cross sections and Sk quadrature (16 directions). Results are shown
in Tabi:= 2-9 for the original diffusion theory cese, and for a DOT
" diffusion theory cnse (transport corrected) and for the discrete
ordinateS‘formuléiion with the inlet regiun represented (modest_gas
,spece and reflector) Results are aléovshown‘with the axial bleoket

;gremoved and a thicker axial reflector, with no control absorber and.

- wlth control absorber in the axlal reflector "and also: for the 1atter

;s1tuar10n with a thicker radial reflector. The amount of ahsorber
}mate rial. included is~apparent1y excess1ve _so ; smaller perturbat1on ,
iisﬂmore real1st1c. Note. chat the net axlal and tetal external neutron _
fleakage and hence the conver51on rat1o ere oependent'on the ‘reactor ;ﬂ L
" .inlet de51gn.n ‘Increased reflectlon reduces the leakage. V Poxson1ng.

. from control rods located in the ax1a1 reflector causes é spac1a1

snift in the neutron flux that 51gn1f1cant1v affects reaction rates.

The information generated allows assessment of the results obcained
to characterize performance. The flux shape in the core.depends directly ’
on the design of the top of the reactor and the position of the control
rods. The reactor contents depend on this flux shape, and therefore
the -peak power density and peak temperatures. Carerul modeling will be

essential to subport design effort on a specific plant.

To test the Monte Carlo method, case TXZTA was also modeled with
the KENO code.22 It was found that after following a reasonable number
of neutron histories, the results were sensitive to the spacial fission
source distribution. Without 3 good inirial source, early histories
Lad to be discarded to obtain reliable results, so it is desirable to
supply a Monte Carlo calculation with 2 reasonable initial source
distribution. Results are shown below for comparison providing a

veliability check of the base discrete ordinates results:

Method Discrete Ordinates Monte Carlo
k
eff 1,0071 0.9964 + .0051
External Leakage 0,0757 0.0731

More histories would have to be followed to reduce the statistical

uncertainty, a one standard deviation level estimate shown.

|
|
f
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”

B . - IS <
e Table 2-9. Two-Dimensional Results with the Reactor Top Modeled
- Case .  1x0? TX1DA TIITA - TH2TA X218 T™oTC
© Axial Reflector (cs) S A 0. 60. 60. 60.
*~ Axial as Space (cm; - - 6. 8. 100. 100. ~oo100.
. ‘Axial Blanker (cm)  * 3. - 3. 38 0. . 0. .. O
" Radial Reflector (em) - 3. ° 30 © 30, 0. 30, 60.
‘Radial Blanket Fractfon 0.2~ 0.2 ez 0.2 620 . 0.2
RBods in Axlal Reflector. M -~ No Bo . .-Fo Yes -  Yes
Sédﬁionics,ihedfg',~A,‘f B Diff95199 vbiffuslod ;T:”":\'; < Transpore Trhy;pbrt;;_Trapihort.,~t
Koggs T T 0 Le D 10155 0 10073 - CLOOTL  T.95960 L9619
et Top Axial leakage . . . I ' L E , :
.~ From Core . ., Lot LT 0688 . .0621 . .0620 .0606 - - "
" "Prow Blarket _ L0456 AR %73 . - . ’
External Leakage Fraction . . - .
© Yop o .0656 .0381  .0285 L0362 .003¢ L0036
Radial . .0130 . .0225 .0185 .0384 .0249 .0178
Bottom .0036 .0021 .0028 - .0031 0049 -0057
Total .0622 L0627 .0498 .0757 .0328 .0271
Peak-to-Average Fission SOurceE -
Internal T3.24 3.19 . 3.15 .06 2.54 2.55
~ Core Top : A 2.67 3.27 0.71 - 0.80
Integrated Reaction Rates by Key Nuclides
¥2?? Absorption .1980 . 1888 .1913 .1901 .2156 -2191
U233 Absorption .2799 .2968 .2898 .2906 .2376 .2347
Pa23? Absorption .0109 .0115 .0112 .0107 .0106 .0104
Th??2 Caprure .2876 .3015 .2961. .2671 .2753 2795
U2%* Capture .0115 .0107 .0109 L0110 L0132 -0132
Simple Conversion Rat{o .6119 .6280 .6236 .5659 .6220" -6305

Critical Conversion Ratio® L6119 .6433 .6309 .5730 L5799 - .5909

Peak Tota! ‘sutren Flux Above 200 keV (n/cm2-sec x 10712)
Radial Reflector 5.66 5.73 6.07 "6.86 7.53 9.45
| Axial Reflector - 9.59. 9,90 50.8 23.1 19.9

aOriginal case omitting inlet detail, supplied nuclide densities.

Point peak relative to the average for total power generatfon i1 the fueled core (80 percent of
core volume), ) -
Estimated from reaction rates for a change in the core contents.
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The axial cell associated with one of the bank of control rods - .

was modeledkandryarious analysis methods ar< being applied to this : e
:problem in the cortinuing effort. Shown in Fig. 2-1 is the change in
multiplication associated with incremental - 1nsert1on of the bank of
‘control rods as ealculated by the discrete ordinatec method. " The :

: ;calculatlons were of a survey natuvre.to test’ methods and several

aspects:were _ignored including’ the effects assoc1ated with radlal
reflectlon at the top of the Treactor. A deta1led design of a control
f;erod was not represented rathe: a solid cyxznde; of absorpt1on andu

t the core contento were not conserved.

1tAd1splaced materlal s0 th_

eScill the shape of the curVe should be representat1ve and consxderablei?

-

"varxat1on in worth is expected w1th p051c1on.

hh_
Ve g R R

g i,
3

The results e have obtained 1na1cate that tie full reactor and
control rods in detail can be modeled by the Monte Carlo metnod to v
determine the control rod bank insertion worth, but not the ind1v1dual “
rod worth. A direct calculation of the reactivity importaunce of
specific position chadges appears feasible applying a perturbation
Monte Carlo method; since a significdﬁi\number of events of interest

- would have to occur for acceptable»statistice; however, there are

Sl lower limits on the change in" rod positioo and the number of rods that
can be considered. Adequate capability to describe the geometry of
many rods (and/gbe pebbles explicitly toward the top of the core if
desired) is not available in the production versions of the local

Monte Carlo codes.

Rggarding_Temperaturesr

Local capability for solving the thermal hydfuulics problem is
yet under development. Show. in Fig., 2-2 are the key fissile nuclide
concentrations and pebble power densities as a function of axial
position from a one~dimensional calculation for a relatively short
core residence time. Shown in Fig. 2-3 are primary temperatures with
the coolant flow downward and also upward. Favorable temperature

/f//// peaking with Jownward coolant flow is indicated.

aMonce Carlo results are also shown (also for discrete changes) for a
modest number of histories. »
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ORNL-DWG 79-8356

(x103) — —
; l GAS SPACElCORE CONTAINING EXPOSED PEBBLES

|
— REFLECTOR

A  —— DISCRETE ORDINATES
12 | MONTE CARLO - -
(ONE STANDARD DEVIATION)

r

INCREMENTAL CONTROL' ROD BANK WORTH (-AKgqq/cm)

AXIAL LOCATION OF THE END OF THE RODS

Fig. 2-1. Incremental Control Rod Bank Insertion Worth

The local effort on thermal hydraulics calculations continues. Of
special concern is the dependence of the thermal comductivity on the
high energy neutron flux exposure and the degree of annealing out of
associated defécts over the temperature history. Special consilera-
tions are involved for an adequate treatment of such details as a
radial blanket and radial variation in thé power density, and to
assess the effects of flow blockage and the spacial distristtions
of more than one pebble type. The calculations that have been done
show that to hold down the temperature at the pebble center, [t is

necessary to effect distribution of the heat source over as much

of the pebble as possible, requiring distributic. of the heavy meLal over

all but an outer protective shell some 0.2 cm thick (say 2.5 cm radius

meat in a 3.0 cm radius pebble rather than smaller).
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. Psint Model! Results

Point model calculations were used to model the pebble bed reacter
¢ and predict performance over a thirty vear cperating hisiory. The mode!
considers a single pebble tvpe. Results of calculations made for the
: : throwaway cvcle are shown in Table 2-10. Shown are estimates of the
- fissile feed, ore consumotion and fuel cost for a representative cycle
- and for thirty year operation. The neut}on loss fraction of G.05 was
selected to represent a blanketed core, while the 0.08 fraction is
more representative of a: reactor without ; blanket at a C/HM of 250,

or a plant of lower capacity. The neutron loss fraction tends to in-

crease as the heavy metal loading is decreased increasing the C/HM,

so a 0.08 fraction loss at a C/HM of 400 represents some blanketing.

Point model results for a fixed fuel reactor with only nartial
refueling are shown in Tahle 2-11. These calculations Qith 1/3 reactor
refucled are identical with those done for the pebble bed reactor re-
sulrs in Table 2+10 except that account was taken in the model of the
requirement for control rod losses to offset the loss in reactivity,
and a s heme was used which causes the fluax levels to be Yatch denend-
ent. As the refueling fraction is made smaller, the approximacion
approaches continuous fueling (but we do not credit the pebble bed
reactor with the advantage of flux levels dependent on the batch).
Compariég the results, we estimate the required fissile feed to a
pebble bed reactor and the ore consumption teo be nearlv 13 percent
less than for a fixed fuel reactor, and fuel cost to be 10 percent
less, if the fraction core neutron lnss is about the same. Accounting
for the lower coolant fraction and associated lower core neutron leak-
age of the fixed fuel design, and allowing some excess reactivitv (in
control rods) for Xe override and control, reduce this gain by pcrhnbs

5% percent.
Economics

Shown in Table 2-12 are the calculated fuel costs for selected
two-dimensional cases., The caleulations invelved a direct treatment

of the steadv state cvele and extension to estimate the effective fuel
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Table 2-10. Point Model Results for the Continuously Fueled Reactor Throwaway Cycle
(1,200 MW, plant at 0.75 load factor, .002 tails)

B B TS
Congymption Cost

Converstan U+ Feue

Resrgence Tims  Exposure Fisstle

yrs at (Mg -0/ LoaddIne Cvam/ {avegmption
!l power)  Kgm W) gmt Ratto DAty ge ey e (Kgm/Yhig ) N1,
fee Kl ir)

C/H o0, 5 Weinfcc, .05 neutron loss fraction

3 73.2 1,342 CBRA 1.5b64 ‘46 4,125 1,637 3,281 naon
4 %1 r.are 655 1.4 PR 4,620 1,516 1.0(}0 4 44
> 118.5% HEC ) Kra Y. A8 17 4.f.°.3‘ 1.814 3,004 R
C/MM 250, 5 wpnscc, .08 neutron loss fraction :
kY 2.7 1,50 .631 1.766 165 5,360 1.843 3.709 LW
L 95.5% 1.593% .601 1.6%% 165 5.132 - L : 1,454 LR 1)
Q¢ 98.7 1.519 .59 1.644 148 £.097 2 3,444 £ o110
5 nra 1.716 8% 1.63% 143 5,191 1,697 3,3 LN X1

C'HM 250, 7.5 Wpp/cc. .08 neutron Yoss fraction

2 72.4 1,00 6C7 1.335% P 5.397 1,948 3964 5760
3 106.1 1,179 569 A vt 5.08° 1,760 J.e10 LG
4 137.5 1.3t BN 12 161 5124 1.762 3,561 LR

C/HM 400, 5 Wpp/cc, .05 neutron lass fraction

2 2.7 862 629 1.66} ETS 5,09 1.708 3,493 4439

3 106.7 94 .590 1.550 135 49 1.590 3,04 3,91

El 133,86 1,00 552 1,559 14 Toaaa 1.588 3,216 1,49
C/HM 300, S Wepsge, 08 neutron lass fraction

2 72.3 43 538 1800 17 5,498 1,874 3.8 hoRBY

3 195.3 1,019 RET 1.6 18 5,114 1037 3,540 8%

q 137.4 1,10 A7 1.686 ise 5,19] 1.21 3,507 D192

glncludes initial inventory
Installed capaciiy basis, Uj0g
Heavy meta) feed fined

0%




Table 2-11. Point Model Results for the Fully
Enriched Throwawav Cvcle, Fixed Fuel Reactor
(1,200 MW, plan: at 0.75 load factor, .002 tails)

T o o T T T e et . SR v
Lormrston . fews an.sw:::m- ":: v Blea :.ms;:!‘v-‘rﬂ: z;:’-
[ty aon s v W fri Ml R (Nqn Mey:  W:N1C
Kup =7 Vg Fr:
1 5 73T s Py ;13 $. T * 566 IR <z
4 ] 3.3 IR 30 [94 T 160 . The TR 3.564 S.283
5 13 1165 1360 LT 1T 153 2 45 1.7% 3,838 S.410
H 174 72.% 7 517 1106 135 5197 1,200 3,577 5229
s 1/ B¢ T 50 V.627 182 .43 1T 3,288 5.21:
H 14 [ LS .7 1612 154 5.138 1,705 1.3 5.8
¢ Ve %2 e et RSE 143 2353 163 1,35 4,507
250, S Wppler, %6 mewtron Yy fractiom
3 12 I i.823 562 1.9 187 5.9%62 2.0 4,188 6.2
‘ 1 .5 1,638 53} 1.89 177 5,804 7.900 3,567 €312
5 11 115 4 V12 3 1878 176 z e 1.8 1,916 3LES
3 L ic.s 1,517 tag 1218 175 5,750 2023 LR AL €115
e 7 2 1.6 482 1,508 165 5,366 1313 1778 5766
5 1:8, ek 1080 ¢ =T TEY 5,581 1.3% 1,13 5.67¢
3 1€ *®.2 RS 33 1.7 163 5.3 IIEE) 2,858 5 S78
Ofrd 150, 7.5 munjcc, 0B netew 1nss fracrior
J 1y AN 1087 w47 3N 198 <. R ET FANEY £.252
3 R e S LG L% 1 50 M A 3.onaT $.000 5.83%
- > 4 172 1154 (IRTE . Y S 1AL .94 IR 4,193 .87
? ;3 m 1,0 5E8 7.0n 1% 5.7 7.8 8,230 €0
3 T8 135 .1 HREY 31 (P 37 5,423 1,567 .99 5,608
s 1/4 13€.2 1,339 476 1.67 178 <.553 1,358 2,593 5.554
1 1€ 1067 1,180 542 1,788 167 5 173 Tare 1,732 5,357
C/Hm 300, 5 dpn/cc, .08 neutron loss fraction
2 /1 LI 1 416 2.088 192 € o4 2126 £,32¢ £.403
3 13 .7 1037 471 1,93 133 <742 7,99 4,047 < 319
3 173 HE HRETY L8348 Vg 5 5,438 IEL 2,302 < 613
? 18 bR 46 3 V974 158 < Z. 8,154 € 368
-3 14 1957 1,526 A% 1AW 172 5 7,35 5676
4 174 13€.2 HRPS 453 1,871 B3] : 3,806 5 567
3 146 158.7 HEAT? 528 IIRLY Tes 5 755 ¢ 41

Setermined st eng of cycle
fncludes initial taventory
“Installed capacity hasie

cost for a thirty year operating history. The costs are shown for the
throwaway burner cycle, and also for reprocessing. Reprocessing of the
fueled primary pebbles may be uneconomical considering an additional
penalty for refabrication. A net thermal to electriéal energy con-

version efficiency at 0.4 was assumed, 3000~th for'a 1200 Hwe plant.

h



Table 2-12. Fuel Costs for the High Enriched 235 Feed Burner Cases
(30 year 1life, 0.75 plant load factor, 0.4 plant efficiency)
Schedule 1 Unit Costs, 0.10 Interest, 0,07 Discount
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DCPNRSTY D,212% C2V26 Ja055 2,101 T Tee YL lawed LLO8% CLI0R3 0,00
INDTRREOTCOCT N, 99 1, 3%4n 2.053% 1,997 9,200 Y, 3,00y 1,70 1, 8780 1,805

e emmates memeses Tiveses msessss seesvsc cesemes sesaces aavesee eewesay evemasn

B4 K oaat; L atu

COST VP WYL 82350 e, 2850
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The two pebble case was treated as if single pebble to show the gain (cases MR280 and MR281), the,
assumption being there is no fertile pebble. For these cases the recovery of all fuel would seem

to be economical, but for some cases it is not, and additional flexibility of the two pebble operation.
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Ore Comitnent and Cons‘ggtim

Under certam conditions, an unusually

- design with accurate modeling. 3 s

Calcala..ed requirenents of ore, the cmntnent and the consumption_

high powver:. denslty peakmg
vas found so careful assessment Hill ‘be’ essential for a specific ‘

K .




Table 2-13. Estimated Ore Requirements Wif;hQu

5

e e m e m e aimd e e a4 mmt A[h e e e T W oy i A &) e > ———— ————

e W -

Case ALST  AMIL AWat BT ADIT TN MS?SOA“
C M 175 250 . 250, 325 400, 325 325. 250
~ Residence Time (wrs) ‘ 5 3 A 3 3.8 3;““;‘ ’:" .
Recvcle Fertile No No Mo . No-  No - Ng “No Mo
Radial Power Demsity 1D 1D 1.0 1-D 1D ' Yes  Ves C Yes
flattening . ‘ . . : o P ‘ | k
Radial 8lanket Fraction - - - -0 0.3 0 LRERORN A
Acial Blanker® \ T Yes'  Yes  Yes  Yes Yes. Yes  Yes' %o o Nes
fissile Inventory ,. g \ . IR o
initial reactor 238190, 190 148 119 198 148 190, 190-. 190
Steady state reactor W6 260 272 209 76 255 246 . 369 ca o we
Steady tate systen® 432 319 328 267, 27 N7 306 436 3 e
St Consumption? 3377 3,512 3,358 3,474 3,671 3,737 3,609 3,604
Gross Commitment 3,809 3.83]‘ 3,686 3,74 13.908 4,054 - ;'.915

]
s e ———— i+ o s . A o sy T ot s 8 e % .

3case MS250 was modeled in much more detail and the exposure and pbwer dens1ty were nener f]angng
apparent nenalty of 7.6 percént in the fissile feed rate: the actual fissile burnup acgounts 'fo
without power density flattening the ore for the iaitial inventory was 17\ but ;he peak powe

PAcial blanket used was only 35.7 c¢m high. o v
Clnventory in the feed stream is charged U the system.
Yconsumntion was calculated directly from the feed rate at steady state.

-

|
1
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SECTION 03: COXVERTER PERFORMANCE WITH HIGH ENRICHED URANIDM

The incentives for reprocessing and recycle of fuel are to l-wer
the fuel cost and to reduce ore requirements. Note that the perform-
ance at a point in the early history is approximated by the throwaway

cycle treated in the previous section.

Tﬁe:converter perfdrmance was examined by solving successive steady
state, continucus fueling problems with feed of material avaiiable for
recycle. Two basic designs and modes of operation were considered:

- 1) High ore utxllzatlon with a short residence time and a C/HM. of 175

2) Low fuel cost Ulth a long r231dence tlme and C/HH of 250. 2

The results of'calculations are shown in Table 3-1. Note that with delay .

in avallablllty of fuel for recycle and a load factor well below unity,

the full power results cover about half of a chltty .ycar operating h1story.'

This data was processed and the following estimate is given for the

performance ‘over a thirty year history:

C/uM ' 175 - 250

Nominal Residence Time (full power yrs) 2 4
Conversion Ratio ' 0.78 0.66
Fissile Inventory (kgm) 1,960 1,600
Average Exposure (MWeh~D/kgm) 35 94
Total U%®® feed (kgm/MW inscalled at .75 LF) 9.707 10. 850
Core Fissile Consumption (kgm/MWe-Yr) 1.162 ) 1.167
Ore Requirements (kgm U30g/MW, installed)

Load Factor : .75 .70 .75 .70

Commi tment 2,240 2,150 2,500 2,360

Consumption 1,540 1,450 2,120 1,980
Fuel Cost (mill/kWe-hr at 0.75 load factor)

Fuel 1.567 2,072

Fabrication .926 .452

Reprocessing 1.634 -540

Indirect ) 2.364 2.214

Total 6.491 5.278

Total at Half Indirect Charge ' 5.309 4,171
Fuel Cost with Fuel Component Doubled (direct and indirect)

Total 10.474 9.511

Total at Half Indirect Charge | 8.446 7.324

Note that the cost penalty for effecting lower ore consumption by
increasing the conversion ratio is rather high, about 23 percent for

the base case, and even 10 percent for higher fuel unit cost (relative to
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Table 3-1. Two-Dimensional Results for High Enriched”"Feed,wi}:h :Fqul Recyclg
(5 Wen/ce, 500 cm height, 1,200 MW,, 0.015 Pracessing Loss)

T T eme T T o e an N agr sty
oM e 17% 1 17 13 Lo ALY Rt
{vile 1 N 1l . E¥s] (Y41 ‘1N §o8 (N3]
Retrdence Time {full power vrs) 2 2 N N o v 4.1 R [ I
Acial Blamket {cm) 536 5).¢ 436 LR 4 45:6 . ! kL 3,
Raaral Blanket (cm) n» "y n.t e nt »n. N A
(onversion Ratio 13 LM L} 183 ;o TaR LAY RN 08! '
Fisstle inventory {ign) *an TOoHR 1an 2o 2,088 Y, 062 1 dnl 1,1
Power Jensity {Wpn.'ccC) '
Core pear 1.3 1.4 ) \bN 2.3 19,6 .00 I
Primary peddle peak 27 2ra e o3 At 93.% Coag e hin
Fertile pehb'e peat 5. v 4,0 LR e RN 1.0 ' 'e.4
Lanosure (Mign-Dikgm) ’ g
Srimary pedbles a4 0.8 R et 49 9 KU P NI
Fertile pebdles LA H P A ' Hon 4.1 ’ d¢,0 W
Average 38 3.5 .3 LSV kO 9.6 . g1
Syssion Product ADSOTDYION Fractian .[6s! L0608 RiTh LQfan Q4K 0T ' D345 MR
CJors Leakage Traction A NtbR S RCER LTS 0420 YR KU ., Jn i =~
Mt 3atance (43m'D at fuel power) /. ' o0
Berimyry Make un Fepq n- , JrER BARUT RATERL) UGS 208 L.6M4 L% 94 T L AN .
o EFRRAL} R IR} LA e 2.1604 Yo LN T ’ K
et FERN ARt IR RN R [ EN L% AL L0
Primary Recvile Feed A [ PR RAR) 1.%4%Y I EANT] RS Baad N
B RN e LH66Y LI ' N
ot AFRAS3 LR} | I L BN PR E bR RIS
RN LAhAE BN neye . L.y - LA Lt
[UR PR e RACE] BRSNS PRRL L OHAY N FE R
Fertile Feed ™ees ECTE I I SRR CUIERE S ERERAL apas ey MELE TLas
Primary DisInarge Inoc. (RIS 12,734 IR 19,41 19, 420 ' LR by Hoom RIS P
Py LR AN UL Ruth] LO00R ERAR LA
u-t PR | AR REARE} GREL) L1 tad [ 2 HR LDt
TR L A a3 Lh9p2 PRI A Sedn
" ¥, L0 by 63 N L A9y MR L] RINE
LUER L4537 RANE . A L a8 LHAE9 o2 L4550 bud
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processing costs) at a lower indirect charge. The penalty does decrease

the higher the unit fuel cost relative te processing charges.

Selected results of point modzl calcul.. lons considering a single
pebble are shown in Table‘3—2 with recvcle delaved 1/3 the real resi-
dence time. The predicted performance of a fixed fuel reactor is shown
in Table 3-3 with one cycle delay in recycle, unless noted, for compari-
son. The effect on performance of several variables in the fuel cycle"
are-explored in Table 3-4 for 2 single pebble, fixedifuel reactor wiﬁh

1/4f.’core refueling, and when considered, one cycle delay in recyele.

L bnlyvsmall,changes in performance characteristics are associated with a

wide variation in the recvcle of ‘material. Selective or partial recycle

may be the optimum due to the relative high cost associated with refabri-

cation of fuel.

Inforization has been developed herein that allows an assessment to
be made of the cost penalty associated with reducing the ore require-

ments by reducing the exposure of the fuel and increasing the conversion

‘ratio. Shown helow is a summary of data selected to present a composité

picture:
) Fuel Cost
Exposure Conversion Ore Requirement (mill/kwe—Hr)
(MW¢h-D/kgm) Ratio (kgm U10g/MWe Installed) Low
Consumption Commitment Indirect/Reference
1238 .00 2,450 2,700 4.3 5.4
113 .63 2,290 2,600 4.2 5.3
. 97 .66 ) 2,120 2,500 4.2 5.3
82 69 1,950 2,410 4.3 5.4
66 .72 1,780 7,320 4.4 5.5
51 .75 1,610 2,230 4.7 5.9
36 ; .78 1,450 2,150 5.3 6.5
20 .81 1,280 2,080 7.0 8.3

Note that the ore commitment to operate the reactor through its life
i3 reduced much less by decreasing the exposure than is the consumption.
The cost penalty to reduce the ore consumption 34 percent is estimated at
23 percent, but to reduce it 27 p@rcenf the cost would be increased only

12 percent.



Table 3-2, Point Model Resulta for Delayéc‘ Recyele with. Con:iuﬁous Fueling
(1,200 MW, plant at 0.75 load factor, 0.002 tails, 0,015 recycle loas)

T - T vyee Baka T T T T io‘."ﬁig.‘&' History T
Residence Time Exoosure  Fissile ... . Ut Feod Tre Tuel™ , e ' Tuo
{¥rs at (Mg =D/ Loading R rsion {k n‘/D)' Consumption Cost, ¢ Consumpt ion Cost
full power) kgm HM) {kgm) ati9 om Ckym/MW Yr) (MY s {kgm/ Mg } MY/
e XW_ Hr) {r KiWg 11}
C/HM 250, 5 Mgn/cc, .05 neutron loss fraction .
- i L ) )
1 2.4 1,200 .803 .567 a8 7,60 e 1,207 . 1.96¢
2 48.4 1.303 .757 M 51 5.16 BRIk Y RN TE 5.38h
k| n.: 1,393 M8 .805 72 a6 .94y 1,600 4,704
4 3.6 1.464 683 917 8: 4.53 L0410 T 1864 4,894
5 ne.? 1,545 .651 1.017 9z - 470 RN L 4,866
€M 250, & Mypsec, .08 neutron loss fraction :
n.3 1,536 661 980 92 5,10 R HUIE IR
- 3 93.6 1,653 .€28 1,086 Wi o 5.06 AT £, 004
¥ 99.3 1,558 613 1.110 104 .00 2,279 4,961
5 115.4 1,761 .599 1,178 110 5.8 2,376 4,966
CrAM 250, 7.5 Mpp/cc, .08 neutron Yoss fraction
z 0.2 1,154 .635 1.042 97 4,93 1,158 2074 5,108
3 1006 1,352 589 1597 N, 97 1,208 . .44n A.845
] 133.% 1,116 549 1,308 124 .06 0 .80 2,689 . A4,R66
T 300, 5 Mppecc,y o083 neatres tosy fraction ' .
K 9. W 662 043 s 5.7 (1 S Y & B 5,454
A 1081 # Nam 1,084 W 4,97 1,169 2,287 19
< 135,02 1,054 L8748 1. 13 oy t.287 2,500 AT
- MR 300, A W cos (8 neutroe osx fraction o
: LA %% 613 108! e &M 1.19¢ 2,786 Wb
i 103.¢ Ton H6S LIRS e 5.3 0 T 13 2,439 b
4 1237 RS ENE! 1.6 124 LA nan 2,761 Y
Yinclades 1attral Tnyventary
imstalled cajavtty hasss, .2
‘weavy "wtal fecd fined !
t "~
N a0
{

0%
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Table 3-3. Point Model Results for Fullv Enriched
- Delaved Recvcle, Fixed Fuel Reactor
(1,209 MW, . .ant at 0.75 load facror,
0.002 cails, 0.013 recvcle loss)
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Table 3-4. Point Made] Results Which Display the Effect eof
Fuel Management for a Fixed Fuel Reactor
(1,200 MW, plant at 0.7> lecad faqtor)

T T T - T “""'"‘TEﬁ{""""”“fhggg B
Recycle Reference . Exposure Co:;izzion ,ﬁ;%‘uiﬁﬁﬁ %:;:‘égg;} ?;?%‘{
Delayed Material Fraction " D/t ) 3015 ;2'_ 7%) ":3_:1““
‘ C/uM 250, 0.05 fraction neutron loss
Throwaway 101.2 .-5%3 1.424 3,597 5.176
f No U 1.0 98,7 .6160 1.017 2.510 4.635
{~ ‘ Yes U 1.0 99.0 .6170 1.035 2,613 4.35%
{ | Yes U .9 99.0 L6167 1.043 2,63 4858
Yes u T 9.2 .6157 1.873 - _ 2,710 - T
Yes W 8 99.} 6143 - 1M 2,806 4.8
es  u,Pu 1.4 99.G 6163 1034 7,615 4.85%
Yes  U,Pu .93 99.1 .6163 1.043 2,634 4.354
C/h 500, 6.05 fraction neutron loss
| Throwaway 105.9 .5380 1.469 3,710 5.277
No o 0 1.0 101.5 L5548 1.114 2,813 5.620
Yes u 1.0 1025 15557 1.125 2,836 5.418
Yes U .98 102.6 .5555 1.129 2,852 5.417
Yes u .90 102.9 .5547 1.156 2,920 5.415
Yes u .80 103.4 .5536 1.19¢ 3,005 5.412
Yes U,Pu 1.0 102.5 .5553 1.122 2,835 5.418
Yes U,Pu .98 102.6 .5551 1.129 2,852 5.417

kalnstalled capacity basis.
Cost accounting considers lead and 1ag and therefore does not directly reflect the effect of
no recycle delay.

It should be noted that if the size of the processing facilities
for a developed industry depend on the throughput causing the unit costs
to decrease with increase in the throughput, the economic optimum

shifts toward higher rhroughput, iower exposure.

Cost calculations shown in Table 3-5 were made using the data from

specific cases, several of these cases discussed in the previous section.




Table 3-5,

Fuel Costs for the High Enriched
(30-vear life, 0.75 plant load facror, 0.4 plant efflficlency)

chedule 1 Unit Costs, 0.10 Interest, 0,07 Discount

ki 1 N
‘1 Feed Converter Case

KA AR R AL LL R LLER] ran LSRR ay v LLRT LRI LL Y ap e LARAR LR R LA -
*HRONLWAY 83TH

Jevem e opney L L TN 1, At @, J40 4,90 A N TN LRI R,y [T LI Wt ey oty Ve [

FARDICATY NN 0 A M oah .y Toradd O et 8 QA ECE SLdita Bt RKAL AT P y ot
R T T T L L T DAY WAL S S PO S B I R T WA PO R TR I B R T ) ™ AP LN ALY ’ St ’
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Tavy 3,10 (SR N | LT PRV Lo, [T, d % CLhey T DR AT [RETAY] ' Y £, obn e oY [N
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EE TS R I 11 23 AL TTY e tue Cet el Lt 4 BT PR B ' EEE R L
PARLY CATIAN O 30 Yoomew T TR Ca! Coant TR R [T . Lo
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Schedule 1 Unit Costs, 0.05 Interest, 0.07 Discount
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~ SECTION 04: BUPNER PERFORMANCE WITH MEDTUM AND LOW ENRICHED URANIUM . '

Iﬁe recent conrern with proliferation risk has brought about an
interéstAin medium enriched uranium fuel as reacto- feed. For‘noo-
vprollfetation purposes the enrichment must be less than a predescribed '1\ ' 4
'10ﬂpr 11nit needed for practical weapon production. Although opinions :

of}difier, the lxnit on enrichment is in the range of 0. 20 for a U“s —y23t
233 Ugié

‘**;iuaxture and lnuer for H

based on tho quantity of material required ;i - Z}fﬂ

‘Mfissiie ?n, hut the~quant1ty 1s s-all.and the rnel is “hot due to 1t8 ui

high scuvity at. that ‘time.

Note on Calculational Procedure

] R ;_\ihg continuous flou,‘oteadv state mndel requires iteration betveen

. \yif 2 neutronics module and a fuel-depletion (burnup) IOdUIF- In the neutronics
' o module, a search ProCedufe is Peffot“?d.co adjust the U**® (or any nuclide
'TA T;n ’ if desired) atom density in'orderbtovachieve criticality. -The giobal itera;

ff%‘ . tive -process converges quite well when the fissile U’} content is adjos:cd
u2 LX)

but may net converge if the content is also adjusted to maintain a
fixed feed envichment (for high-enriched feed this problem does not occur).
The medium and low enriched feed calculations were therefore perfofmed for

a fixed U°'" and T™h'?" feed and the U'*" was adjusied to achieve cr}ticality.
The exact £zéd¢enrichménts therefore vary slightly about the designed en-

richments and are reported for each case.

Reactor and Pebble Designs for LEU, MEU Study

The effect of changes,ln overall reactor design on reactor performance
wags studied for high enriched feed cases (Sec. 02) and was not repeated
for LEU, MEU feed. The reactor design is fixed: 1200 HHe, 3000 thh power
rating; an average of 5 Uthlcc in the core and a fixed "active” core height
(not including the axial blanket) of 500 cm.
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. kf‘;;45V  v The pebbles were de51gned to achieve the. ﬂb 1red heavy metal load-
ings. Shown below are the nominal specifications for the LEU and MEU

pebblgrdésigns:

‘Low Enriched and Hedlum Enrlched Pebble Desxgns, ,
One Feed Stream, Single Omide (Utaniun) - &

Naminal L/HH N ",  o ,~L *300‘* 7 450 600

-

» Heavy Hbtal Loading (ga)

sPacking'Fraction! s
' Pebble Densitlos S

Lesrs 1. 351—& 0134 T.1435

- T

s (atoms/bn-cm) ‘Th?3 . ; 0. 0 !,’ 0.0.° 0.9
e o 6. 605-2 6.608-2  6.607-2  6.607-2
. Medium Enriched Pebble Designs, Two Feed Streams ' .
T hominal it cws 450 550
i Pebble Primary Fertile ~Primary Fertile Brimary Ffertile
C/W for Pebble = 330 320 455 445 556 - 584
Heavy Metal Loading {gm) 9.3 9.58 €.78°  6.93 5.57 5.67 -
Fyel Arains Kernel Qiameter {cm} La00 L0300 L0470 .0300 040 L0300
Coating Thickness (cm) .0136 .0130 L0130 .0130 .0130 .0130
Petiie Meat Radius (cm) 2.381 2.1356 2.381 2.3 2.381 2.324
Packing Fraction , .0888 1364 - 0682 .1615 .0526 .0240
Febtle Densities y-” 7.676-4 - 1.213-4 - 8.,927-5 -
B (atoms/bn-cm) The:? - .2.200-4 - 1.590-4 - 1.301-4
¢ 6.932-2 7.043-2 6.922-2 7.0742  6.917-2 7.081-2

I L m——. o it N A Rt e ek APt - e .- — s < e i

The cross section: were input as a single set of four-group, micro-
scopic cross section for a set of 13 actinides, 29 fission products,
and the remaining structure and coolant. Details concerning resonance

integrals and group collapsing are discussed in Appendices B and C.
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Medium Enrichediuranium‘Feed One~Dimensiu-al Parameter Studies

The one-dimensional MEU feed parameter studies were performed for
" a fixed burnup of approximately 200 HK DlKg—HM ia the primary pebble

it(pebble wlth flSSIle feed) over a range of u/Hh ratios. Varlatlon 1n

*A;axlal blanket thlckness was also studled to ascertain axial leakage

5 Qloss effects.

Results obtaincd for the steady-state continuous fuellng model in -
.Jone;dlmen51on are shown in Table 4-1 for medium enrlched Uzas feed over =
a range of parameters.‘ The optlmal performance irom an bre cons
’standpo1n: 1s obtained at‘CIHH of 450, n a ‘blank
bbles fed aboy the " fuel ' oW
fuaskincluded 1n'the mode11ng and’ the effect of axial “thic
*is demonstrated An increase of blanket thxekness decreases the. leakaee i
: fract1on resu1t1ng in an assoclated decrease in- fissile: 1nventory and

o ' ;.; fissile feed rate.

After an 1n1tlal pass of the £ert11e pebbles through the core there
~-is a conviderable amount of p23? bresent and the fertile pebble exposure'
is low in comparison to the primary pebbles, warranting recycle without

reprocessing (or holdup) of the fertile pebble fer throwaway eyclee.

A The’"cycle"ireference number represents one pass of the fertile pebbles
(1) or'recyblu to.the top of the core (2). The resulgs indicate a

" decrease by about six percent in the required fissile feed rate for

fertile pebble recycle versus no recycle.

The parameter studies are for a nominal feed enrichment of 0.20,
the actual enrichment varying slightly abeut the nominal. Supplementary

235 foed are listed in

one-dimensional results for medium enriched U
Table 4-2; included in the table are cases with the U?3% feed at en-
richments varying slightly about 0.20 to access performance sensitivity

to small changes in the- feed enrichment and residence time.

A change in the pebble packing fraction within the core in a PBR
affects performance due to resulting chinges in neutron leakage., From
a modeling standpoint, the buckling used to approximate the radial

leakage in a one-dimensional, axial calculation is also important.
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e el Table 4=2. Supplemental Results for ‘ledmm—hnriched Uus Feed
. L ((he-dimensional, two pebble types, 1200 H"'e, -,
5 Uthlcc, core heigh; , ,500 cm) i RS

zsion Product Absorptmn Loss .
'_verage Burnup (W, D/KgHM) .
‘ ’umup in Primary Pebbie (4 D/Kgm) o ‘ ( -
Burnup in Fertile Pebble (NmDIKGHN) _ V . o o

i Mass Flows (Kg/Day) , R B R EPU D U SO
- Primary reed | v to- 0 2.02% 0 2.030 0 21729 208390 . o ¢
' ‘ cgmm 14822 8.0376 7.4475  8.7365 *
Fertile Feed -~ - X2 o 10.1373° . . 7.0861°  6.5752°  7.7032
St primary Discharge | U235 : T s T isw 1762 28 -
DR } N L - .3001 2949 3150  .2953
S ‘ ps 10.5520 7.1649  6.5979  7.8493 ,
: o . Pu (Fissile) 1219 L0844 .0847 .0922
) Pu (nonfissile) .0919 .0783 .0762 .0815
Fertile Discharge Th232 8.8648 5.9104 5.4674  6.5063
Paz?? . .00 0016 L0019 0017
R , y233 _ i .2348 1617 - .1568 1768 ¢
S . ST I 0966 0776 0730 . .0822
- u2ss .0217 0195 019  .0201
y236 0077 . .0098 .0091. .0093-

aSa,me as case BY2EE except the pebble packing fraction is smaller, 0.52 compared to 0.61.




»I'hc» cffects of‘ variation in buckling and pebble packing fraction. are

) 1nd1cated in Tables %-1 and lc— e : ; ) | T . i -

The - following summary mdxcates ‘the 2-D HEU studiec as ":ien't“i/fléd s

::,;by the case tu:le. The cases were selected ;o examine the e fectq of

o variation in residence time, ariacion in radzal reflector densltv\‘md

RREEN 2 v L PR
e e .

T Sumnary of Two- Dwensmna‘l MEY Cases - S =
) Average Pebble Radial Reflector Radiai Reflector Nominal U/TH Number of -

- Case Tezgc:}ogy Residence Time, Graphite Density Thickness Loadings Enrwhrrem : '9_5"',
o _ Full Power Yrs. {amfee) . - {em}’ {ams/pebble}  Zones

TCLC)  Low 2.00 1.0 35.0 - 4.4,2.47 B

TCLE2  Low _2.35 SRR ©100.0 1.8,2.47 ™
- o TECLC - Low 2.50 1.0 100.0 . . 4.8,2.47 158
| . TORLA tow - 2.50 16 = 000 T 3438 v
‘ © TORLB - low S 2.50 1.6 - .100.0 o .4,3.07 1% B
| TRLC  tow 250 1.6 © 0.0 CA24T - 2
| TOCRD  Reference 2.50 1.0 7100.0 6.8/6,93 T
| TECRD  Reference 2.6t e “ 7 100.0 8,7/4.94 1
| "~ TORRA  Reference 2.65 1.6 100.0 6.3/6.93 1
f TORRE  Reference 2.65 ‘ 1.6 . 100.0 8.7/6.94 2
| TOCHC  High 3.00 1.0 35.0 8.7/6.94 1
‘ TOCHD.  High 2.65 1.0 100.0 8.7/4.44 1
r TORHA  High 2.90 1.6 100.0 6.8/6.93 ! w
‘ TORHB  High 2.9¢ 1.6 100.0 8.7/4.94 ' 3 ‘




J£609° % veg SE88°S  ZDO2S 3503 TVIOL

Maaenns aeae neee nbenseenese

2OV 95990 BLLE*0 *3. I5033IAMAINT

: 9 X *EN"0 EFUC'0 BEHE0 WEEC 0 fiEvA/0NAER

80020 ‘BLNN'D  Z2ent0 0 WSE'0 GLSE0  NOLLVOXWAWd

CBOLNE: OLER'T BENOTE LUIZ'E 9160°2 LSEL T LOSRC 1204 4O 3533 -

2TINGRA S5RJ0UAEN

‘S60S° N ! e N $E9 SeSL'y - 2E00°S LEOD 1WOL

A026°0° L98S°0 - 1809°0 6159°0 €926°0 LLL6“D ELEOL IEOIRINNIINL
WESLTO. WOSL'0 2E9LO LLUSO WEES'O 69650 LISVAZOOUNNM -
‘0., 22080 L208°0 SRSECC NESEC0  SLEEO BOLIVOINGVE

W630°C LLELT L8467 LEOOE 9RES°Z ALEED'Y’ S110°E MDA 4O 152D
) AN P \ aLoe sszoomay’
CHEL'S  E009'S _D29G°N SPZL'S  \ERER  MERC S OLW9E 3503 1Wiok

ABemacs. aesan resslen munsmme o

n-nn”o 9685°0. u-pom”o L29°0  SLEL°0 MLSI'0 BENE"D  IS0DOAIINL
. —woo.u 0 O0%KL°0 2UEL*0 WM€EL"0 WSELSO RISVR/O0EAAR
[{108) O EBEWNC0 LZw0°0 SOSE°O weS€0  S4EE'0 MOILYOMTUEWA

: N{UN& B {14 1204 40 1520 A
| | . , ‘ REJ6 Avavaouul - T T T T

n ey e a0 ore v % 1 BT 1Y {3 - - - s
o SE€0°0 = 2IBY JUNODSTQ ‘¢0'Q = S9318Y I8aIDJU] ieauylq - - -

Lewnts §520°%. EE62°S FODSSS 9925°5 LLLE'E 82023 IEOH 1Wi0

Gapeas arenens i baBAne mRALasa Semkeeh Lansnne wnRsehes asssbte mhlessesesea
(P09 9¥dets  CIP2'L OEOECL S1OE°L  SCER'L  BU9ETL  aZ0‘l 1SOJLIERIAN]
TRTETC0 L ESLTCO CSNONTO WEERCO 1600 €960 668E°0 a2BE°O IISVA/20BATN
SLRT'0. 8U62 0 Gimeto 2ZeecO  L2Ieece MEE 0 SLSC0  NOXIIvOIGAVd
INLCE e9LncE 0uERCL B0 E LM92E 4S6L°C  LOSV'€ T80d 4O ISID

.. g 2113434 SEE0NLTS
QTORS SCLL*Y 380D TWIOL

TPLEOTE - LOMZTL-/RESECL  ZesE') TELO*T ST LSODEOMIGHT !
“REGLA0 . VESL0  2E9L0  LL6S'O W26ST0 6965°0 BESwa/0uWiRN f
ABLESTQ TR0 LTONC0 - SNSETO WEEC0  SLEE°0  MOIIEdXdENL

L2078 45162 LE00°T 9565°Z ACLR Z . SALOSC ADA 20 3$3D

€908 SHEL'e  LOBESS 6EN9°s

‘ ’ S 2108 S5R08EL

LLLOP9 WAMZ'E  96MtE ZNOR'S (6085 S0S29 9INI'H 3500 1Tviol
;ll.' LL L L YN - - san nae

8008°L: LI9L*Y LELL RSOE™L  LESO'L  SELL*L 806 IS003OBMIANI
1560°0 £9EL°0 ‘ESEL*O ZCEL°C WWEL*0  WEEL'0  AISYR/0MdAR :
995250 GLNNTQ ZZent0 $O5E°0 M.$€°0 SLSE'0  SOXIVOTUEVE - - -
nN,.Oo-—. 1 143 € SLE9°E €06 C 6099°C TO0OG°C SLNZ°® XA 40 15

PR S , wiot IvaveORl

C o oaw 13 1] s o 13y Xy oxy 10

D = 2384 IUNOJSIQ ‘1°0 = wug.umoHWuaH IeauT] :

asnaabw

0 *“Mr 002T)
NIW 1038380 ToNg - ‘g-y ITqel

i




g RREARET

UZSB

Eor a flxed load1ng. Also the cases represencing pebble feed

-eed race and fiss11e inventory but a hzgher entlchment. Nevertheless,

1keeping the fissile feed enrichment (or maximum enrichment for -cases

/'-with varying feed enrichments) below the ' non-proliferation" limit of
0.2, - .

o Comparison of the low technology caseg indicates that an increase

vwin the reflector thickness from 36 to 100 cm can result in a decrease in

‘dffissile feed by as much as nineapercent and in fissile inventory by
~ four percent. .An increase in reflector graphite density from 1.0 gm/ce
'(representing a reflector with channels for structure) to 1.6 gm/cc

results in a savings of only a few percent in fissile feed rate and

fissile i{nventory (for a 100 cm reflector).

The cases chosen as the best representative for each of the three

technology levels (ldw, reference and high) are cases TDRLC, TDRRB,




Table 4-4. Results for MediumEnriched U Foeed
(Two-Dimensional, 1200 MWy, 5 Wij/«c,
core height = 500 cm)

Cosn G LT R T
#adial Beflector Thickness fom) kL3S Lo s S
Iniet Axial Blanket Thickress (cm} 9.5 BN T
Core Radiys, Fueled [cm} £12.04 617,02 £12.0¢
fadial Blanket Thickness (em} - 9.5 53 r g
Lycle 1 or 2 passes of fertile petbies) i i !
Residence iime, full Power {yrs)? ) 2.00 kL R
fissile Feed Enrichment : .164 L18% g
Fissile Liventory (Kgm) 1 R P 7 1253
Peak Power in Fissile Febble (Kn/pebble; 2.82 233 ¢35
- Leakage Loss, fract'ional‘ . .0986 DA 0%
Fission Product Loss, fractional Riyiv] CHR 0561
Conversion Ratio - 539 543 53%
Average Burnup (MWyp-B/Kg HM) : B LIE: 117 i3
Burnup by Zones (Primary/Fertiie;
1 - 115 125 1ig
4 ’ 116 iz5 i
3 1z 1
4 57 114
5 . 7 Yz 21
6 62 A [
fFeed Rates (Kg/full power day}
Primary RN 3.0072 26T i.E748
I 15.3837 11136 R
Fertile Th**? 16.7283 9.3127 2767
Jischarge Rates {Kg/full power cay)
Primary u-t L6087 1% W5
Yk L4047 3571 IR
Yy 14,1106 121667 110
Pu(f) ; .2049 1879 REPrS
Pu(n) 1210 14 REAY:
Fertile Th731 10.7072 2.697% 51868
Pa’*" : L0046 L0034 036
ysee 2762 . 2869 .7355
VR . 0504 RrAY LBOF
TR
U4

"Tnere are six feed paths Lounded by r{cm) = 276,40, 390,98, §74.73, 552.79, 5465
618,04, The relative path “low rates are 1.0, 1.C9, 1.18, 1.26, 1.31, and 1.47,

bFeed enrichments: inner three paths = .167, outer three paths = . 1&F,
CFeed enrichment: inner three paths = 187, outer two paths - 147,
dFeed enrichments: inner tw~ paths = 179, third pati - 148, nuler two pathe
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iable &-%. Fraction of Total Neutron Losses for Selected Actinides
for Two-Dimensional MEU Cases

r Th Vi . T [T e

Cace e e g 8 g Ut Pyr it DyEee Pu- -~ Py--

G196 66 30712 20617 35340 13810 04846 03513 9017
L2253 60191 (23056 .GGE7E 15157 L1369 (04627  .03545%

68345 D0VSE 29003 L0071 (15044 13638  .04657  .0388%  .DO226
5786 05188 11725 16762 .G3I7I4 0298 LOG1HM
1% .o0732 11785 10207 03762 03250 00197

9 .2wss7 00797 1027 13655 04620 03932 00226

AIPE G046 22A%7 05720 ) 286 10453 .6368& 03213 LGoh)
LSB0S GO2TS  L2%MEA GOM/ 14839 13196 .04611 03940 | 00ZED
I uOMAd  rales <.8051% 1.238 (10139 .03638 02283 (02X}

55531 .00ZR3  LZEMNG .GOTI6 14810 _13i88  .04615 5396l .002%
675> 06725 .ZEESZ 00290 1z677 (11318 .03S19  .03252  .0G23%.
GIZHS G067 26665 O0T8E MAGKT 12727 06522 .03MAY 05250
InA%G LQIDES  Lz617S  .03a04 10764 09325 .0353& 63l 00230
: 26271 000G RIS (V2676 0858Z 03954 00274

and THEHE respectivelyv,  In each of these cases the power is moderately
flattened across the core by use of radial feed zones with varving
varichment.  lhe reference tecpnology represents a design comparable
with seed and breed PHR concepts currently heing investigated in Germanv.
LCompared to the reference technology, the lower technoiogy concept re-
qaires an increase in external fissile feed of approximatelv =ix
metrent s 1 bigher techpolopy level could reduce the fissile feed by

At nine percent.

lae fraction of total neutron losses due to absorption in the
*hortum, uransus, and plutonium actinides are listed in Table 4-3 for
ali MED two=dirwns~ional cases, A detailed accounting of all w.-utron
ionses are listed in Table 4-6 for the representative case of vach

technology lewel,

Fuel cvile rosts are shown in Table 4=-7 for all MEU 2-0 cases.
Bote fal tra e s 00f A separale fertile ;Sebblc for the low technology
Canes and “repracess fertile” is identical to the "throwaway case’,
wheredase "hoth™ refers to the primary pebble (mixed-oxide pebble).
cioall o aees, AL pavs te recover the U from the fertile pebble ) but
¢

Uomay nol be economicgl (6 recover the spent 1V in the fissile

pebble,




. Table 4-6. Detailed Accommt of Neutron Losses for
Setected Two-Dimensional MEU Feed Cas's

e

: T .00736
co Rhlo 3 ; . 00013
 \ ;: Ag;ﬂs ’ ’00082
, Xe }#! 5 005455
S ) CYe 133 ' .00017
_ — ' S csi? - .00403
E N CS““' f.oousz
: Xe 133 . .02160
e Cs 3% . 00011
i Nd 143 . .00908
( Nd 1§ . : .00278
Pmi*? ) . 00480
Pml“® .00081
Pul“°m .00201
Sm ! 50 .00146
Sm )54 ,00251
E}} 153 oOOlS‘
Eu }5¢ 00105
~ Bu }%° .00123
SSFP - L.N06l11
NSFF - .00254
Other

C ,02664%
He . 00006
Si 00196
0 L 00004
Leakage 08519

Total 1.0

Case TDRLC _TDRRB 1ORHB
Actinidefi ‘ ) 3

232 ~.08898 .0903t

€T .00425 .00473

o, +0553L . . 07310 - ;o

L w,00283 - .00702 - 7f 

28040 26371 -
.0079% - _.00800

BN (75 §
00041

.02079
.00012
-.01142
.00375
.00541
.00101
00228
.00742
.00206
.00384
00325
.00214
.00164
.00179
.00888
- .00368

02946
. 00067
."M180
00004
06460
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LEU/MEU Single Pebble Type One-Dimensional Parameter Study

o One =ffect of putting the uranium feed into "primary"” pebble and
; . the thorimﬁ»feed into a "fertile" pebble is a significant increase in
A "the peak pebbie power density since a large amount of the power is being
. proéuéed in the primarv‘pebble aloge. The benefit in keeping the fissile

-and fertile fuels separated is to ach1eve intemal radial blanket1ng w1th b

k; fertlle pebbles and then recycle them back to the core 1mmedlate1y For

a low level of technology, 1mmed1ate seleccxve. r;cycling of pebbles may

unot -be achievable and one pebble type (mixed oxide or uranlumé mlght be

>'fused., One-dimensxonal paraneter studxes were performed for a: srngle

“t bble Eeed strean over a. tange of'clﬂn ratios, burnups, and:enrxchments

, For affixed anbunt of U"E in the feed pebble and‘for a given'C/HM
ratio, the fissilc cnrxchacnt vartes as the residengc time changcs.vv

A short” rusidence time requires a large throughpnt of U235. Ihe
relationship is not proportional due to the buildup of the piuconium
and the fission products. Thus, for a giveq C/WM and burnup (which ‘
increases ac residence,time‘incrcases) theré is a fixed fissile enrich-

ment needed to achieve criticality.- [

The cases listed in Table 4-8 cover a range?of C/HM ratios and
residence times. All cores are for enriched uraniur feed with no
thorium. The cases with enrichments less than ~ 157 are considered
low-enriched. Note that low enrichﬁents are achievable onlyv at short
residence times, and the optimum C/HM firom an ore conscrvation stand-
point is 600 --890. The neutron losses are itemized as fractional total

absorption rate by nuclide in Table 4-9,

The fuel costs for these cases are shown in Table 4-10. Note that
a low cost leads to the selection of a high C/HM and a longer residence

time.
A

The ef fect of putting thorfum into the feed stream  at the expense
of a higher enrichment - {s indicated by the results in Table 4-11 upon
“examination of cases 45004 to 45008, In these cases, the heavy m@tnl
content” Is fixed and thorium is gradually substituted for uranium.
Note that case 45009 gives essentially the same results of case BX0O in

Table 4-1. This is expected since the calculations are onc-dimensional



Table 4-3. One-Dimensional Results for Sinqle Pebble, Low to Medium Enriched Uronium Feed iner Donsﬂ.y « 5 N /o:C.
00 Mg, Core Height = 500 ¢m, %o Axial, market. Radtal Buqk'Hnﬂ 53, Z‘-‘Su o :
- 300A 3008 300C 3000 4A0A . 4508 4soc 4500” ' sooa "s00C. ‘sn'on " 850 asoa 850C #500
Nominal C-HM (atom ratio) 300 300 300 300 450 4RO 450 aso iy f'sjap ‘éo'o 5 -"ao'o:: 600, 7850 050 850 450
Residence Time at Full Power (yrs) 1,0 2.0 3.0 4.0 1.0 2.0 3,0 an ohne 2 0 3 0. 10 2,0 2.0 4.0
feed Enrichment 02 a4 2% 206 L1000 a4 18d 22Dt .09 \42 ,,183 33 S U IR S 1V B TN
Conversion Ratio 624 586 554,526 - .593 663} 833 (608" .582 527\;‘ +500 1#73 A91 LLa83 LA 4N
Fissile Inventory (kq) 2925 3925 4755 5491 1794 242¢ 2988 . 3816 1N13 i 1AB) 1839 2202 765 JoOR 1268 1537
Peat Power Density in Pebtle 1,76 M.61 1529 13,92 13.90 14.68 15.59 16,25 14:19 15,46 16,83, 17,24 1429 17.07 18,58 70,08
(warts'cc) : o CoE e e . .
fraction Lgss Due to: D o
Leakace .0888 0476 0380 .0887 .1014  .N985 0981 .09R¢ - .,150' 110 1008 1109 L1344 1363 . 129p 1300
Fission Product Adsorgtion .0388  .0465 0526 .0579 .0467 0570 0648 0712 .08637 ..0693- 0794 0471 .01 .083% 0967 1953
Burnup (W0 kg /HM) n 6 YRR F 50 9% 137 4 ea - 1282 229 % U6 M5y
U Atom Density in feed Pebble ©2.28:5 3,31-5 4,285 §.25-5 1,8)-5 2,20-5 3,09-6 ;.91-5 1.07-5° 1,6945" z'.aa-5i5~1~a.1z-s B.72:6°1,48-5 2165 2.91.8
{atoms/bn-cm} / ‘ ' s S S
feed Rates {kg:D} ) o I .
v 8.9366 6.4741 3,5757 S5.1129 5.0752 4,492 4,055 13,8228 4. 1152 amz 5.0997 3.0506 3.4111 2,8917 2.8206 7 p4p0
U 78.2272 35,3636 26,2424 19,6818 53,5282 26,7641 178477 5, 3820- 40 1362 20 oeel 13,3787 10,0341 28,7014 14,1507 9.4338 7,0754
Discharge Rates (kq/D) ' ‘ ] R i )
gt 5.9976 3.5149 2.7150 2.2249 3.2471 1,901% 1.423% 1,17%7 16739- '.8951 65!2 .5371'. 9260  .4413 L3068 298¢
u- L6018 BO6C L6147 6220 L5051 LAW6 L5037 612 . 4290 - 4253 ‘..4271_ L4356 4169 L4056 A0 8200
Y-t ' 26.3208 37.1307 24.1a15 17,6915 51,3650 24,7550 15,9539 11,5963 33,2156 \é 2674 11,7093 8.4605 26,6740 12,6582 6.0472 5,7774
Py (Mysite) 13586 1.0797  La216 B0V L9663 .7250 5956 . (5098 L6270 . .AI971 3227 .06BA 3695 (2163 .u4m> 0708
-~ Pu [nonfissile) L2504 L2368 L2210 20N 213 2048 L1844 . L1678 ‘.vamw_, JIB0N L1665 13871733 L1397 179 e
i N

174




Table 4-9. Fractional Neutron Loss Rates for

Sk GRS e . .

Single"Pebbie, 40ﬁé-Dizﬁeﬁsion§l} Uyrianium Feed Cases

O 1.0 1.0 12 1.0 e 4.0

G

Vera st

Case 3004 3008 300C 000 4504 4508  450C 4500  6OOA . 6008 (6QC - 600D  850A- - 8508  850C 8500
_ _ _ _ Aztinides . ‘ ) Sl .
T N0 35980 35915 36226 .33645 32396 .32494 33047 .31264 30116 ..30488 .31321 .31016 .30540 .31384 32498
v .00334 00655 .00974 .01283 .00325 .00632 .00944 01262 .00319 .00613 °,00919 .01237 -.00337 00652 .009B0 01317
uoT .30052 .27736 206037 .24535 .26326 ,24798 23269 .21985 23688 .21867 .20481 19308 20016 18316 17018 15942
N o .00053 .00045 .00041 .00G37 .CJ0S7 .00048 .00043 .00039 00060 00050 00044 .00040 .00OGT. .000S1 .00045 00040
Su- " 14874 16263 16485 .16346 .16955 .17840 .17630 .17253 .17773 18125 17632 .16959 16747 .16497 .15725 14923
) LS .02870 03718 .04066 .04220 04123 .08371 .05220 .05261 .O4RS3. 05601 05710 .05627 . 05132 05562 .05468 05265
Py .00827 .01403 .01743 .01955 .01729 .02620 .03036 .03233 .02765 .03862 042287 04316 .03619 .04546 .0AKB4 04503
- - - - Py ©00013 00041 .00070 .00097 .0003¢ .00095' .NAIRY 00197 .00064 .00166 00248 .00307 00098 00225 .00312 .0036
Are -00001  .00004 00009 00014 .00004 00714 00028 .00041 00008 00033 ,00060 00084 .000Y8 .00062 .00}05. .00138
Total .8619¢ 85845 .85340 .84819 .83693 .83410 .82875 82313 .80794 830433 79810 79199 77044 76451 75721 75094
Fission Preducts . e '
\e .01662 01827 01271 .01155 .01920 .01728 .01589 .01478 02139 .02017 01920 .01834 .02285 02224 02167 .02107
Pehers 02216 03220 .03990 .0463) .0275) 03973 .04895 ,05644 03395 .04918" 06021 "'.06381_.042@ 06152 07458 08423
“otal .03878 .04647 . .0526] 05786 .04671 .05701 .06484 07122 .05534 06935 07941 08715 .0€S13 .08376 .09675 10530
Qther LOsses k ‘ . SR =
’ c .00834 00535 .004R3 .00416 .01271 00888 .00707 .00596 .01928 .01360° “:0107Z  .00889° .02759 .01970 01542 01266
e .00003 .00002 .00001 .00001 .00004 .00003 .00Q02 .00002 00000 .0000Q 00000 *,00090 ~.000UO™ .00000 000D 00000
58 .00201 .00141 .00112 .00096 .00207 .00143 .00112 .00094 00238 .00YS? 7nG130 . 00107 00247 .00V72 00133 50109
- - o .00008 .0N008 (N0 .00008 .0000G 00006 .00006 .00006 .000QT 00004 .Q00G4 '.00003: .00003 - .00003 00003 .00003
teakage 08382 08762 08795 .0RB74 10143 09849 09819 09862 . :11502 .11JQ1 11043 11086 13439 13028 12976 12908
Tatal .09928 .09508 .09399 .09395 11631 .]0889 .10641 10560 13672 .12632 12249 ..12086 ' .16443 .15173 14654 14374
Total 1.0 1.0 1.0 0710 10 10 10

-
ot



Taﬁle

4-10.
(1200 “k
Linear Interest Rate = 0.1, Discount Factor = 0,07
st 03 - 3008 300C 300D wS0A  a%0r  4S0D
THRIONARAY BOTH
CCIT OF TOIL 10,3196 7.7793 6.9108 6€.5206 9.141% 6,977 $,6729
FAPRICATION 1.8291 0.7677 0.%a7) 0.4335 1.1822 0.$361 0. 760
REEFROC ZUASTY  0.&032 0., 0,207Y 2,1908 ©0,.394% Q.1s2% O, (884
TADIRECICOST 1.9970  2.R288 2.9286 3 4u28 " 1,9690 2.1775 2,894
cesanemeumen == mamme awwmese weevers Benedavy Tmeenpy SVwew-
TOTAL COST 18,3452 11,2696 10,3838 12,5813 11,2815 '8,9336 9.0266
REFROCESS BOTH . .
CCST OF FOYL  4.%890  %.0172 %.03R) 4,%099 w,3808 @,2676 4.8019
FABRICATION - 17,4291 0.7677 0,.5¢73 0.¢375 1.1822 0.5361 0.3760
REEROC JEASTE  2.479) 1y 2406 0.8265 O0.679%F 1,916 0.7789 0.4836
IRDINTCICOST. 2,609  2,977@  3,a897 u.0002 N,910% 2.882% 3,3200Y
TOTAL COST 11,070 9.8027 9.2779 9,9673 99,4366 .0,0651 H, 469%
RTPRCCYSS PRATILY ‘
CCST OF POEL 10,3196  7.7713 6,390 6,5206 B.1815 6,073% $,6729
SABRICATION 1,428y C,.7677 O0.973 0.437% 1.9822 0.5361 0.3760
AETROC/SASTE 0.6037 ©.3018 0,201 0.1508 0.3369 0.1823 0.C884
TNPIPECICOST 1.997% 2,8208 2.9206 13824 1.5680 2.1773 2.89%
TOTAL COFT 4. 1492 11,2636 10,5838 10,5513 11,2616  8.9306 9.0206
Linear Interest Rate = 0.05, Discount Factor = (0.035
case 3900 - 3008 300C 100D  us0A | WSOF 450D
THRCWAWAY BCTH ‘ ’
CCST OF PORL 10,3196 7,7711 4£,9108 6,5706 A,1415 6,074, 65,6729
FABRICATION 1.4391 0.7677 0.547) 0.8375 14,1822 0.5361 0.37€0
RUEFROC/NASTE O, 60!?, 0.3018 0.207% QJ,15C8 O0.3%M9 0.l1a2a C. (88N
IXI{INBCTCOST €, 9'!‘ 1.958¢ 1,391 1,6186 0,751 11,0390 1,3R12
171l COSY 13, 3050 9,096 9, Oh‘\ 8.7474% 10,433 7."9&‘ T.9188
REPRCCESS BCTIH
CCSY OF POUEL  8.5890 &.83172 €. 0383 &,.%099 .30080  ©.2676 &,001Q
EABRICATION 1,829% 0.7677 O0.%7) Q.837% 11,1822 0.%36%V 0.9760
RETACC/UASTE 2.8793 1.2009 0.8265 0.6197° 1.9636 0.7789 0.4836
xnntc‘rcost 1.3603  1,8299 1,6437 1,978 00,9214 1,.191% l-yi]QG
JCUL COST 9.7577 7.8852 7,818 7.09¢6 9.8480 6.7741 6,800
i!?lm!S! vERTILE .
TCET OF POR 10,319 T.7713 6.9100 4,5206 8.,1641% $,074> 83,6729
PABRICATION 1.8291 0,767 0,%473 0,037% 11,1822 0.%361 0.3760
RICROC/RASTE 0.6032 0.3018 0.2011 0,1508 0,3%89 0.1828 0, CRON
TRCIRECTCOST C.9981 1.1886¢ 1.3911 . 1.6186 0,.78%1 1,090 1,3812
0T COIT 13,3080 9.9968 9.0099 A, 7475 10,0336 7.7921

7.5188

60" M

5. 9481
1.1626
0.3632
1.1570

8.5270

_9.0368
1. 1626
\PRLIR
1. 2087

8.2002 .

$.99%Y
1. 1626
5.2632
1.187¢

8,%372

1. 9451
1.1626

0.2632

0.985%8

amevanw,

17,9263

8, 0360
1.142¢
1.7981
0.5801

wavanwn

7.5730 7

i

%.9a%1
1. 1626
0.2632
0. 45%%

anawouw

7.9263

6002

Fuel Costs for LEU/MEU Single Pebble eed. agés
- 0.75 Load’ Factor, 30 Year Li time) :

‘600n

', g806
0,639
0. 1290
1.%480

awsmanw

7.0967

3,916
0.63%1

0.98794
T.08000 1

;i

. 9-:6’; “

TV S

0.6331"

v, 1290

1,0080 -

© 6004

_4,8198 09,2998
'Lﬂﬂ,ﬁ%%
OR8Y :0,057%
2651 1,6308"

'9973 ", 0327 4181
2007 O’6l9| 0,830
g‘ﬁ‘lé,O.lOGﬂ 0.&255
392171038 1,.5502

7. 19?3 6, 1‘16 6. 1719

9391 8, w198 4, 399
+28C7. 0. 6A9Y. 60,5090
TA29  0.CRRY? 0.0578

08 1 26%1 1, 610!

T, 09,10

4, 0866
0,638 .0,
0.1290° .
0.69%0

€341 b

39616 W1
0,6381"

6008 -

430371

- S
v1a %0337

$07:7 0,891,
1.#61!

2:5090
0.8062 0.924%
2803 0.%69u. 07878
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~and unblankcted and the unly fiect nf—separate fced streams is the =

difference in peak p.ver cenqxty. Caqés 45001 —45003 are 1den ical

TExcept for the use. of*different Cross sectxon sens. Case 55004 has a

:Jhlgher heavy metalu;oadlng than does 45003

’]Epte<oh‘One401measionalfLEU#Calculati ns

sectlons llmits the ava1lab111ty to accoun& for hurnup—dependent

\spectrum ef‘ect, caused by the depletion of 0235 and the buildup . of

S LY tbe plutonium 1sotopes. This 11m1t3r1on is muchfmore severe for the

LEU 31ng1e oxidc cases than the 'EU and HFWY mixed ‘oxide cases.

LEU Feed Two—DimenSional Caseg S - ' ‘ : T _ ﬂi

The low—enrirhed uraninm feed cases are repreqenCed by case title

in the f0110w1ng summarV'

Summary of Two-Dimesional LEU Cases

Average Pebble Radial Ref ector Radial Reflector Number of

| e _ 7 Case Residence Time. Graphite Denvity Thickness Enrichment /
l : Full Power Yrs (gm/cc) o (cm) Zones
o - B21 3.0 | 1.0 ’ 36.0 1
_ TD450 2.0 1.0 ~100.0 1
D451 2.0 1.6 ~100.0 1 :
TD452 2.0 1.6 100.0 2
D600 2.0 1.0 100.0 1
TD601 2.0 1.6 100.0 1
TN602 2.0 1.6 100.0 2




sy v )

~J

|

(o wmg*

aagten 1915

The results ef—*he LEU 2-D cases are llsLed in Ta»lc £-12. ‘L-c

:n'

that 1ncrea51ng the graphlte dens1ty decreaseb the fxsslle feed Tt

ﬁapproxlmately vae percent.

Cases TD&SZ and 19602 have two feed—anrich-

ment zones. Hlth tho zomes

LEUfcases'have a. 31ng1e pebble type.and in Table 4-14 "Boch“ w111 refer /'

only to the feed pebble. Lo e T )

Qummary of Ore~ Requlrements and Fuel chle Costs for LEU and MEU - ; . T
Two—D1menb1onal Cases = . : :

3
¥

: The ore requitements and throwaway fuel cycle costs for the LEU
e and MEU two-dimensional cases are shown in Table 6-15.w Consumptlon

~for a throuaway cycle refers to fxssxle feed requ1red for the reactor‘

vafter the inxcial loadlng. Commitment refers to consumption, initial
loading, and fissile inventory of fabricated fuel committed to the

reactor at any given time.

Comparing cases TDRLC, TDRRB, TDRHB, and TD602 will indicate the
relative ore and costkrequirements for the representative MEU tech-
% ‘ . nology 1eveISrand the LEU feed. Cbmpared to the'reference MEU tech-
nology, low technology MEU feed will result in e>six percent increase -
in U308 ore at an increase in.cost of eight percent- a high technology
MEU will decrease the ore required by nine percent while reducing the
cost by nine percent; i LU feed eycle would increase the U308 require-~

. ment by twelve percent at an increase in cost of nine percent.



,, ;, : PR
: PEEEN
]

€ELo.=

s w&wmc uuk:u vaso,.»——.o = syied @34yl sduul "murmczu_uco P34,
2o LEL'Y 5 SYIRD 3BUND-AAN0 “6OL 0 = SUIRd 33D GDUUL  ISILMDILAUB PIIIq
el i ‘.m; A ST - 0pTL PUR LT t9et *BLL ‘60 ‘01 ue
986, "64°255 €48l "B5°06E '0v°9£Z = (WI)4 £Q papunoq sujed Paay Xis 3ue vl

B

SRR T 1T 3

CoalestT L elest Lse o
SLepLIPE . 9BLL'RZ ¢ 6912
eyt pseyT s pde
980" L CTCTRN BN ] URF
: G A
(v9¢:92 - v9L90  Coweecee
102 SR 4:13 T 2682'g
e s
8T v 69

s6 - €6 €8
001 ) 20L” 66
LoL S0 T g0l
g0l Lol s
e eeT ke

{u)nd
(3)nd
src N
gl
. see
(Aep Jamod [|ny/6%) sajey abaeydss: ]

St

N
(£ep usmod | |ny/6%) saiey paay

N Y oW

§
syled pas4 Aq dnuung
(WHE3/Q-""mA) dnuang abraany

‘

200) PoL (1 203 81N

o bes”. S 195" OL38Y UC}SUBAUC)
T GZ890" b 09950 ' LeuoL1dRUg *SSOT 1INPOad UCLSSLY
69180° .G68L0° . leuo132eay *ss07 abeyean
O PR I (21993d/my) 91qq3d ur 43Mog YEdg
RSl T veby {wby) KudjudAu] &)155i4
Bl Cogelt , ., UBYILAUY PIIS 3| LSS
002 o 0't o(S4K) aamod 11ng *suy) 8du3p)say
20 .7 a2 (01301 worR) WM/
I ' T 1 (WD) SSIUYILYL w03D3) 33y (vLpeY
CISKGL osvaL 1z ase)

99/M31/5. « KaTsuoq 29M0g ‘3oWURTE TETPEY ON ‘WD 00S = IYSTOH 30D
i - B9y TBUOTSUAWIQ-OAL “ZT-% 2TqEL




T Ta‘blef%?ﬁ:fl,Décéiiedf Account iaf Neut ron Lps‘,lses: £y
~ .Selected Two-Dimensional LEU Feedc=ses

D552

. 00034
L 00476
.00010 -
00327 -
.00011 - - e
L00285 0
000018 A
S .01935 - o
06010 © . .00009
.00492 .00707
.00181 .00222 ’ - S E
.00377 .00424 A I 5
.00060 , .00071 -

) ‘ P! ® M - .00146 L0N174 2
Smte? .00652 L .00RY9 L
Sm! %’ . .00084 - o ,00113 - e o
S Smts? , - .00267 . .00306 e T Tt
- , B Sm?® 2 © o ..00178 _ 00217 R
L Fuls? 00092 .00123 R e
kulsY 00044 . .00075- e
_ Eul®® . . 00066 "L00096
5SFP ©.00389 00481
NSFF , 00172 . 00204
Other ’
C .01955 G562
He .00004 00006
Si 00193 L0016 |
0 00006 L 00004 ‘
Leakage _=07645 08750 ‘
Total 1.0 1.0 )
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Table 4-14. .
(3-vear Lifotin-o, 9,75 lead favinr, 12600 ";-4\:.‘}
Linear Iaterest Rste = 6.1, fiscount Do tor = 0.07

-

UCASE . BT U TD6S9 TDUS1  TGES2 -THEST  TDAL Y TDEN2
'7,'7F;ﬂﬁau;rren**‘

£.8250 5.1627 5.1123 4. BETY g 2456 B BT
06107 G EDRE 109 0.SE95 0.5958 €.5947 .
ChLATeI L 17Jer- 0.1273 01265 D.12€6%

‘1.6365 ;;1.36n1, 1.2810  1,28R9

€.2050  €.2312%

; £CST BF. YW‘L a 1937
Y

:

el

REFRC P

‘o
ccs* or Pnlegy;ﬁquz "3.9621 3I.B14E 3.RZ220°03.7622 3.6573 - 3.E5%51 T e
T OUFABRYCATIC® C.0708 0.6107 D.698F  0.610C9 56.S5E95 0.59GE& [.S947 L
ERERCT/UASTE 0.7081 0.925¢ 0.9229 6.7262 0.2319 0.R311 5.€247
[KETRECTNOST .-uzz 1.7939 - 1.6947 1,5994 1.2564 . 1.26%% 1.2177

kTO"lL Lals DR 1C..£53 7.2917  T7.0810 T.05%7 6.679% | . 2617 €£.312%

“~

AADJr’i ntersst RACU = ngl)‘Di&ggggﬁi}}g@fgﬁé“Q:QZS - C :
_ - P
CKSE P21 eSO TpeS1  TDuS2  TDAGO  TDAE1  TOAD2

THECRAWAY PCTH

. T CCST OFP POET ~ 8.1937 5,4250 5.1627 5.%728 4, U611 18,2066 Uu.267¢
R S ) FREPICATION C_47CR C.61C7 0.6086 C£.6109 0.5895 0.5958 C.%947

. R - RPERCC/WASTE C.1819 0.1743 06,1736 0.1736 0.1273 3.126S C.12%6 “
TEDIRECTICOST 1.6586 G.7R22 0.7473 0.7896 0.6262 (.59h1 ¢.599p

) T T0TAL €0ST 10.5050 6.9921 6.6922 €.7070 5.8060 5.5601 ©£.5881
: . REFRCCESS FO~E : . . -
R B CCST OF PUEL 6.R0U2  3.9621 13,8148 3.8220 3.7622 3.6503 2.665
: ‘ FAEFTCATION C.67C8 C.61CT 0.6086 C.6109 0.5895 (.5938 0.5947
S REERCC/WASTE -0.7081 £,9250 6.9229 0.9261 6.8313 0.5311 G.8330
| TNLTFPCTCAST 2.0835 C.8609 0.8128 0.R150 0.€223 0.5803 (.5263

! TCTIAL TCST  B,06F6 6.35E7 6.1591 6.1743 5.8058 5,6526 S5.€790
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CESE TV TiUR
TRETW BAY £778

Coy sp EBRL 3.8953 1. 8817

EESEICATION €.81%) 6,571
RIFSOC/BASTE C LRG3, Y¥IG
TSOT#FCTANST 1,192 1,012

B N N L

TOL £t E.11Y7 5. Wes

BEFEOCSSE FCTE

LUCsT or PAEL Z 985S 2.722%

FABRICATICY.. 0.415)  0.%5778

REFROCAUASTE  6.5980 0.8212

TELYFRCTCAST  1,7390  1.C(k97

- e B At A W R -

IATAL BT 51773 5.10962
BEFROCESS FEFTILE

| CCST 0P FIFL-. 3.0317  2.8987
" PABRRICATICS 0.835%3 €.5778
REFECC/HASTE 0.2675 0. 3693
INCIPRECTCOST . 1.20CY  1.1326

TOTAL COST S$.0%67 &.976a

CASE TIY2h  T2Y2M
THROWAWAY BCTH™

CCST OF POEL  3.8003 3.6u437

SABRICATION 0.635%3) 0.5778
REEROC/UASTE O©.CRS9 0.1330
INDTRECTCOST 0.5722 0.4833

T0TAL COST -4.08976 G.5378
REFRCCESS BOTH

CCST OP PUBL 2.98°55 2.7221

PABRICATION 0.0353 0.5778
REFROC/NASTE 0.5580 0.8212
INLIFECTCOST OC.%9%5 (C.S121

------- crer coveowwy Soawwaw

TOTAL COST 4.5363 4,633%
REFROCESS FEFTILE

CCST or rorL  2.0327 2.€967

PABRICATICY 0.4353 0.5778
REFRCC/WASTF 0.2675 0.3693
INCIRECTCOST 0.62€62 0.543%5

TOTAL COST UG.326 18,3873
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Table 6

waix the steady state,

-2
4

for a

reduce the core nuu ron icakage to the lower valves used.

'»’M 'iv-:hr larv- blanh-m \...mld be rcqu* red

cont innous

a

core with
are shown in Table 6-3.
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Eﬁ;;bar Yife wivt elggen ceoycbel
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k= /n,.
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Ly de et
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Fission Product Fusorplion Fra
Core Labane Fraction G
Mass Balance {,?(;L,‘D at full power) R S
’ T (T R O S LR
"Vlii-—” e 21997
g L5918
TR 782

s - T 0550 2 Y
' Fertile feed ' TR 47.737 21.69% 21.599 21,693
Primary lischarqge © This © T 15,6900 6.7932 . €.R156 - 68257

I _ Pact: 0047 L0006 0007 .07 )
TESE 6880 - 2221 L2402 L2481
TESEE 5398 .1352 2232 .2514
.1983 L0848 0940 B EF7 S )
, , 000 0151 L0417 L1075 -
- 7 Fertile Discharge Th-*2 45.751 19.820 19.904 - 19.926

' ) Pa -l .0108 0014 L0016 .0016
- : % 8575 43014442 4494
TR .1515 .1378 .1299 .1270
TERN .0267 .0374 .0353 .0345
TERLe .0030 0103 .008% .0083

wPrimary Make-uy Feed:
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dbné'iﬁﬁ‘ num]nql ¢/ of I,U.
lowsr rat‘n_slﬁwi‘1‘4nt¢y rrronscs Lhe fXthIL\lnventury. _Reaultf\

of on ﬂ—dijnhlunﬂI parameter qtndic are shown jn Tdhr‘ t~l.

‘prcbreh6ar tnr‘pﬂrhapq a fa»c reavtor blank t) w1thout repro, ssibg.‘

ralcu}aci ns ind1<ntL Lh\! a sufficicnt build up of f15q11c'content for
prindrv pubblu Feed is unxiv‘l A very long exposure wou]d be quUIFCd

causing high contamination and serious _gegrading of the breeder per—

formnnée by neutron absorpt fou. The pebbles could be used to reduce the -

frobh fertile feed and take ddvantage of a low fiqsile content.

‘1WOedimcnsinnal calculations wcrq.done-with primary consideration
given to fa~core raaial hlankutingvand_powﬁt,densicy flat:gﬁing. The

results are shown in Table 7-2. Primary calculations were done with

223
pure [

feed and as high a C/Hx value as would permit bréeding at a
significant but short residence time. Note that reducing the blanket-

ing or increasing the power density (reducing the fueled core size) reduce
the breeding ratio, Results nver a narrow,rangerin C/H{ are shown assuming
that a 0.5 ¢m coating of graphite is required for the ouier shell and that

the kernel packing fraction can be increased to reduce the C/HM,

1
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favrease du fue] ozl asser ixted with increasing the care size sl
operating at o rediced poder deasity. *‘.‘xmiaainizim fra the ‘ng&wr -
aragisn PstNopen in e Tewd Tritiably .,:34 :gsm- L e ‘x‘rre-am T L

g : *':aéx?with»{;m ;m»intﬂsa*kﬂ e
'f*‘mt o Y»rgw i and Lt ,:;L of the Higher et ni:ies. :
k@ctvd n-mlh Are mm in mm- ?wﬁ far the i&éﬂ! slmaum ns: T
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ceeR Tt swmeration whic B ominimizes Uhe fisaile teed 1o The reastor.
e é'?yw;u:m;’:iy thal malerias: 4l the ead of plant Hife woubd faventory
- .mnnw plant ) The results stewmn ian Table /-6 indicate that 2iniman -
S & k:crnm feed acrurs @i an expesure of ahout 2% My b Tor the
o single pebble tremtmant and a C/BM of 1 3o of¥vat o vonversion
tativ abeve unity over Lhe (ile requires a feator clesian whichi has 5
very loaw effective neutran loss fraction which possibly woadid cost more
- thant justifivd by the small roduc tion in external feed,
‘ Stegdy stats cenditions without recvele vere also calculated for
4 serivs of cases to allow ramp.jris«‘m with resulits disesseed varlier and
T with results treating rwo and three dimensions.,  These T=sults are shown
in Table 7-7. ’
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Table 7-7.. Point Hodel Breeder, Near Breeder Results Without Reecycle
(1,"00 MWe plant, 0. 85 .plant_ factor;. 30-year 11fe5 0.015 reprocessing
loss; 5 htﬁlcc, 0. 015 _meutren. loss Eractxon, HEES S hlg-er feed) ’

-~ . S

aesaer-zefhne Excosura. . Fissile

"= -o\_; - < B PV T e ot a8 e T o A e A e o
. Lonversio 7 Zx.w i Fvss-w Ratance (Vam/Mae-Tr; - Fugl Costs
. tem"iate T mi ey Fr)

{yrs ol ‘!h.s-"l; iloaging pnrme

L4t powery. If.g& li!)~ L (k?’q

Trwe o rgm ot 0337i' N 965
’iﬁﬁ7‘%3w : ,'L&m9z$#]awm“fzmn¢
340 2,339 LO1e L LOISe L0878 2.0 Sy
.‘?ﬁgl"‘ S3 V.00 16138 :

‘fRQggrding Breeder Optlmizatlon

The.conditions which satisfy some objective fuuctlon may be deter—"

»mined from the re5u1ts. Fortunately these tvo-dimensional problems were‘
well converged so that. the resu;ta do not dxsplav a signxfxcanr B

variation from precise solutions for the situations treated. The reeults

[

which consider only variation in the kernel packing frac;ion will be

consideted subject to constralnts on such pa-king.-

e -

Consider the reactor operation and associated fissile mass balances.
Ucing cffective values.
(1-) {F + Q(c-D)} | (7-1)
where PR is the recovery rate
& 13 the feprocessing loss fraction

F is the feed rate

C is the conversion (breéding) ratio

R

iy the rate of fuel consumption per unit time, {.e.
Q = P(dF /dE),
where P is the thermal power level,

57 I8 the amount of fuel consumed to produce a unit amount of
thermal energy, and P = dE/dT,




Wb seek to matlmlze the number cf rEAL[OIS thch can be supplied fuel,

L or. m1n1n1ze the - amount of - make~up fuelx Ignorlng the 1nventory reuu1te—>

:meﬂt (con51der1ng it to be a smaLl factur relat1ve to the feed component)

.LNef Produc;ioﬁé; ; 
.. no loss L
(Kgm/MW, -¥r) -

e iﬁbﬁfﬁ&lﬁ" ;Pfiméry;
/MM Résidence . Exposure
- . Time (yrs) _ (#yp-D/Kgm)

Breedxug Féed
.~ Ratio  (Kgm/D)

—

8o 2.0 30.8 1.0305 6.4 L0346

Lo 9% . 1.5 . 26.5 T 1.0287 . 1.0 .0325
10 L 21.S  1.0257 1.7 .0297 ,
S e 09 C19.6 . 1.0232 8.5 L0256 e

Considering the C/HM variable, the primary variables are

Y = carbon to heavy metal ratio, and

Z = Pe/F, the evposure,

. where e is the fissile enrichment of the feed and P the associated power
(for the primary if desired, but total for consistency with the earlier
| e€quations), Setting the partial derivations of X equal to zero leads to

the desired optimum

._.;iE = ——-—-—-w‘ EJC - d
Fay (C-Day » 9
) A
Foz. - (c-1ysz » °F |
\ ar; aC 4r § | :
3 3% Y " ! =4 .




Fixing P as the total pc er

s

99

» the apparent optimum dccurs at.

a‘/'

ae/aY

“:"The resalt of processing the data ébailable indicates chat as much - -

thorium should be packed into the inner part o$ ché pebble as possible

to optimize as defined.

not prove practical.

At a C/HM of 80, the effact of reprocessing loss

'on the net fissil. productlon wich clean feed is Qhown below:

Reprocessing Loss

(fraction)

0.000

0.005
0.010
0.015
0.029
0.025

Net Fissile Production
kgm/Mio-vr

L0346
.0246
.0146
.0046
-.0053
-.0153

Lowering thehC/PH below 80 or even this low may

Another view ig that the optimum desired is the condition for which

the total external feed is minimized,

inventory,

of time H,

which is approximately the system

For a residence time of T in the reactor and delay for recycle

the system and reactor inventories are related by

s

T+H

rln

(7-8)




uranlum actin1des. Aftet consxderxng a teasonahle processzng loss, a'

;break ‘even fuel hiscoty is more Ilkely than any signlflcant fuel produc- -

' tion. The amount of external fuel required -to fuel the system (teaccot

and associated fuel’ cycle system) tbrough a plant 1ife is an importa1t

-J»fig‘ considerat10n, along w1th fuel cost . The optxmum_design and operation

;Qiig considering the requlrements and costs may well result in performance
ai{,; below the point of net breeding. A high C/HM ratin, ‘high power dens;ty

and long exposure are forced by these considerations. - ' T

Large blankets are needed for a high breeding ratio, and elaborate
reactor design analysis with cousideration of control requirements is
. teauired-for'thorough assessment. The use of fertile pebbles in blankets
will reduce the heat remqval‘capabiiity below that achievable, reducing
the energy conversion efficiency. A short out-of-core recycle delay is
needed to reduce the system inventory. Fuel loss in processing signifi- )
cantly impacts the fuel balance because of the relatively high feed rate
(short residence time and low power level per unit f‘ssile material).
The ability to hold down this loss and the cost of holding it down remain
to be demonstrated considering that the fissile content pf much of the
heaty metal will be Jow. Special handling of the pebbles is desirable
to increase the fissile content, especially cycling fertile pebble. from
the blanket back to the core without reprocessing. The pebble removal,
separation and feed requirements will have to be eseablished and a prac-
tical design and mode of operation developed.

1 i
11




o the prlmary pebbles.

'SECTIOR 08'

But fuel cost cons1derzt1ons forCP 2. long residence time ofz-

Both needs are met by once recyele of the prlmarv

: pebbles WlthOut reproce551ng. The pebble bed concept has umique capa-

bLlity for prebreeder applicatlon if such recycle proves to be practical.
As shown by the results, a dlsadvantage of such operation is r.he in-
creased power density in the prlmagy pebbles on their first pass. Ic(’-
‘may - be desirable to reduce this power densxtv peak by only partial )
recycle. W1th recycle, selectlve separation of nebbles would be mosf
desirable to avoid long exposure, but tnis might prove to be costly.

U?.33

More of the product cen be made available (without ﬁigh-con- . =

‘tamination from U?®® and U?3®) by loading the fertile pebble with

larger fraction of the total thorium. Results are displayed- 1n Table
8~2 [or a selected distribution. Once recycle cf the primary' pebble is
also considered and a second cycle using reprocessed primary pebble

discharre from a first cycle as feed. - t

Results of two-dimensional calculations arc shown in Tabie 8-3.

Neutron accounting is shown in Table 8-4 for selected czses.

Fuel costs were determined for the prebreeder. Selected results
are shown in Tahle 8-5.




'Iable 8-1 s

P eb reeder Resul ts

Fert‘ e Feed Th'?
Pr)mary st,narqe

Fissile
- Other
Fertfle Discharge

< ogEn

Yl
ST R : gz
’ [TEALN

U7 Product (Fertile jebhle stream)

Fraction of U
Kgm/Kgm Fissile Feed
Kgm/Xgm Fissile consumed

10,620

L8651

~163.005
v 125.42
L1664
L9091

.0524
7.0945
.6410
-.5495
.0035
0021
161.32

2126
1.1996

.0699
.0032
0001

.951
1325
1.3536

d0nce recycle fertile pebbles, steady state conwition.

c
d

Once recyc.e primary pebbles, steady state condition.
First recvcle repraressed primary pehble discharge plus makeup.
Second recycle reprocessed primdry pebble discharqe glus makeup.

s

;20497 o
£1.632
-62.98: -
L2518
L£203
070
2.5619
.5452
~.2925
.0059
.0a21
79.854
.06€1
1.069%
T .0946-
.0081
L0004 -

917
L2019
1.0854

ana

54.335 -~

41,007 -
0236
L6440
.0806

1.2563

"#‘23
. 1936
0045
.0020

52.7\4
;0300
-9007
L1072
.0128

,f 3;1?25v'

1695

ap.gst
20,475
S nes

5814

'\=10Q4B‘

7209
4196

150y

.0036
.0019
39.158
.0163
.7600

L1130

.0166

L0015

.856
.2042
.7288

.851 -
L1613
,7889




795

. 5645

(003
0017 ;
25.566

L0031 -

T 0067

016 . .0023
13.812- . 161,358

L0075+
L48
1136
L0259
0053

751
L1602
CL4193

2098
COLI3Y.

- 0682

0030
0001

1952
2224
12701

78

o085
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Regarding the Pretresder Opt imx?.;

© We seck an optlmum dcaxgr nﬂ& mode uf Operatizm of a prebreeéer.

An esoneric op;xaum and an ore utiiization optimum for a svstcm af IR P

”prehreedera and breeders (or near\ureedrrs) are paesible ijeCtLVe§

: herc and & symbinsis calcularion.xq in. orde Buk what man bt gane ;lii~ffff¥ 
L Jith A stngle anaxyqis’ B 7;‘;~ f v ‘7” ‘. _h-, %“? /~

and the a5qociated e;actr1cal enérgy prudurriqn from the conbined Svstpmzi;ﬂ E
o ;\bsuﬂe that thﬂ System fue. lnventory aSSOClated "(.th

each brecder plant must bc ﬁ;allable as an.yaternal squrce at the time

it is placed in operation, perhapq reprLsenLntjvé of a youny, Industry,
aud that there is no addit‘onal cxtern1l feed requ1rcd nor excess fuel ;!
produ;ed Assume furthcr that once fn operation, a brceder continues

ta operate thereaster, nlthﬁughin new plant would'hﬁve to be‘huilt to
replace one remove! from service at the end of its life. With discount-
ing, the "present aﬁount of - energy” for perpetual operation is given by
1/i with periodic compounding at the period rate of . Thus a plant
operated at a load factor of 0.85 prnduLes the associated prpsent amount

of energy relative to the time of installation of

[y

kWe-hr/Installed kke

.02 ' 372,300
.04 ‘ 186,150
.06 124,100
5 .08 ' R 93,075
| .10 74,460

A prebreeder also operated at a 0.85 load factor and a thirty

[ year 1ife has an associated present amount of energy relative to the
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seru1Cufand perpetutty aL a dtacnuds‘ 3Lv 01 0 1 thefe is &

large dlffcrence ar a. Inw ate.

Agsu®e that the amount of fissile matertal available from a

prebreeder is the steady state discharge rate D times a period of time

L after a recoverv less fraction %, If the exteraal fuel supply required
for a breeder pilant is SB, a breeder prant may he inspal§fd at the ead
¢ach time interval L, e 2
. S, = BL (-4, - (8-1j
L - l
The total present amount of eneryy associated with the svstem of
. e
reactors is given by
: 30/ L
- = - . S¥ st R,
LT ’EP + Y hg (i+1) s (8-2
n=l
“Where Y is the delay in availability, and £, and I_ are present amounts
t ] -
discussed above, ' : -
=30
i S 8,760 1.'.~Qi.1i’._).
Fp Py i '
E, = 8,760 L L ; ' (B-73
‘B D4/t u i s t )

where the load factor is shown as 1.
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‘e

e

o A “present amount”™ of the ore rnm?itﬁvnt for a prebreeder plant

may be ﬁchrnsh&P as the initial assucxated systen inventery S plus

T CE . a pgrlocic ﬁﬂrt up,

R - : {1ru+n "3 | o §
= 8.7 < i : S SRR -
0, = 8,760 Q p +F, D K (8 4)

whero F s th 4nnuxl f}ssxlw feed Yate at the load. factor per unit

;?ﬂnd Q !he convets1on from 2135 to- 3“8 ore.‘j

e S - - 7 (8’—“5')
304 30/L : - ‘
1- (1+1) ] Yg, - e
Yy [ — + iB Z: (1+1) .
n=1

Argument can be wadeé that the ore should not be discounted because.
it is committeq initially. Thlq is removed from Lq. 8-5 by replaclnp

the discounting term 1n the numerator by 30 annua] periods.

Results are obtained for a reference set of data. Assuming’

LT ‘lup =g, = 0.85, Sp = 4.6 kgm/Mie, Q = 231 Kgm U,00/kgm v**%, and using a
‘simple term for the delay of

v = (145)" (HEL.O)

where H is the processing delay time, Eq. 8-5 becomes for i = 0.08 and
H=1.5 , ' ‘ "

| 0, 0.231§, + 2.60F, |

|4 \ |
—_ Yy and : (B~6)
£ 30/L oo, |
T 9.57 + 8.76 Z (141) nlL - ‘
n=1
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. 3 B ~(304L)
L Q/L~(1+i)-nL 1o e B0 | .
PIRRE y L . . o (8-7)
R (1i) . LT 1 .

n=1

with account for satlsfylng part of the fuel for a last plant to nroduce

a cont)nuous result rather tl an one thh dsscontlnuxtxeq for uhole plants. :

:ROSUlta are shown below for two discount rates and- uxth and althout ore :

R G X
T Rericdv vreeder
npxr» - Foe:'. (lvgm'ar,’ Fyei Recavery
msm‘wc Fa,x thgriyr!
ingratles *‘t

a.2e0 RS LA

¥
By

™
»

Lz .43 4 RERY
K 2n7 R SR T35 e H
= Y 5.7 bz - 175 . B
v pget? 173 8, LY R 158 i7 I
_h e R e st 1858 7% 126 R L34 -
2 L3 5% A 17,60 SR R 2 FEE }
. ‘;,;(;- rfc,ah ‘f :rx‘te;‘,’ ;..-';L;.b:‘-t'_rr‘t.:,‘t l'f»;‘rf’,}ﬂt‘.':‘:'f!?'.;‘ ar‘ Lrer ‘nr*\.aw); o ‘ 7
~ P mfhus,;te;opcimum considering ore utilization occurs at a relatively
o E long fuel residence time for the prebreeder and a tow féce of‘instal-
vAlation of breakeven breeder plants, Parameter changes that reduce the )
ore commitmert may be noted.
1t is difficult ¢» assess primary aspects by examining the discount
form of the equations. For such study, an operating period of T will be
; examined with delay in breeder startup of period L. The resulting equa- )
‘ } tion without discounting for the ratio of ore committed to the energy
E production rate at T is
l
]
: o+ (S
0p QITF, + (Sp/Up)]
(8-8)

; P(T) 5 4+ (1-a) D(T-L) (Ug/Sp)



1i2

and for T large this reduces t¢

) R F,S : ‘
P - P "B , (8-9) - -
P(T) ~  (1-%) D UB[(] wawni .~ T &-9)

Integtating the aenomina:or o‘ Eg. (8%3).té placé the rescltziﬁsche'BéSisrf;'

', of energy produced

R R B ) M O] ) I

TR redo o ue? T

The am0unc of ore required to SUpply the prﬁbreeder fuel relatlve

> rhe energu.produced is-smaller:

. The longer the perlod in time conszdered

. The higher the product1cn rate of recoverable breeder fuel (but
*  there is impact from increase in th-~ feed rate to tho prebreeder)

- = ., The 1ower the breeder 1nventory,
. The lower the prebreeder inventory;
- . The higher the breeder plant load factor;

. The higher the prebreeder plant load factor (but of less importance
than that for the hreeder except .for short time);

- The shorter the delay time in use of the breeder fuel.
Given the fuel cost for the prebreeder without credit for breeder

fuel production, the cost associated with total energy production is

given without considering the value of y233 (except for Indirect costs)
by . - : ' ;
E
C = .g. . .
T,P L : (8-11)

Accounting for total costs, the two components may be added without

'30/1

SV [1-+7%°) + %Y a2t ar™ L oo

| r,T P[J-(ln) 0] 4 vu, ’Of (1) 7"

' n=]

[ f !

congidering breeder fuel direct costs:
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Results are shown below for the data displayed'u&ing a reference cost

for the breeder of C =d8.5_mills/kw :

LER]

B

Prebreeder . . =~ __ Fuel Co:t Component for. the Complet
: Reference Cost Component
_ Residence Time - : —
- {Full Power Yrs) (mllls/kHeH;), i=.04 i=.08 ki#.Qé 2 i=08

Prebreeder 0q~z Prebreeder “and Sgeeder» -

;

0.5:°  19.0 - 6.6 . 666 - 11.00 S oas0
Loz G a3 ‘r,;4f16 -‘~si 9 zz i 9ueLT

35 8. 27'ﬁf ', :
2 Af‘f7 Oig?ir7°‘ i
8.2 - 8.38
6.8 E 776
7.27 .

5.8 .

The apparent economic optimum occurs at a relatively long residence
time for the prebreeder (high exposure). Parameter changes.that reduce

th: cost may be noted.

Now let us assume that a breeder is to be instal’ed every vear over
30 years in a mature economy. If sufficient prebrreders are installed
initially to inventory the system assooiated with 2ach of these breeders,
the delay in use of produced fuel that was includec abovr is avoided. .
Given the rate of fuel production of the prebreeder », and the system
external fissile feel associated with a breeder plant of SB,_the
required number of prebreeders is

Sg

NP = E?I:EY . ’ (8-13)

(NP is the same as L aone.) A delay for the first breeder after start
up of the prebreeders of U=H + 1.0 years will be assumed, so over a 30
year life of the prebreeders, 30 breeders will be in-talled, the first
at time H + 1.0 and the last at H + 31. The resulting equation for the

ore requirement per unit total energy produced Is

aOnce‘recycle of primary pebbles without reprocessing.
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' 30 .
S_+F (1+i)
T ='p. n=1 -
E_ 30 =" 30 . —n
T Y Q+H) ™+ B CQ1+) :

LD CE X
n=1 : P n=l

.Jj[??f**??ﬁ-fﬁf o

3VR§SuLt5?foi.théfréfergﬁCb Eéta,qséd above are 5houn~below:l€

B S LT I | R

— - Ore Pef Unit Electrical Energy}‘ »
Prebreeder
— (kgm U0 /kW_ —Hr)

Residence Number ore Di 3 8 e N . d
Time (Yrs) Installed e Discounte Ore Not Discounte
- i=0.4 i=0.8 1=0.4 1=0.8

0.5 10.0 .107 .195 176 .409
1.0 12.57 106 ¢ .i80 700 - 402
1.5 15.28 102 - .167 163 .372
2.0 . 17.82 .104 . 165 .165 . . 366
1.0R1 12.67 J113 - .183 .189 447
1.5R1 15.08 .109 Y .181 413
2.0R1 17.62  .107 . 164 .176 -390

The optimum so defined occurs at airelatively long prekreeder
residence time, but evidently shorter for the developed industry than
for the early industry treated above, and a large number of prebreeders
installed per breeder introduced annually. Note that the resulcts are

rather sensitive to the assumptions,
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* .
The economic optimum for the situation treated may be determined
_ . by selective application of the appropriate ecquations: T g ';?_f:“ i
g . - ) s ) . - . . s N -~ . . X . T e

‘ Prebreeder . - Fyel CostjCogponent for  the Complex .
" Residence  Cost Component Prebreeder Only * 'Prebreedsr:and Breeder:
Time (Yr)  (wills/ide Hr) ~ 3=.08  i=.08  _ i=.06 _ 1=.08

]

ARl B S

5.82

The economic driving force for -he developed industry is shown to
be toward a long residence timc in the prebreeder and 2 large number of R

.- ) prebreeders for each breeder installed annually,
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N 'SECTION 09: .. TFL COMPETITIVE POSITIO\

N

The pebblc bed reactor conceptishows advantage over a flxed fJe

(:

Any study in uhich ore co:ts/play a domanant role w111 show that

thls concept would be 1nsta11ed rather aran moqt ochers, excludlng the Lj”

pOSSLblllt) of a lower cost oreeder roncept.‘“ B L

~ The primary d1fficu1ty in prOJectng “the competztive p051t10n of

’ thls conrept is the lack of accurate cost data. ngh capltal and/or

e o

fuel handlxng costs would prevent the ~concept from competing econom1cally.

Symblosls c"’udy of the future has been done. - ‘The results are quite
dependent on the assumptions. Consider -that any of the posqlb}e fission

reactor concepts may be installed, and that a realistic set of rules and .
- ) ~

mass balances are used. Without showing the details the-following rather
[
obvious conclusicns may be drawn.

A. Lacking a continuing supply of economic fuel from ore and given
. a breeder reactor concept which has a fissile inventory doubling

capability less than an expanding demai.d for energy from fission
reactors, mly breeder reactors (fast rather than thermal) would
be installed without economic congfderations or if the breeder
had lower ccsts than other concepts (not n~i considered to be
true). . |

B. If the inventory doubling time of the seclected (best) breeder
reactor exceeds the energy demand doubling time, then hreeder
plants and plants of a second type of converter reactor having
lower costs wouid he installed. w

C. Tf {n the distant futrx: the demand for energy from fission
rcactors fncreases slowlv and cconomic fuel from ore is 'not
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availabie, then a‘bigh tat;cio‘ installed ‘low cest converters
to installed higher cost breeders would be predicted, this . N
‘ratic depending ‘vn . not only the -differences in costs between

_.the.* .o concepts bat also on the dependence of. performance on
¢2'the ‘cost and mode of operation of each type of reéactor Hhich v
admits selecrion to fit the conditions. A distinct possibllitv

‘mduv Lonverter reagtors for each breeder it the former haru .

G TR

Y 1owerxng the braeding ratio and more :.[j
sing its: conv;rsxon ratxo. LT

i:incremental cost of tho gas turblne.

“jE,-,A prebréeder éonEPpt to produce breeder fuel using fuel from ore
- shows economic potential if it has a lower cost than the brecder,

‘Cover a period where econnmlc ore is available to fuel the pre-

- breeder, - The prebreader, breeder combinat fon on one fuel cvcle

T (U"S) can be more economical than breeder, converters on another

‘fuel cycle (Pu) if costs of the former are lower.

F." ‘The 'smaller the size of the system considered (consider part or
all of the rid of a utility, an area, national and multi-national
levels) the more difficult it is to satisfy the requirements in

a self-contained system, the more variety to be expected (dif-
ferences between systems), and the more significant che effect

of the conditions unique to the situation on the best choices.

. G. Accurate cost estimates are needed for assessing the future and

_to jnustify investment in development effort, hard though it may
be to predict these.

The above summzry presuppo.e: that the total cost of electrical

rergy f;om nuclear reactor power plants is competitive with that from

ther sources.

4 ——

Costs anc other considerations including complexity could result fn no
significant increase in the plant efflciency with a direct cvele.



"SECTION 10:- ORE USE

- We summarize here predictions of the U 03 ore reguirements to

.:uel power pxaqt Teactars nf thL gas cooled pebhle bed type, and compare

w

AR
§

_-these with the recuirenenrs fb‘_;_ger types of reantdrs.  Performance of

kiplants with eariched £°**® Fgel,“giﬁh or without fuel recovery by process—

;inz. 1s nE priearv interest DA o Lo EL

fe

Or: angrgu ﬂpitqore nveaxucic *at tﬁeﬁ

RE

.nerfnrmanCc. vaenAanfeconnmic,mndel,rgqs: daca and mass baianres)\an
‘ergnamic aunimﬂm can he dﬁLermined and are requlrnmencs predicted for

these cemditions. ﬂn'evvr. the opt imum dcpends on ’hc seonomic data and
also on the practical uojsideratinns taken into s Ount rezabjirg require >

ments for opératinn, deiav in rec v‘h: v,

At only a small econemie penalry, ore requirenents can be reduced

s
<

frem those for the economrie optimum. This reduction is tore significant
Tor some reactor concepts than others, as 1nd~ch is the magnitade &F the
associated vronomie penaltv. N

i, ot Fissile consamption required to prstuce o quantity of

clectrival vnerygy with fuel recovery (not Elrowawavs can he exnressed s

Yo é (1-C) . ) . (10-

where ~ is the thermal officiency and € the conversion ratico,
Hence the associared ore consumption is aiven by

" o= 1= . tre-2)

Note that C shorld he an offectiv walne with aitowanece for Togae s,

Thus for two similar situations, the ratic of ore reguirements is

the ratios of the differen o0 Tromanity oF the conversion rat jos.


http://ornar.ro
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, =
Far o thornal o ficienecy of 9.4, aperatinm of 4 1,000 niant
tor aopertecd of 3 wears at 9.7 fead factor, fullv enriched fuel
and G902 enrichment tails 231 gas Fxﬁgfgm tissile copsumed), we estimate
consunption jor tvpieal pebble hed rvactor conditions at
. s mi (s AR
5,29503-C) , U°° -
5, 48401-0) 7 n
o= v ’ (1h-13)
o= . rzy .
7,33201-Cy , Pu
X o XS . ' . A . s o
; £,318(1-C) , Pu"™F s T ‘ =

" where 0 is in Fam, 0o conrcfbution from high energy fission in other

: actiﬁidgsiis incinded, and fissile nuclides are assumed to be of éQUlvhf ,;;
| Tent Vﬂéth to 12°°% from are, Note that the data above could be interpro-
ted as relative worths of these niclides, but only if avsoriated differ-
. _ L enves i ocoaversion ratio were inclnded; a penalty of 28 percent for |
Mt relatioe to P gy indicated neglecring anvy difference in the
oo rsion ratio, . )
fhis data may be nsed teo approximate the ore.requirement for "z
N pressuriszed witer reactor with recvele. For 3 percent enriched vete

feed, o Tast of fect of 6,08, 3 thermal efficiency of 0.3, a conversion

i ot E I IR I - ; .
ratio of 0.6, encrsy from U577 /Pa’ /Pa” "0 as .9/.37.2, and a conversion
ratic o 0,30 -the ore for o plant is estimated at 1,400,

K

Usine an averase of the data for U7 and V77, the dependence of

ore consuamnplaon of a4 pebhle hed reacter on the conversion ratio is shown

€

below with an allowanoe for precessing fosses,

Conversion Ratio Gre (kgm)
Reference fNet after processing)

.5 (.491) 2,840
b (. 988) 2,300
.7 (.hREY) 1,760
4 (L 780) 1,210
9 (.860) | 790

A . | . ;
See also the results of more detalled analvsis in Chapter 3.
‘ )

| i i
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Whereas the ore requirement (consumption) associated with the eco-
nomic optimum may be about 2,000 kgm, this can be reduced to about 1,000
Kgﬁ by achieviné a high conversion ratio. Such would require a low
exposure (iow burn uﬁ) which sxgﬂlflcantlv 1nurea5es the required capac-

ity for fuel processxng and increases the fuel cost by 25 percent or pos-

- sibly much more, Rela;1ve cost 1ncrease xs lower the hlgher the fuel

uould be expected to 1ncrease wlfg;incxease in exposure uhen v1ewed as .
) re;ative to the dvrect cost (although th» amount decrease> due to decrease
s 3. 8 tha out-of—core 1nventory) The canver51on ratlo is 1ucreased by
“reducing the carbon to heavv metal loadlng, 1ncreas1ng the size of che
"blankets and reducing the power densxty, whlch 1ncreares the Cust of

e energy generatlon relative to che economic’ ‘optimum.

The results obtained frow point reactor history.calculacions may be
- . . . . ~ ' Cooa
< examined i detail. - Shown below is a summary for a set of assumptions

using a carbon to heavy metal ratio of 250:

o Residence Time (yrs) B 1 2 4
. Exposure (v, ~D/kgm) 24 48 95
Cosyg;§lon Ratio - .803 - 5 .757 .683
Fuel Cost (mill/keg—hr) ' | | -
“Fuet 1.186 1.433 1.864
Fabrication 2.232 1.140 .596
Reprocessing 2.790 1.411 .126
Subtotal Direct 6.208 3.984 3.186
Indirect , 1.758 1.400 1.309
Total ~7.966 5.384 4.495

Variations in the Total Fuel Cost:

Total at half the

indfrect charges 7.087 4.684 3.841
Total with prnceésing B
cost fixed 6.687 5.1384 5.130

Total doubling cost of
fuel and fixing the 3.613 8.209 8.28%

processing cost

T o e

x %The results of two-dimensional calculations show higher costs; here we
» consider the costs estimaies be accurate only In the relative sense,
i

i
1

‘ cost component , and there is a 51gnif1cant 1nd1recc cost . component,,whlch;_f"
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A special case is made of :he'rcbrocessing cost, so th:» effect of

fixing it is shown (the total amount of fission products to be handled

Ve g:'  15 essentially fixed); somewhat extreme. lhen the cost of fuel is

doublcd. The res:lts show not only that the location af the oﬁtimdm is

-shiftec, but also the economlc penalty of operstion at below the,optlmum
l‘exposure is seqsltlve to the data.‘ The optimum.condltlons are 1ndeed
fﬁshlfted by %BPIOCIable chango in thP cost of fuel (relative to other

_gosts),,the optimum prosure decreases with increasedAcost Qf,fugl.

Comparison of the ore requirements for various reactor concepts ha

been difixcultq; There,is‘a Iargg variation n;the resultsvreported in

=

the ljte'ature. He Litexcertaln xnfornat1nn in uhat fbliows as Juaged
fto be the best Jnformatlon avaxlablc from privace commun1cat10ns or ,:;_3]
in‘ormatxon transm15s10ns not documented in the 11terature. Recent “

]I
data.has been report.d in -a thorium ntilization study * and extracted

Lresultsrare shown in Tahle 10-1_ Note the dependenCe on convar<ion
E ratio for the HTGR and the poséibility of effecting a sélf—sustaining

condition with the HWR.

A summary of ore consumption for several reactor concepts is pre-
sented in Table 16-2., To provide informatibg on a consistent basis we
have reached baék to data generated at ORNI in 1964.14 This 618 data
shouid be'qualified in several respects, espcciaily regardihg the low
cost data used at tbac time. The ore requirement then estimated for
the PWR, howcver, was considerably lower than indicated in the literature,
and this estimate seems to have been reliable; (see for ~omparison the
data shown in Table 19-1.) Lower requirements were shown in this report
for the prismatic HTGR than for the HWR(Th), using beryllium, results
which are not used here. The HWR(U) requirements can be reduced con-
siderably; what is not clear is Qhere the egonomic optimum lies for this
concept, but it may well be below the result shown. The HWR(Th) result
is for an advanced concept which could have relatively high capital and

fuel costs inviting further study.
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" Table 10-1. Ore Requirements for Several Concepts
(Kegm U308A5Hé at .7% Plant Factor 30 Year Operation, .002 Tails)

Reactor Congépc . ' ‘ © LWR SSR. . HWR _ HTGR*

Commitment

“Naturai throwanay R r¢iv - L 4,757
Throwaway . - 5, 943 4,979 3,374

_ Full Recyele . 7 3 902
Thorium Cycle  ;‘4::¢h,‘.v : n M-H;; SN
Fully Enriched Recycle kY 1f;ig3;36§ f ;2:i04'”i
Denatured Recycle 'i“‘{'ﬁkA : 3,6575 1‘2-214_';; S
;Self-sustaining o "‘! RGN T 111,3347

Consumption
Uranium Cycle

Natural, :hrowaway.' , ' 4,327

Throwaway ( : 5,443 4,545 3,075 3,901
Full Recycle o S 3,719 1,838

Thorium Cycle

Fully Enriched, Recycle ' 3,130 1,982 1,626 - 2,404
Denaturcd, Recycle 3,602 1,99 1,735 3,719

*Fully enriched U recycle data for a C.R. = 0.66; at a C.R. = 0.90,
- commitment 1,600, consumption 1,429, |

Of course the data shown is for advanced concepts and sophisticated
opzration with partial refueling, The data we attribute to KFA is an
interpretation of their results reported in 1977 and more recent assess-
ment,12 and yet subject to revigsion in their ongoing evaluation. The
new ORNL estimates for thc prismatic HTIGR are from point model calcula-
tions, not as sophisticated as the analysis done by GA. The gas cooled
reactor -data shown, and that for the other systems loaded with thorium,

consider fully enriched U??* fuel.
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_Table 10-2. Estimates of Ore Consumption for Several Reactor Concepts

- ‘ Initial Fissile ’ . - Ore a
Reactor - Data Inventory - ﬁakeeggbﬂ' Consumption
- Type - Source (K ,“";3 -~ {Kgm U-°7/ (Kgm U30g/MW, :
: . : i MW Yry  For 30 yr at 0.70) = .

Low Cost (toﬁVOre)‘

?klbrowav327Cycle

PR ) ORML-36B6" . 2.06 . LI6 5,480 (4,990)

- B I Cl . = o - . e

HIGR (Thy €A~ -~ . o T 3730
ot opwL - 3,790 (3,470) -
PBR (Th) KFA . - .66 - 3,200

| ORCIL. 1.00 . .68 3,400 (3,100)

Fuel Reprocessing and Recycle

PWR (U)  ORNL-3686 2.0 ~ .78 = 3,490
CE - 3,220

SSCR (Th) ORNL-3686 .36 66 2,810

HWR (Th) ORNL-3686  1.44 .39 1,170

HTGR (Th) ORNL-3686 2.60 .45 1,930

| GA . 2,360 (1,940)
ORNI. 1.44 .48 2,300 (1,900)

PBR (Th)  KFA 2,040 (1,000)
ORNL 1.00 45 2,150 (1,500)

aOre enrichment tails 0.002.
bCalculations done in 1964,

€A 15 percent reduction from the apparent economic optimum is allowed
here.

dNoc calculated, 85 percent discharge fissile credit, requires highly
enriched make-up,
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‘ ss’cnb:: 11: - SUMMARY OF PROJECTED PERFORMANCE

An assessment was made of the requirements and performance to

<pvpdivt~che eFEectrfrbm the level of technology. In any event, ;he

i

it

baszc assumpt:on is made thac the concept is *ecﬁn1fa Iy feusz le re—-
gardlng control safetv an” ¢rformance of materials.” Three levels-of- = f,Q

technology are assumed'

i ..Low Technology - 51ngle pebble, no axial blanhet, modest 1if Ry

" radial blanket, exposure limited to 180 HR - D/kgm M for hlgh

. -enriched: fuel, * lower than: reference (de51ra 1e) operatmg cemp-'
erature and poeer den51ty : S

k‘*f.,Reference>- twe: pebble tvpes rad1a1 and modes* axlal ;lanxetb,
© 225 MW '-legm fueled pebble cxposure for high pnrlche& rue1.<

'ii;J*High T‘ hno;ugy = axlal and radlal bIanketlng, compllcated pebble
" management, fucled pebble ‘exposure to 260 Mhth-D/kgm HM for high

_enriched fuel, higher than reference power deasity and temperature.

The ddtasselectéd from the results of the reported rcalculations at

ORNL to summarize the projected performance of the pebble bed gas'codled

thermal reactor concept are shown in Tnh’g 11-1 for a reference net
energy conversion efficiency of 0.4 after allowance for plant requ1re~
ments. Note that there are different conditions for the basis of costs

and ore requlrements (even different from the previous section).

In projecting performeance, we also consider that the net énergy
conversion efficiency will depend on the technology level. The Fort
Sainc Vrain plant was designed with = superheater to yield a net
efficiency of 0,392 with a coolant gas outlet temperature of 785° C.
Studies of the pebbie bed reactor in the FRG consider an cfficienéy of
0.40 with an outlet gas temperature of 985° C. Clearly the higher the-
zas outlet temperacure, the higher the efficiency that can be achieved.
Steill, holding down the capital cost of a piant is of major concern and
the optimum efficiency may be lowered by elevated costs. Thus we con-
sider an cconomic driving force which reduces the heat exchanger surface
areas and sophistication of the steam system. Although use of a direct
gas turbine cycle could increage the efffciency of plants, we do not
‘consider here the e¢ffect of a large increase from this source. A primary

T~
attraction of the direct cycle i{s the associated canier siting because



Table 11-1. Perfurmance Summary for the Pebble Bed Reactor Concent at'a 'iet Plant Cffic(em:y of O 4“

Nominat  Nominal ° fueled £External 5 Fisiila P X . Fuo e :
Jerviceama o Grionte NI e pble Fele GoninuiTa g (e comiiNes ,cugm"ﬁgoﬁ??ﬁlﬁ'{'?ﬁé we (ot T | |
(Aroric) SN Ratdo (o) (Mg D/ Plant  systen  (kgn/ ° lnstalled - Consumption Commitment  [4itec peferance
power yrs) . kgm HM) Mig-Ye) &Ho) , S

Surner, Low Enriched Uranium ! A TR L - .
Reference Technology 575 2.0 .54 2. 130. 0.9 0 13 85 o 2008 4,360 4,66 b . 6.2
Burner, Medium fnriched (denatured) Uranium Fyel ‘ o R AT - T
Low Technology a50 2.5 .54 2.2 1300 120 1.3 .8 ¢ a2 a0 5.4 6.0
Reterence aso 2.6 .58 5.1 205, 0.9 1.2 ... 76 39890 4070 b7
“12h Technology 450 2.9 .55 5.9 220. 0.8 O e S0 3,780 4.6 5.3
3urner, Fully Enriched Uraniun gy e e :
Low Technology 230 3.8 A8 2 90, 1.1 1.5 A | NS P Pt 3,700 l‘..‘)\)("‘ o8 5,9
Reference 250 1.0 .58 5.0 225. 1.3 1.5 (66 . 1687 . 3,400 . 3800 47 5.6
Higr Technology 250 3.2 .57 5.9 250. 1.4 1.6 .60 s a mo; 3,500 a4 b2
Conyerter, Fully Enriched Uranium, Recvcle ‘ v . I
Luw Cost ’ ' R I .

Low Technology 250 3.8 .63 2. 95, 1.3 2.0 .45 LN1a g2 0 2820 - 4,5 5.6 5

Reference 250 4.0 .65 5.0 225, 1.3 2.0 42 RRCZ EEREEN 0 R X 1 REE Y 5.3 e

Wigh Technology 250 a.2 .67 5.8 250, 1.4 2.1 .40 104 7 080 T zas0 4,0 5.1
Low QOre ’ ) : B : e

Low Technology 175 2.0 .75 2.2 36. 1o 2.7 41080, 1780 2,450 5.7 6.9

eference 175 2.0 .78 3.3 90, 1.6 27 36 9.7 1,500 2,200 - 5.3 6.5

+ th Technoloay 175 2.0 .80 3.6 100. .7 2.8 .32 8.7 1,330 2,080 . 8. 6.4
Prebrs sder, Fully Enriched Uraniun® S o
Low Co-t . 175 2. .70 2.9 no. 2.0 2.8 .60 16.3 -3.010 3,760 1.6 5.8
Referen o 175 1.5 .73 2.9 74, 1.9 3.0 70 188 3,630 4,330 5.1 6.3 ,
sigh Per “ormance $H 1, N a 138, 2.2 2.8 70 8.6 3,630, 4,280 a8 5,9 S
Near Breecor, Broeder, UY' Fue) ‘ o e e ’
Low Cost 250 4.2 .10 5.0 220. 1 1.6 .28 e 1.0 5.1
nterrediate e 1.5 .890 1.0 50, . 1. 23 .M a7 ... . 8.8 §.1
Wigh Conversion' 110 2.0 .390 1.3 40, 1.0 5.6 030 . 63 T a6 8.0
Break even %0 1.5 1.023 2.8 26, 3.8 3.3 e OB h 7.9 n.3
Breeder 80 1.5 1.036 2.7 2a, 4.6 a - I RS I 9,0~ 13,0

— e e T 5 AT e e o L g «"--w—‘-“ o 0 e AN 0 g R T S A W bt p———-

’Barrer and converter luad factor 0.75; prebreeder, near breeder, breeder are high zechnoloov. 1oad factor 0.85; ore errichment talls, 002, 30 year plant !ifs,
o R R O .

R

Ppreeder fuel generation for thege cases in kam/Mig-Yr (net); 0.28, 0.36, 0.38,
¢




of limitec locations where cooiing water is available. However, a thermal
efficiency of 0.5 couvld be achieved with the penalty of higher cost and
increas=d complexity. The following net energy conversion efficiencies

.are arbitrarily assumed which could have a wider band of variation:

Technology Lo Outlet Gas ; XNet Energy

Level ____Coolant Temperature (°C) Conversion Efficiency.
JLow . . %0 | 375 )
‘“Réfetencezg e : L . {400*;;

. ‘High - . 11000 s 1425

’i? Results obtained using‘these efflcxencxes are shown in Table 11-2

to present a summary of tﬁe pro? ected per-ormancer

If the capltal cost of a power plant were $600/WH ca)ac1ty, the
associated cost component of the product ‘at a plant load factor of 0.75
and an- annual charge rate of 0.16 would be 14.6 g111/kwe—hr. A fuel

_ cost of 5.3 then contributes 27 percent of the toral. A 10 percent
uncertainty in the fuel cost reduces to a 2.7 percent uncertainty in

the total.

There are a large number of possible élternative designs and modes
operation. An attémpt would be made to select the economic optimum with
constraints satisfied and soﬁe penalty included for uncertainty regarding
technical feasibility. A significant contribution to the total cost is
the cost of the reactor core. Assuming # reference-capital charge com-
ponent of 1.6 mill/kwe-hr for the core and a power of 0.7 dependence on

size, this cost component amounts to:

Relative Core Size Capital Charze (mill/kW(e)-hr)
0.5 0.98
0.75 1.31
1.0 ) 1.60
1.25 1.87

1.50 2.13




Tadle 11-2. Performance Summary for the Pebhle Bed Reactor Concept with the Plawt E!fi fancy Doncudnnt. on Technoloqv LevM"

e e ek s e it =+ s e s ¢ i {8 s | s o st Rt e o o e o ks o e ctnow S—— [ SO g
i n Nomina) Nomiral N B at; Fueled [Fissite lnventorv L’xternal ~ Fissile: 0,., Mrtnont ‘ 3
Te?zn;;g:yalgve! Hg::3°;e::] ;:;;?: C:::;;gzon pﬁg:lﬁ Ltggslﬁe {kannstalled i) r;;;;" ““?Tj;“’"‘ {kagm UJO:y?nitn\\bd Miip ) (m?%?)xﬁﬂfﬁv>
(Atomic)  Regpcence Ratio XK} ‘r:whhgj Plant  System " igm/ tnstatled " Gonsunotion Commitment  Low L
Burner, Low Enriched Urarium oo ; ‘
Reference 375 2.0 .54 N 130, 0,0 1.3 A5 2008 460 . A8 BB 6
3.rner, Medium Enriched. {denatured) Uranium Fue) ) 2 :‘J’ i o » N
Low Technology 59 2.5 .54 3 130, T T 85 - 207 T 40 A0 5.4 6.5
Referen.s asp 2.6 .55 5.1 208, 0.9 1. 76 w2 3,890 T 4,100 5.0 Lha
High Te:mnology asg 2.9 .55 5.6 2re, 0.7 1.0 .65 15,670 3,300 3,560 o A& 5.0
Burner, Fully fnriched Uranium L
Lew Technoloay 250 3.8 - .55 22 30, 1.4 Vb 6 19 0 3,950 £,270 5.5 6.3
Refaran e 250 4.0 .58 5.0 228 1.3 1.5 66 1687 7 3,400 3,800 .7 N
nign Termoaloqy 250 a2 .57 €5 250, L s 56 4.2 2,920 1,290 a.1 0
lonverter, Fully Enriched yranium Recycle ) R . v
Loa Cost el L
Lom Technolagy 250 3.8 .63 a0 95, 1.4 20 . 48 7 e U 2370 2090 4.8 6.0 et
Referance 250 3.0 ‘ 65 5 275, 1.3 2.0 AT WA 208 2,550 4.2 5.3 &
n1gn Technology 250 a2 .62 5.4 259, 1.3 200 .18 9.8 Co 1,860 220 38 4.8
Low Ore C ‘ . . ‘ ‘
Low Tecnnslegy 178 2.0 .75 2.3 16, 1.7 s 44 1.5 1,870 2,610 6.1 7.4
Recerance 175 2.0 8 3.3 4G, 1 7 26 9,7 1,500 2,200 5.3 6.5
sign Yecomology 7% 2.0 10 1.3 100, 3 2.6 00 g2 s 1,780 4.8 6.0
Srevreeder, fu)ly Enrsshed Uraniym® : ‘ . ' "
Low Cost 175 2.5 79 22 15, 1.4 W .56 15,3 ..930 1.540 4.1 b6
Reference 175 1.5 M 20 12, 1.8 o8, 66, v 3,420 a8 a0 5.9
4ign Perforrance 175 3.0 . 3.9 134, 20 A 66 19,8 0 7 3,820 4,030 48 6
Near Breeder, Breeder, U-'' Fue) ' ' e 3 ‘
Low Cost 250 4,2 710 17 RIS 1.0 1.5 26 . T . E 4.3
Low Fuel 150 1.5 L83D dom 50, 1.c 0 a4 - o LE2 6,4
Kiqn Conversion g 20 990 11 a0, 2.8 5.3 028 50 0 5.3 1.5
Break even 22 1.8 3002 2.6 26, 1.6 6 ' 7.6 - 7.4 10,6
3reeder R0 1.5 1,035 N 24, 4.3 9,2 9.2 IR N e
P e e s a o rimn et e e s 3 st s+ e e .

e et ma e e e e | A S s, an % A T mma e T % e et 4w o e s

erner and converter load factor 0.75; prebreeder, noar dbrecder, brocder are high to\nnn1ouv. load factor O, BS. oré enrichment tails 002, 30 year vln“l l"
YBreeder fuel generation for these cases in kam/Mw,=Yr (net}: 0,25, 0,35, 3.33; note that increasing the plant nfflciancv reduces the brvuder fuvl wvvdutl‘u"

i it
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Consider-the use of some carbon pebbles containing no heavy metal,
perhaps attractive to reduce processihg costs. To effect the same .
temperatﬁre peaking conditions with 10 percent of the pebbles carbon,
the capital cost penalty is estimated .at 0.12 mill/kW -hr; a s1gn1f1-

cant penalty likely maklng such use uneconomlcal.

-

Coﬁsider the -use of Eueled and‘unfueled pebbles, 1nstead of orlv

o bne. &4 appears possible to effect nearly the same temperature peaking

condltxons u1th selective d;stribution of heavy metal and : ch01ce in the

fraction of each type of pebble used as Hlth a szngle pebble, if tbe o

".res1dence time is telatlvely long, 1ncurring no s1gnif1cant penaltv.Aﬁs;gl

;Houever, deviation of the pebble distribution from the ideal would cause

1ncreased temperature peakiug aPQ an associated penalty which should be '

assessed,. In the case of a relat1ve1y short re51dence‘time, as would be -

necessary to effect a high breeding ratio, there seems t0~be;sighificanc

. penalty, as much as 0.4 miil/kwe-hr, of fsetting the fuel cost economic

incentive.

Once-recycle ofAfertile pebbles from the core or from a radial

blanket does not appear to incur significant penalty. However an internal

radial blanket does increase the power density for a given core size, and-

use of 10 percent of the cross sectional area for blanket is estimated to

add 0.10 mill/kW_-hr. A lower bulk coolant temperature would alsc be

expected to incur further penalty.

Once-recycle of fueleil pebbles without reprocessing shows advantage

for a prebreeder, but the cost penalty is estimated at C.25 mill/kwe—hr.

Radial power density flattening shows clear advantage. Considering
a reasonable degree of flattening, the penalty without flattening is
estimated at 0.27 mill/kwe-hr, plus the contribution from a lower bulk

outlet coolant temperature.

Assuming that the plant efficiency depends directly on the difference

between the coolant outlet and inlet temperatures, and only 10 percent of
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the flow was ineffective in remov1ng heat, the assocla*cd penalty 1s

!

estlmated to be a“ reductxon in rhe efflc;ency of energy conversion

from 0. 4 to

000 — 250

L_:V:«\..‘ 3 l = <:. " : .
e 0 T % ‘°~'36: A ¢

L ahd;fﬁié incurs s total capltal cost penalty of 1. 62 mllllku 4hr a

A

"~most lmportant aSpect Lo conSlder.

Anereqsarv comm1tment of the lndustry, and the eventugl use in process

heat and electr1c power serv1cps.
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licen51ng of a nuclenr.plant

fways for d1rferent purposes.:

- are involved, the situation i5 further complicared i, feedback from the

distribution of the pebbles according to some probabilite functon. Furfhgr‘*
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SECTION 12: EGARDING THE CAPABILiTY FOR

and one’ code may be used in dlfferent

In the desxgn “phase, usual pra 1ice

Coolant flow and propert1es are 1nvolved as ate the pebble propertles ‘
Thus a *hermal hvdraul1cs _ulculat1on is needed LOUpled to a neutronlcs
exposure calrLlatlcn to assess conditions over the r2zctor hlstory. The

effects from and requirements for the control of ‘xenon oscillation and to.

provide override after shutdown must be examined. If two pebﬁleftYpes

~

compiication comes from the variation in residence time of pebbles acrass
the reactor, pebble redistribution and changing pebble packing fraction.
In a large reactor, scvere roll of the flux around the reactor (azwmuthal)

is expected without control.

Reliable two-dimensional neutronics calculations are required with
exposure treated and the thermal hydraulics problems solved. Three- .

dimensional neutronics calculations will be required to assess the short

time xenon oscillation behavior with its control, and adequacy of thi. _ ﬁ 
control and the associated instrumenfation, ad solution of the thermal - - -
hydraulics problems in three dimensions with feedback to the core nuclear :
properties. OSuch three-dimensional calculations can be avoided only if
judged1to be prohibitive in cost, as they once were. Much supporting
analys?s can be done treating onlyv two dimensions, but a rather large
uncertainty factor would have to be assigned to results of such apn]ysis

requir#ng lowering the core average power density, elther reducing the w
| | [N | |

| Vo
1 ! !
| e ;
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R S capacity of the plant or increasing the reactor size. There may well be
a practical limit on the core size. Three—dimensional diffusion theory

neutronics capability is availakle but not thermal‘hydraulics and feed-

back. Fven tne adequacy of two-dimensional steady state thermal>hydr§c-
lics to account for the fine scale remixing of coolant flouxng over

'pebbqu when modellng a large core remains to be demonstrated.

.4§ontrolz

Control of the reactor nust be demonsttateé ‘by reliahle calcula—

through start up, the operating hxstory, lcad changes, and (V

;anaiysisi‘%ﬁguoubtedly'soue threé dinensional calculatiﬂns must be made
-and likelv some of these will have to be done. with the Monte Car}o
apprua"h for accurate representation of control rods in three dlmtnsions

to effect a high 1evel of reiiahility. capability which exists.

Short time ‘behavior must be assessed which requires coupled
‘neutronic kinetxcq, thermal hydraulics calculation:. Primary concern
are;he;rgsponse to possible neutron balance perturbations, self—regﬁla-
tion capébjlity; ;oﬁtrbl reqdireuents and the necessary rates of reac-
tivity removal and reqhired instrumentation for this. Three-dimensional
calculations may be required. If fuel is loaded in only one of two
,bebblé\types, then. the behavior will be quite different than {f & full
tsmpefature'rise were sensed by the fertile material (decreased Doppler
coefficient). Behavior of an initial core will differ from that later
in 1ife as U2%° builds in. The calculations which will be requirad
depend on the design and mode of operation and the considerations of most
importanée. Methods development is needed to treat the three~-dimensional
problems, specifically for the thermal hydranlirs and also the ueutronics
at a lower cout than even finite-differcace diffusion theory capability
available. Close coupling of the neutronics thermal hydraulics calcula-

tion is needed with feed-i ack for analysi§ at reasonable cost.
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Exposure Effects and Activity Levels

Exposure effects must be analyzed. Here the basic infgfmacion.is

experimental measurement of such effects as zaused by atom displacement

‘from nuclear reactions including fission and generation of helium and

fission products. - Exposure information is generated by nuclear

" calculations which prov1de suf ficient detail for assessment of the |

amount of‘exposure. Then analySJS of stress creep, nuclide transport,.

ete. is done 3s necessary to establish : suitable performance of the
couponents over the design 11fe and to shou activity levels will be T
below design level. Enhanced capability is needed. tc produce 1nformation

',abouc fissiou~product behavior aud ucllde trauspotc in aeneral.

Reactor Shutdoun

The reﬁuirementﬁkfnr safe shufdownkmust be satisfied and analysis -
muét be done to demonstrate this. Short tlme thermmal hydraulics analy51s
is required to demonstrate the absence of problems after shutdown.
Insurance against recriticality from Fa*??s ‘2’3,Xe‘33 decay must be
demonstrated. Some of the required effort can be done treating two
dimensions, But basic three-dimensicnal capability is needed to assess

such e ffects as localized reduction in coolant flow.

Resonance Shielding

A reliable calculation of resonance shielding is needed which will
account for such primary aspects as more than one pebble tvpe, lumping
of the actinidgs in kernels within the core of the pebble, and resonance
overlap. Feed-back of temperature and nuclide concentration changes is
needed to account for variatlions over the core to produce accurate results.

Enhancing available methods is desirable.

The Neutron Transport Approximation

' The methods used in design must be sble to produce an accurate
estiﬁate of neutron transport. The capability to generate reliable
transport data and then use it to produce accurate solutfons remains to
be démonstrated. Methods development and extensive pronf testing Is
|

needed. .
I
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Local Criticality |

Analysis of design and operation with available advanced methods
is required to assess any possibility for criticality to occur in
locations near the core or in the core in the shutdown mode with con—

sideration oi possible severe damage configurations.

' Radiation Shielding

Sophisticated ana1y51s with ovailable aJvanCed methods is required
te establish adequacy of the design for shielding considering neutron

. transport over the energy range and gamma ray productlon and cransport

"”f regard1ng local heating and exposure‘4"

'Pebble Management

More sophisticated capability will be needed io model the management
of the pébblcs, especially if pebbles are recycled. An adejuate scheme
of modeling would seem to depend on the details of pebble flow, contfol,
feed variation, and any procedure for recycie (such as selection by
activity for partial recycle without reprocessing). Further assessment
of available neutronics capabiiitv is needed to establish development
needs. Not only is an accurate representatior of neutron transport neces-
sary but- also at leasl one scheme which has a jow application cost and
vet produces results of reasonable accuracy. Methods development must be
supported by testing against experimental measuréments and also against
results obtained with sophisticated methcds which accurately model npeutron

transport effects.

Demand toad and Selective Plant Operation

Additional capability is needed to assess specific applications. For
process heat generation, the likely variation in demand with time would be
followed, with special consideration nf the events of maximums and minimums.
Impact to analysis comes from multiple services of a plant and a network

of process heat loads.

For electrical power application, added sophistication is needed for
analysis of a distribution grid with several reactors on line. Careful

accounting of actinide mass flow rates in a system [s needed to assess the
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inventory requirerents, lecad of feed material, and the effects of plant
additions, cutages and deletions. Of special concern is moving toward a

near self-sustaining operation regavding the nuclear fuel. With different

-tvpes of plants in operation on the grid, asSessment rust be made of the

effects of different fixed and variable costs for ;perating different
reactors, snlected loadlng causxng di fferent load factors, and preferen—

tial operation ro satisfy needs somevhat in the future.

_'to account for the rea tor contents, to aid ~in deci¢10n mak1ng .and to '1aa“

Ogeratlon Support - : ',f - IR

Spec1a1 capabllzty will undodbtedly evolve for suppotting operat1on f::'

‘Qproduce such needed ;nformation as requlred to 1nterprer operatlng data.

.ggrman vs. ORNL Methods for Predicting Perforpance

Both the FRG and the ORXL'mcthodsgof‘calculatioﬁ appear sound for‘iﬂ
surveying projected performance.<3The German methods have rather severe
limitaﬁions and available methods presently lack sophistication in treat-
ing the résunance problem. The ORNL mgthods lack the capability to treat
temperature, nuclide densitv feedback and the recycle history (fuel
management). Costs of both methods are high for a sophisticated calcu~
lation, and both lack auteomaticn to treat t,: operating history of a
reactor with it held critical. The capability to perform énalysis wich
independent methods is very anice, but is not needed by a single design
group. we would expect extensions to be made in Germany to the German
methods to support design effort there, and likely extensions in the US
to the ORXL methods to support design effort here. (This report does
not cover the assessment of the available thermal hydraulic capabilitv

made in this study.)

Qualfty Assurance

~

A reasonably high level of quality assurance must be established
for the methods and data used. Qualifying these involves applying then
to situations for which there are experimental results and demonstrating
reliable analysis capability. Bias factors may be required, as to adjust
estimated worth of central rods and pebble management to control the re-

activity., Improvements tc the analysis methods and adjustments in basic



http://with.it

- o 136 :

data mayAbe found necessary, as well as the application of selected,
perhaps special calculational procedures.
© . Summary

In summary there are specific calculations which are required to

support design. Available méthods~shbu1d'bé extended to satiSfy the 1“ :
requirements. Sﬁecisl néeds lie ih.microscopic cross section process- | |
ing and in hlstory calculatlons. Effort must go intb the requiremsnts

‘for ra1s1ng the level of quallty assurance in analy31s to improve re—

i 11ab111ty.g HaJor development 1s needed for neutron1cs, thermal hydraul1c o

5calculations to assess short tlme and very short time effects in three

Fdlmen51ons.~
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Appendix A: UNiIT COSTS AND ECONOMIC MODELING

In this section we document the data used and discuss the modeling
applied in determining fuel costs for economir analysis. Two basic sets
of unit costs have been used called-Schedule 1 shown in Téble A-1 and
Schedule 2 shown in Table A—Z. These'cocts are approximately 1978 basis.
Schedule 2 costs aréiestimates of what we ekpgct would be used in the
ﬁASAP study, Schedule 1 costs may,bé more realistic, soméwhat lower 3nd‘
-f:eflecting an estimate of tﬁe dif ference between fabricating both fueled
,pebbles and fertile pebbles‘containing n§ fuél‘Separately; bt ;hé%re—_;

" ‘fabrication cost estimate may se:m;;.; -The break downs by ':pébme type
’ﬁerg needed to treat two pebblé.types; ;?br single_hééblég’ue have

selected data gonsigtent with that shown.’

'In’Table A}I,«reference unit values of indiéidﬁal nﬁclidés are
shown for.fully enriched fuel. The reference of $45/Kgm for U43S was
chosen arbitrarily, the U?®® value was arbitrarily set at 1.4 times the
U?’s'value, and other values ﬁere sciected to reflecc worths. On the
-throwaway cycle, the ratio of U*%° feed rate to U*?? feed rate is
estimated at 1.32 from data in this report without recycle of the
fertile pebble, and 1.29 with once recycle of it without reprocessing,
for the same reactor design. Simple importance data indicates a much
higher ratio, and the effect of feedback with recycle appears to increase
the ratio. A source of uncertainty is the réquirement for comparative »
conditions of exposure. With the economics model usuallv applied in this
study (see discussion below), involving sale and repurchase of fuel
discharged and recycled, and linear interest rate, the worth of produced
fuel eniers the calculation directly. Only with straight discounting
would the results depend only on the worcth of the material at the end

of the reactor life and have a small impact due to remoteness in time.

23s

Given low enriched feed, the unit worth of U was determined

from the diffusion plant scparation equations with fixed tafls. Given

ore and separative work costs, worth of fully enriched g

was determined
directly and worth of the other actinides, expecting Th??** and C, were

made proportional to the values in Table A-1.
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Table A-1. Schedule I Unit Costs
{In- .uding Shipping and Waste Disposal)

. . Thz32 .029
g3z ) 63.
u”“~ . -7.5
y22s 45.°
y3e -15. .
. P 0
: c . B
T Nominal g Mo ws s 20 25 40
| Primary Pebbles® -
(C/H4) ' 110 175 273 532 635 332
Fabrication ($/Kgm) 210 270 361 602 804 1006
Refabrication ($/Kgm) 420 540 722 1204 1608 2012
Throwaway ($/Kgm)9 185 185 185 185 185 185
Reprocess {$/Kgm) 370 £50 715 1150 1400 1650
Fertile Pebbles
S [C/HM) 110 175 110 156 206 256
Fabrication ($/Kgm) 160 200 160 183 217 250
Throwaway ($/kgm)? 185 185 185 185 185 185
Reprocess ($/Kgm) 370 550 370 513 607 700

3or low'enriched, $104/kgm ore, $80/kgm eq. separative work, $3.5/kgm treatment, 0.002
fn. tails
b

cNommal carbon to heavy metal ratio based on 50 percent of each of the two pebble types.
Hote that the C/HM is made the same in the two pebbles in one case at a nominal value of
d175 and Tower C/HM.

This number may be Tow by as much as a factor of 2,

|
|
\ |
| |
| | I
\ \ u
|

| | I
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Table A-2.

A-3

Schedule LI Unit Casts

Nominal C/HM 110 175 250 325 400

Primary Pebbles
[c/uM] 110 273 532 635 832
Fabrication ($/Kgm) 171 318 €28 812 988
Refabrication ($/Kgm) 652 770 1443 1841 223
Throwaway ($/Kgm) 185 ‘185 185 185 185
Reprocess ($/Kgm) 345 73 1535 1899 7249

Fertile Pebbles = o
[c/mM] - . 110 110 156 206 256
Fabrication ($/Kgm) 171 171 - 177 262 297
Throwaway (S/Kgm) 185 - 185 185 185 185
Reprocess ($/Kgm) 345 345 759 878

639

The Economic Modeling

In these calculations, the cost of produced electrical energy

associated with the fuel (fuel cycle) are estimated.

This is for power

plant application. Results are reported in wills per Kilowatt-hr elec~-

trical which is identical to US 1978 dollars pér Megawatt-hr electrical.

. A number of assumptions have been made in the calculations incluaing

recoverable thermal energy per fission for each of the nuclides involved,
and a conversion efficiency of 0.4 electrical to thermal. Ceneraily a
plant factor, ratio of average power level to design level, of 0.75

was used except 0.85 for a breeder or a prebreeder.

Consid. - that the fuel cost is to be determined for a single cycle
out of the reactor history. For the pebble bed reactor this means -
treating directly the steady state condition with continuous fueling
an? discharge at fixed rates. A particle of feed material is followed
through its history and account is taken of feed and discharge contents
of:this particle. Costs of feed purchase, fabrication, reprocessing ’
(or waste disposal) and the valué of the reprocessed material are

determined. Direct costs in terms of money per unit produced electrical
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energw are deternmined for ecach cemponent by dividing cost or return by

energy. Sucn secondary components as siripping are included with the

‘
~

primary costs.

Indirect costs were determined with an interest chnarge rat. applied
Iinearly.» The calculation considers the time displacement petween when
the c05t”?{ return océhrred and the m{dpqin; of the exposure period
assoLiage&}with the particle, roferenciﬁg to the midpoint of energy

production:

Purchase, , . Exposure Period - - ‘ Reprocess,

T ; Fabrication ‘ (erergy production) ’ _Sell
"~ Particle , P - {“ R IR PR ‘ ;‘ ‘
Path - ;Y o L - o . G 4
o H . o
e Lead §~<-——- A > Lag ;
: o - :

T

Reference Point -

Recyclc after reprocessing was treated in the samc_way, with
purchase of recycle material and make up feed, and sale of recovered
" material. For twe particles with differént reactorAresidehce times,
- indirect costs were calculated separately modeling rhe individual

histories. Throwaway fuel costs reported include waste disposal.

Long reactor histories were treated by levelizing the individual
fuel cycle costs using a discount ractor. Some calcuiations were also
done with direct discounting for comparison (and eliminationrof the
need for applying the unit costs to material recycled). Discounting
was done on an annual basis implying annual collection of revenue from
energy sale, not on a shorter time scale. Often the early operating‘
history had not been calculated In this study, so the required infor-

mation was approximated from available data.

Results of exploratory calculatfons done to study the economic

modeling are shown in Appendix E.

The reference calculations were made with a simple interest rate o

0.10 and disceunting at rate 0.07. #ndirect costs at a different rate
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may be approximated by multiplying the estimated indirect cost for the

interest rate of (.10 by the ratio of a desired rate divided by 0.10.

We consider these retcrence values for indirect cosis to be representa-—

tive of, or om the low;side of data appropriate for utility‘economiC’

evaluation in terms of today's dollars. p,mewhat nlgher values mlght' ‘f? f
well be used for the operation of a private ut111tv especxallv‘z Lhe L
calculatlon were to creat the decrease in buv1ng power of and produce

resul*s in inflated dollars. Howevet, ne consideration. has. been glven
to the rate f1x1n5 aspects of utility economxcs nor the impacts fro J

burden of hlgh‘lnvestmegt and uncerta1n future.of the ecpnomlc hxstar&

Slﬂ?;e ad;ustmencs can caSlly be mdde and were maae 1n this assessment
but the uncorrected, raw 1nformat10n is reported cons1stent with- the

mass balance data. . : : - . =

Fuel Cycle Cost Calculations

Optimal reactor performance is based upon a combination of economic
feasibility and attractive neutronic characteristics {low ore require---

ment and/or high conversion ratio, etc). Reactor designs ranging over a - . -7 3

variety of design parameters are compaved in the base one- and two-dimen-
sinnal scesdy-state, continuous flow rezctor calculations;' In order to
evaluate‘che relative economic feasibilitv among vafious designs, apart
from symbiosis studies, the mass flow dat: resulting from these calcula-
‘rions was used to determine fuel cycle costs and to identify an economic

optimum,. .

Civen equilibrium mass flow data, fuel cyeie costs (direct and in-
direct) for a single raquilibrium cycle are calculated directly as outl@ﬂed
in the previous section, ‘Reported fuel cycle costs, however, are avereée
cycle cost for the entire reactor lifetime, Account is taken for: (i)
charges for initial reactor inventory (indirect fuel costs and fabrication
costs); (2) credit for radial blanket (fcrtile pebbles) recycle to the » |
active core without reprocessing (thus reducing the amount of fertife -
Eeed to the core); and (3) charges for an increased fabrication unit cost

for recycle with reprocessing. For throwaway cycles a fuel cost for
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reprocessing and selling bu}ne¢ fuel is. calculated, but the fuel is not’

recycled, and clean fuel fabrication costs are used for the entire reactor

- lifetime.

EA

"The éharges associated with initial invep‘ory include direct und
indirect chatges for fabrication of the first core pebePS and an indirect

: ,charge for the ccst of fucl in the first core. Thus, for

unit_fabrication cost, $/KghM

“'!J~;
]

BOL heavy netal invéncory,~Kg

"

= electric pover rating (1200 Hﬂe)

‘plant load faLtOt‘

fabfication loss fabricatxon;

FI o
ek e e e . (A~
€ = %760 PBLI-D - (A1)

where C is the additional derCt charge, added to the equilibrium costs -
associated dlth the fabrication of the initial inventory. An indirect
charge factor for both the initial fuel cost and fabri;at;~n cost, R,

is determined by ’ -

(14T 180) /{1-(1+) 2] - 1.0, (A-2)

w
n

w
i

where linear inrcrest rate

fabricatjon lead time, yrs ; ) j
- A " Q = discount-factor associated with worth

of money (0.7 for example).

The extra indirect fabrication cost of the initial core over equilibrium |
costs is CR,
The extra indirect fuel cost associated with core fissile loading

(inventory) over reactor lifetime is denoted by K where !
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K= 8760 pRL-m N (A-3)

2 is the cost asscciated with actinide i in $/Kg, bi is the feed rate of
actinide i in Kg/D, and R is given by Eq. (A-2).
Two-dirensional react r problems with a ~adial blanket consisting of

fertile pebbles flowing down alongsidé thé core were analvzed An ecbnomic

g advantage results from recycling the fertile pebbles in the blanket through -

the active core because of the reauced excernal fced requxrements. Thus,

'ﬁfcr'the steady-state, contjnuous flow conditlon in which the fractrion of
'fxthe :ota} number of dlscharged xertlle pebbleq (core and blauket) avall-

' able for. re»yclc is ‘den Lted y.-X, the fabrication and reproceSaxng direct

coste without recycle arc reduced by a Ldb[U[ of (1-X} wnen recycle is
cénsidered. The indirect charges zssociated with average residence iimes
ir. the core and blanket of Ic and Tb teépectively are proporticenal to
X(Tb+TC) + (1-2X)TC with recvcle and to X Tb+(l—X)T¢ without recycle; the
expressions are identical and indirect costs are essentiaily the same
whether or not recycle is considered.

For closed reactor cycles the fuel is reprocessed and recycled. The
refabrication cost of recycled material is higher than the fabrication
cost of fresh material because of the remote handling requirement. The
recycled material is unavailable for a certaiw time period after reactor
startup as fuel is reprocessed and refabricated. For a time lag period

of L and a fabrication direct cost for clean fuel calculated at e€quilib-

rium of Cg (mills/Kwhr), the fabrication direct cost averaged over reactor

history, Ci, is giveany

U

! d B-L.,r d -

‘ C, =1+ &G -bI - c, , (A-4)
C |

where B = reactor lifetime in years

Ur = unit cost of:fabricating recycled fuel, $/KgHM

! “Uc = ynit cost of 'fabricating clean fuel, S$/KghM.



A-8

The indirect charge averaged over life, Cz (mills/Kwhr), is

: (B—L) U
cl = (Cg 1. __(1_“9.1_ + (1#sn) - &= -(19) 5 - c‘:, (a-5)
1-(140) B - 1-a b '
© wvhere C: = indirect cost for fabricating clean fuel
T Q@ = discount factor v »
‘ S = linear interest rate.

iR 'Note that C and C ‘are calculated dlrectly from the equilibri um mass flow‘ a 7’:
'ﬁ.rates_ and the Eab:lcation costs . for cIand cycles using recycleﬂ fuel
s adjusted using Eqs. (Ar4) and *-5). - T




Appendix B: RESONANCE SHIELDING MODEL

The resonance shielding model is a sihgle-level, Nordheir: Integral
treatment.”‘ The calculations are performed using the NITAWL module of
therAMPX code ‘system 8. The NITAWL code reads as input a master library
of cross-section data; for the PBR analysis. the mastcr>iibrary has 3
123 energy-=group étructure for all nuclides. For each nué;ide with
résonance‘data, the code selects the range of energy groups containing
resonance parameters and pfoduces energy and spatially shielded cross =
sections for fine grdups in thé resonance range. Each nuclide with
E resonance data is treated 1nd1v1dually, all remalnxng fine group croas

sections’ are passed through NITAHL unchangec.

~As input the‘code tequireé.a Dancoff Faccdr-fo eacﬁﬂqucliae with

‘resonance dééa; The bancoff Facter is the probabilitv>thac a neutron
leaving‘ihebéhrface of lumped absorber tontaininv nvelide 1 will have
its next 1nteract10n with another lumped absorber containing nuclide 1.‘
For a bcd of pcbbles cooled by a non-absorbing gas, an expression for
the Dancofi Factor was developed based upon transmissfon probabilities
for spherical shells, the transmission prebabilities being calculated
analytically as a function of sphere shell thickness and total cross
.section of each shaJl.’ for pebbles of lumped absorber coated with a
graphite shell, the transmission probabilities through the graphite
coating are defired as follows: L

TkoI = the probability that a neutron leaving the lumped absorber
of pebble k with a -random angular distribution will reach
the outer surface of the pebble without interacting with
the graphite coating.

T Ic : the probability that a neutron euntering the outer surfac.

of pebble k with a random angular distribution will rcach
the lumped absorber in that pebble without interacting with
the graphite coating.
00, > the probability that a neutron entering the outer surfacc
of pebble k with a random angular 'distribution will escape

from the pebble without Interacting with the graphite coat-

| |
ing and without entering the lump¢’' absorber in pebble k.

| | | |
| f f J |




These transmission probabilities are a function of the absorber radius

" and total cross section of the graphite shell. For Pebble Bed calcu-
) . 0

lations, the graphite coating density is fixed and TIO, TOI, and T 0

can be calculated as a function of absorber radius alone.

For the-two-pebble~type reactbr designs studied there exist two -
mdlstlncc absorber lump designs: the pr1mary pebble meat and the fertile
meat. Once the primary and fertile meat rad11,are knnwn the graphite-
coatlng transm1ss1on probab111tles are calculated for’ the pr1mary and

. fertile pebbles. The Dancotf Factor can be expressed An terms of the .

"]grapﬁite-coating Lransmission probablllties and transmlssion probablll-

ties of the absozber lume. However, a 51mpler and. more useful expres— ..

sion for the Dancoff Factor results if the lumped absorber is assumed to N

be black (alleneutrons enterlng:the Lymped absorber with an energy.near
a resonance peak will interact with the lumped absorber) in which case
the'problem of calculating the Daneoff Factor for nuclide i is then
'reduced to a geometrical problem of determining the probability that a
neutron escaping from the absorber lump containing nuclide i will pass
through the pebble graphite coating without interacting with the coating
and will reach another absorber lump contalnlng nuclide i. This proba-
blllt] can be expressed solely in terms of the graphite-coat1ng trans-
mission probabxlltxes of the primary and fertile pebbles; two cases exist,
the Dancoff Factor for nuclide i, Fi’ being expressed for ea:h case as
rollows, with the additional assumption that there is a random discribu-

tion of the two pebble types about a reference pebble:

Case 1 = Nuclide i is found only in the primary fertile pebble

a1

- 0l 10 e e 00 00 _
F, xkrk T, 1 (xk1k +(1 xk)'rc ) (B~1)

where k represents the pebble type (primary or fertile) containing nuclide
i; TCOO is the transmission probability through a solid yraphite ball
[resultiug from the assumption that a neutron passing through a pebble

not containing 1 will react on the average with the graphite in the

SAY
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: i 00 00 - .. .
S -~ meat or ceating; note that Tc = Tk (r=0)]; kk is the type k pebble
fraction of all pebbles in the reactor. For wost applications Xk =
0.5.

Case 2 - Nuclide i is found in both the primary and fertile

- ‘ ~ pebbles, -
- ,Eii‘« ”‘ : ~_\ FE‘? quiixpr10+(1“xp)TfIO)'
3 ‘ . ~1—(xprp°°+(14xp)rf°°) =

’“fﬁhe;e p-and E»subscripéé represeat ptimary and fertile pebﬁlés respec-

‘_Eivély; F?Kis the'DahCoff»Féctor‘assoéiated with nuclide i in pebbléé of

type k. Dancoff Factors for various'reactor pebblerdesigns are listed
in Table B-1. The results shown in Table B-2 indicate that the black 7

" absorber assumption is accurate.

C

The NITAHL code also requires as input the temperature of each
resonance nuclide. Resonance data for Th®>? is shown in Table B=3 as
dependent on temperatures used in the calculation. Values of the
multiplication factor are also shown as obtained with a buckled point
spectrum model for fixed nuclide concentrations. This data indicates
the temperature coefficients and the decrease in keff with increase in
temperature. An uncertainty lies in the use of a low temoerature in the

“calculational model to account for shielding in the kernals since the
kernals and graphite matrix are being treated as a homogeneous absorber

lump (the pebble meat).

The resonance nuclides for the PBR are listed in Table B-4. The
resonance integrals associated with the pebble designs of various

reactor types are also listed.

The use of constant temperature cross sections causes the effective
thickness of a blanket to be smaller than the actual thickness used. Con-
sider the inlet axial blanket to be at 500° C instecad of 900° C. Con-
sidering only the Th*?*? fertile pebble epithermal cross section, the ratio
of thorium cross sections for the lower to higher temperature is .93,

. ! Fl '
| - (The actual difference in macroscopic removal cross sections considering
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Table B~1. Dancoff Factors for Various Pebble Designs

s Primary Pebble Fertile Pcbble
Noainal Meat Weat‘ﬁv
C/HM ea Dancoff Y Dancof f
Radius Radius
Factor ) Factor
— (cm)- {cm)

Low Enriched Feed ’ 300 2.500 G446 - .-
(Single Pebble) . 450 2,500 444 - =
Medium Enriched Feed - 325 2.381  .183 - 2,356  .174

" (Two “ebbles) 450 2.381  .183 2.332 . .167
B .~ 550 2.381  .183 2324 .166
fﬁigh.Eh;itha*Feéd:ji PR T £
i ~,(Twp Pebbles) = R e 1
" Breeder 90 = 2.5 464 2.5 Gl
1~>ﬁurner/COnverLer ', : 175 2.0 .273 2.500 a . 345
| | L 250 1.627 175 2.347 .24
325 1.565  .134 . 2.170 .178.

scattering is, howgvér, small.) Account:should be taken of the tempera-
ture differences in more vefined calculations, but the discrepancy is
acceptably small for survey calculation: since the effect and magnitude

are known to first order.

Note on Fuel Packing

After the local capability to‘perform thermal hydraulics calcula-
tions bhecame available, it was found that concentrating the fuel toward
the center of a pebble seriously increased the peak temperature in the
pebble. Thus it is desirable to effect a distribution of the heat source
over as large a volume as possible within the constraint of maintaining
a center graphite shell of required thickness to effectively contain thé

products of fission.

:
2
:
|
1
%
)
i
}



Table B-2. Effective Transmission Probabilities and Dangoff Factor
. N . . .a
as a Function of Fuel Absorption Cross Section™’

—

Ia(barns) TXOO ' TXIOO TXOOE ~ Dancoff Factor®
r=1.50 1000 .2082  .5040 .2373 ©.0375
10000  .2082  .0171 .2092 0717
- 082 0.0 L2082 .0729
r = 2.00 1000 - .1813  .4070 2443 L1214
10000 .1813 -0096 .1828 1875
1 S e L1813 0.0 1813 .1890
4=2.50 ~ 1000  .1306  .3320 _  .2588 ° .3480
0100000 - L1306 .0062 .1330 4453
. e 13060 . 0.6 L1306 L4481

R . 21f the absorber lumpé are not assumed to be black, Eqs. (B-1) and. (B-2)

-still apply if (1) Ti00 r,00F Ti00 + TiIOTOO o7 where T,00 is the

t

1 i1 i Ibl 10
transmission probability through the absorber, and if (2) Ti z Ti
- Tilo) in the numerators of the expressions. ~Note that by definition
T O00E _ T 00 A
c c -’
b

Pebble radius equals 3.0 cm, heavy metal atom density in the meat is
3.6 x 10~* atoms/bn-cm. The notation "r" refers to meat radius. The
outer carbon shell has an atom density of .0878 atoms/bn-cm and a total
cross section of 4.66 barns.

Assume Eq. (B-1) applies and XK =1.0.

_Table B-3. Point (infinite medium) Spectrum Calculation

Temperatures (°K) Th” °” Resonance lntegral Keff
Graphite Primary Fertile
kernel Thermal Resonance pebble pebble
1273 1273 1273 44,85 38.25 0.97974
1000 1100 1100 43,77 37.24 0.98479
1000 900 1100 43,77 37.24 0.98479
300 900 1100 43.77 37.24 0.98501
900 900 900 42,34 35,91 0.99158
573 573 573 v 39,29 33,14 1.00725
573 500 500 38.42 32.37 1.01117
293 293 293 35.31 29.64 1.03082

293 900 1293 35.31 29.64 1.03082
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Table B-4. Resonance Nuclides and Resonance Integrals of Interest

Nuclides with Resonance Data:

Th232 paZ'iZ UZ?»“ “235 UZE;_ - Eu1$3

o T - "\Puzab Puzhc P_uzui ) Puu.z CAmT

2
Resnnance Integral

L : ptle Th? 2
c/m = 300 e
C// = 650 126 o ;
C/mM =600 139 : : L
c/i = 850 ‘ 160 | _

MEU — Separate Pebble Types

Cc/mM = 325 119 53

c/H4 = 450 137 - S8 |
C/HM = 550 150 A 60

HEU — Separate Pebble Types

Breeder C/HM = 80 - 30.3 ;

c/mM = 90 - 31.3

C/HM = 100 - R

) C/HM = 110 | - 32.9
Converter C/HM = 250 227 - 44 (fissile pebble) é
| - 37 (fertile pebble)

C/HM = 400 245 47 (fissile pebble) ;

- 41 (fertile pebble)

%The effective resonance integral associated with the actual cross sections
used was generally somewhat higher than the values shown as calculated i
directly due to the flux weighting. ‘
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APPENDIX C: Broad Group Cross Section Collapse Procedure

The master library with a 123 energy-group structure and with energy
and spatially shielded cross sections for fine groups in the resonance
range is collapsed to a few-group structure in the hSDRKPH modasle of the
AMPY code system.® The XSDRNPM module is a one-dimensional discrete
ordinates'code which computes the spatially dependent energy specrrum
and collapses all cross sections to a desired few-group structure. An
option is available to perform an infinite medium (poinﬁ) calcalatidn

over the entire energy range cr for any number of energv groups._

i The naster llbrary contains ahxelded resonance cross sections as

. output from KITAHL (see previous secc1on), and in NITAWL the, cross-'

sections for fine groups cuvering the resonances of a nuclide are

spctially smeared over-the pebble volume. An infiqite—medium:calcula-'

‘tion is performed in XSDRNPM for groups in the resonance range to pre-

vent double shielding the resonance cross sections over the space
variable. . )

Most of the cross section collapsing was carried out using a point
calculation over the entire energy range because of an error in the
XSDRNFM code that caused an erroneous calculation of few-group transport
cross sections when the one-dimensional spherical geometry was treated
explicitly. This problem was later resolved and cross sections resulting
from point and onc-dimensional calculations were compared for otherwise

identical reac.t.r core analysis.
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Appendix Do Tin STEADY STATE, CONTINUQUS FUZLING MaDl
When the effart on the analysis of the rebhle hod rea tor started

n 1677 at GBNL, we had inadequate 1ocal capability to directiy charac-

waa

terize the reactor pcrformhnce. Although some analysis cagabilivy had
been deleoped-under fiuid fuel projects, our base methads development
has bheen directqd at fixed fuel coacepts. The old CEITATION code could
have been uscd; Butvnnt effectively, and the newcer VENTfRF diffusion
theory code would not be very useful even given depletion capability,
lacking fuel management capability. VWhereas :nnsideraéle rethods
_development may?oftgn be justified tnihuppdrt dcéign and operation, ’
only a modest -effSrt could be supported on this project. . ¥e rejeccadl
the possible course of action of usiﬁg the German mcthods being imported
\by'thc staff ar LASL, lecause the contribution would be small. Agpli—\

cation of independent methods would make 2 more worthwhile contribution.

The most important information needed was a one-dimensional axial
mitltigroup neutron flux”distxfbutinn for a critical reactor at steady
state piven the necessar, continuous feed compositrion; nexr impbrcnnt
would be ti- rwo-dimensional fluz distribution. This ~-lution would
be for a peint in time adequately representing a throwaway cvele (recvcle
conld be considered with successive passes of reprocessed material). An
iteration process wauld be required to effect the sb]ution by adjusting
the fue} cnrichmcntrfrom an initial cstimate and simultanenus resolution

of the {lu+ distribution.

We elected to implement the capability to solve this problem in the
computation system incorporating the VENTURE finite-difference diffusion
theory neutronics code. This code and the companion exposure code BURNER
have been developed with DOE funding primarfly for three-dimensional
fast breeder calculations. These codes are modules in a flexible system,
admitting use in a global iterative scheme. Further, the VENTURE code
has ¢ffective capability sor solving the criticality search problem by
adjusting the fissile loading, and would requirce no major changes. (A
few minor changes were found to be desirable and the criticality search
procedures have been improved by feedback from pebble bed and other types
of problems.) Capability is available to solve one, two and three-

dimens fonal prnﬁlems.
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Changes were reauired to the exnosure code BURNER, and the fixed
fuel expsourc procedure was paralleled with one for continuous fueling.

e - Consider that material in a zon is to be exposed four some interval

nf time in the fized fuel model,

. 2 e |
?_ o C(~) —  C(Lt) - T
- .—-/T,‘/ N
¢ ;
i <! - -
[ SO ——1 -
The eontinuous fueling model involves exposure ‘of material entering to . . =

determine what leaves, ' ' e - o

K

',ﬂ,,L/~f”“' C = % {zCt) + cletin)]

C(e+t)

|

} That is, the nuclide concentrations entering a zone are exposed to the
| ' , zone average flux for the zone resonance time to producé exit concen~

| tratibns, and hence those entering. the next zone along the flow path,

and : simple estimate is made of the average‘ionc concentrations. Th.

fixed fuel and the continuous fueling calculations are very siméizar,
B f

T

A natural scheme was already imbedced in the codes to treat two
pebbles in thac’zone compositions can be treated and also a subzone
scale of compositions. As the development effort and application con- ‘
tinued it was found to be readily possible to model complicated

situations including

+ Different residence times for two different size cebbles,
- Blanketing with one pchble type, -

. Flexible pebble recycle without reprocessing,




“nuclide concencracions produced by BURNER go rto the nentronics code.

false zones not in the geomecric mesh,are adjusted in accordance with

- Fixed fuel blankets,

- Variation in radial residence time and Ieed o
irternal radial planketing with thorium pebh

fuei as feed,

ty

- Subsequent behavior on a short time scale as a [ixed bed, as 7 A
to examine control rod worth, Xe OVG'TIGt, the effect of cnange o
in power level, and stabilicy. s

Consider one diffisulty. The neutronics code produ(es onlv zone

po"er dens ity without a‘d '“'ing th¢" subzone- Sgale separatelv

pebble type when two. are,lnvo]ved.} The»capabllxcy toﬁ

CO suppnrc thermal wvdraulxc and temperacure peaklrg analysxs. f;

Comments dre in order about: the gLobal 1Ceratxon process looorover &

successive ncacron1gs, exposure calculations. The after-exposure averagew

It adjusts the fuel concents in selected zones as instructed to satisfy

the critical stace. Simultanecusly the fucl contencs of feed boxes,

instructions. Thus the reactor contents as determined by BURNER depend
only on the feed material and the latter is adjusted by the neutronics ‘
code in the process c¢f producing a>new estimace of the flux distribution.
Complete convergence of the problem would cccur when no changerin the ~

fuel density is required in the neutronics calculation.

A number. of bptions are available to accelerate the rate of con-
vergence or ro stabilize oscillatory behavior, put these are not now
aucomacicélly changed during a calculation. 7The criticality search-
specifications are flexible; more fuel may beradded to the feed boxes : . ive
than to the reactor zones, or less. The nuclide concentrations pro- '
duced by BURNER may be weighted with those supplied to it, and a
wcigh;ing may be made between twn successive flux distrifki~ions for
use In BURNER. The most effective step of acceleration was identified
in tests with the point model discussed in Appendix E: the average

reactor power is often poor after the expo-ure calculation (usvally low),
! ; ! !



sc the flux level can be repormalized and the exposure calculazion

repeated to improve the results. Finally, the closer the initial
nuclide concentrations are to the solution, the faster an acceptable
solution can be effected, so we try to start with a reasonable set .of
nuclide uoncentrations.k This“is simple to do in some parameter studies,
but net when the geometric description is altered; as to change a
blanket size. It generally hélps to put more fuel in the top of the
core (near the inlet)krather than use a uniform distribution for the

inicial estimafe of the fissile loading. B

ne-dlmenslonal problems generally coanverge quite rap]dly w;th no
;need for Laking specxa] sction other than repeating the exposure cal— *!f

culation once each pass to, igﬂrove the puwer level.

[
o

THOvdxmensional problems do net converge rapidly when the core has
a relatively large radius causing weak neutromnic coupling. Severe
radial flux oscillation occurs which must be dampened: a high local flux
level causes high burnup which results in a low {lux levél the next
pass. A combination of reexposure to effect the desired powver level,
weighting of successive flux distributions, and weighting between after-
exposure and befnre-expdsure nuclide concentrations effects acceleration.
Selected search sp-.cifications for the neutronics calculation help, but
unfortunatelf driving is often required in the carly iterative hiscory
and dampening in thz later history (of the feed box fuel concentration
changes). We continue to seek a needed improvemsnt Iin the procedure =
and may have to implement a major change to reduce the cost of calcu-

lations and improve reliability by effecting beiter convergence,

A number of tests have been made to prove that the iterative

_ procedure converges to a correct sclution. Some of these are reported

in reference 1. The use of dampening schemes impacts the assessment

|
of convergence toward a true sqlution, especially when theve Is an

oscillation involved. Typically in a computer run, a final pass has
ween made without dampening and without a critichlity search (tn de-
termine kpff). Experience in the interpretation of results has come

from this effort improving our ability to judge t*-2 adequacy of results,
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The results of successive iterations do not usually display a simple
deminating error vector decayv, but the results of alternate sets often
do. This behavior is not éull understood, but it appears to be driven
bv a feedback effect, and recognizing it allows ar. extrapolation pro-
cedure to be used which is rezsonably reliable. .n Yector notation,
we consider 3 linearly independent set of error .~ctors, with the domi-

nant one behaving iteration n as

where i is the eigenvalue of the erro: vector, hopefuily <1 for 2 con-
‘vergent process. -Taking any!integral result such as the fissile loadingf
f, the recursion relationship above yieldsv(noc‘matrix notation now, but

- the scalar integral),

and extrapolation to the apparent solution is given by

= + e - < — .
e fn (l—..) ('n fn—l)

Hopefully one value of . mav he used for all of the kev results including
power density peak and nuclide feed and discharge rates. The use of

alternate iterative results involves the application of




Results from the iterative history for a problem are shown below.
The iterative process was stopped below a usual level of convergence

and extrapolation of results for allernate iterations is shown:

[teration Fissile Material Comversion Peak Pgbb%e

Feed Loading . Power Density

(Kgm/D) (Kgm) Ratie (Wep/cc)
i 0‘ . . Uﬁiﬁb&? . . . D

1 1.9065° 1,288  .6201- ~29.01
2 2.1061 1,490 5800 T 41.43
3 2.1990 1,581 .S5625 - 37.79
| 4 2.1722 1,544 .5678 © 40.65
' 5 2.2086 1,576 ;5609 39.22
6 2.1988 1,562 .5628 40. 36
7 2.2139 1,575 .5600 ' 32.81
3 2.2164 1,569 . 5607 40.21
Extrapolated (n=7)  2.220 1,574 .5589 40.54
Excrapolated (4=8)  2.215 1,572 .5598 40. 14

Note that the examples of extrapolation shown above for different
alternate sets of data leave something to be desired in this case as
the results are yet not very close to a solution. The extrapolated
da%a skown are likely within the accuracy of the calculation, but might

not admit assessment of the effect of parameter changes.

In summary, the gceady state, continuous fueling mode! is applied
by a direct iteration process to establish the critical reactor state
representing a posint in time, and the results are used to characterize

1 the nuclear performance.

Other Neulronics Methods

. gy 2
fhe synthesis code SYN3D b from ANL has been incorporated into the
local computation systens contzining the VENTURE code. The latter is

|
used to generate one-dimensional trial functions for two-dimensional
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probleas and two~dimensional trial functions for three-dimensional
problems. At the time this is written only a few test calculations
have been made and the modest level of effort continues on proofing

the method .and exploring its utility. It appears that there is serious

difficulty from data fiie proliferation using this synrhesis code.

A Scheme which1appearsvvery atcéactiﬁe for survey caiculations
would generate imporrance data for subsequent use. 1If the importance
to the neutromn accountlng of each nuclide in the feed stream could be
.flf. established, such data would allow a direct treacment of fueling and
S 'recyclé ar low cost. Sophist1cat1on would be required to-produce d1s-

charge mass balances, power density peaking and exposure, and to account -

for variation in feed rate, carbon ©n heavv metal "and tesldent time.

It is nct clear that reliable results vould be ontalned over a wide

range of values for the paramecers, nor that all the desired results
could be obtained. However, the continuously fueled reactor appears
especially amenable to the generation and rhe use of such data. Further
investigation and testing are recormended because the return weuld appear

“to justify the effort in a continuing progranm.

~



Appendix E: THE POINT REACTOR MODEL FOR SURVEY CALCULATTONS

A severe challenge is presented by the problem of estimating the
reactor performance over a long operating history. Drastic compromises

must be made to allow the calculation to be done at all. Any sophisti-

cation in the neutronics model significantly adds to the cost of calcu-

lation. There are so many parameters involved when the fuel management

‘ possxbllitles are explored that some scheme of simple modellng 1s needed

for survey calculations. In this effort the results obta1ned ~sith the i

l :
) po1nt model vere used to infer behavior and fuel co;ts con51der1ng the
results obcained with the steady ,tate continuous ‘fuel.ng model Lreatingf
. one or two dimen31ons. Of special interest ‘here are the predictlons of

a;core behavior and the fuel cost calculatlon.

A procedure of calculation was,implemented to follow lJong operating

-periods, the code PREMOR. ! Minimum requirenents for reasorable results

were satisfied to minimize computation cost. Between successive fuelings
a single point, two-group neutronics problem is solved, but the average
power level is determined by integration over the interval. Selective,
delayed recycle of reprocessed fuel is accounted for and maleup require-
ments are satisfied by an iteration procedure which effects a critical
state at a reference point. One or several batches of mate:ial are
considered to be resident, each discharged and refueled successively to
rodel either a reactor with continuous fueling or a fixed fuel reactor
partially refueled. Thirteen actinide nuclides are treated (Th, U, Pu
systems), a fixed structure, moderator, coolant pseudo nuclide, and ten
fission produzt nuclides. Flexibility is allowed fegarding the estimate
of and variation in the fast-to-thermal flux ratio, an approximation is
used to allow the thermal flux to be batch dependent, and a microscopic
cross section correlation is avaflable. Fuel cost calculations are done
for the mass balance histories with account for low uranium enrichments
when applicable. Elaborate edits range from ore requirements, exposure,
conversion-ratio and doubling time, to nuclide importance, the distri-

bution of ncutron absorptions and effeztive eta values.

1
i
i
]
;
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‘procedures ard>fue1 cost,evaluatlon. It was used in this study for

~the desired amount of energy depends on the model because U23§ and 0233
fuel are involved.

o

It should be noted that for. the. continuous fueling pebble bed

Voo,

3imulation, conditions are estimated midway between successive batch Lo
fuelings to approximate the critical state without use of control rods. “

The thermal flux level could be assumed to depend oﬁ the batch, but. ir

T el gAY

ia not in thebcalculations done. Early emphasis was on applwing the L
one batch approximation, but this model proved”inadequace, so the three

bacch approximacion has received primary emphasis. The use of more

than one bacch is especially desirable to reduce the exposure time N -
between successive fuelings muking the application of a single neutron

balance to establish feed requirements more realistic. Also the ehrly

history of operacion is more realistic and varied enrichment may'be




By T Table AN Results Obtamed lh P2 w:er Vanatwn :
{1.209 ’ﬁe plant 5 hg;}cc. £95 473 feed, Clm 250, 520 e blgh 4.2 . resndence)
m% Faranet.er; TR

;Euellexposure onlthe avetage before removal),'

ot A -

It should be noted that much of the data may be adjusted to effect

desired resulta. Indivldual mlcroscoplc Cross sections may be changed -
<from what is produced directly by collapse over a selected fine group ‘

spectrum, but this has been avoided. The same procedures were ‘used for

these calculations. However, such data as :he properties > the two

41umped f1ssion products nced to be tailored such that the fission product

poisoning is realistic, not only for a reference case hut also for usual

parameter changes. The‘dacé must be tailored lo produce realistic results
and the';equired adjustmeots depend on the model to be applied. It may
be possible to treat the situations with and wlthout,blankets directly

! through the values of the core neutron 1eakage2fractlons specified, but

‘ the model is rather coarse for a fully blanketed core, \



Regarding cconomic ~nalysis, the fuel costs depend on the model” as
well a5 the data used. Typical results are shown in Table E-2 for the
economic models applied. The "cycle" results are for the quasi steady
state with throwaway, and near half way through the thirty year life for
recycle. The data shown indicates the direct component is different
when straight discounting is done than with a linear indirect charge.
The reason is that a processing loss was not taken in tﬁé ma#é balance
accounting butiwas‘in the economics model with the indirect gharge and
not with straight discounting,_a slight diécrepancyrin the aaté fb; the

different models as used in this demonstration.

The base calculéti6n~5pplying a simple‘intérést charge sh&ws'thét

“the indirect cost decreases as the discount factor is increased. ‘This
L e is a dirééc conscquence of the accountihg for costs and tetur; at the
. termiﬁal poiﬁt\ot the interesf-cﬁarges in discounting -- a lag in time
for fuel purchase and fabrication and a lead in time for fuel repro—
cessing and sale. Increasing the discount factor has more effect on

the contribution from the energy than it does on the cost factors.

- ) Taule £-7. The Effect of the fronemin Model ar Fued Cost
(i1} /%, hr)

Lycle Type Throweway Jelayed Recycle

T distory Refereae T o g B Year T e AYear
: ... Discount Fector Y aor T Taan U oae o N e TR T 00
Component.
Simpie Interest Cherges at rate .10
fost {Ffuel, fabrication] 1IEES A1 19570 39673 4TI 4,766 A.260F

¢ Return after Reprourssing - 1656 - 1474 -1387% - hRIR 76 L1369 L)

3 Birect {i-2} 39723 41857 U 1AR7 4.1457 3.5710 1.5037  2.40%7

4 Indirect LY TS WA D L3117 1.6020 1,3177 17934

5 Total {3e8) 59221 51wl 50568 51174 51220 a.2818  £.7431

Straight Sreciunting (purchase only rake up fuel, annual energy accounting)
: 3 Direct : 41857 41857 4.1457 34856 14R5h 3,4E56
: 4 Indirect SR 1887 1.6975 LW 10T 1,9472
: 5 Total 4.92% 53044 5,243 4,847 42581 5.4379
!
| Straight Disrounting with Easrgy Distounted 0n 4 fne-Quarter Year Bazts

4 .indirect CoLrear 176 VeI AVEE 13422 1,540

5 Total 47858 52731 G.B9WR 44014 48278 A1

A more precige accounting of the linear indirect changes for discrete
costs and returns was adopted after the results reported here were

, obtained, including adjustments to the cycle costs to anproximate the

. long history average cost.

! ! ! |

1" | | |




Results for additional variations in the model are shown in Table
" E-3. The number of cycles that recycle material is delaved was varied,
and 2 recovery loss fraction was also considered in generating the mass

balances.

Table E-3. Additional Effects of Modeling on the Fuel Cost
’ (mill/Kwa-hr)

Cycles Recycle Delay 0 1 2 =1

P Nedtronics Recycle Loss Eraccidn 0. 0 - 0 0.015

" Use of simp@eAinterest‘rate 0.10, discount at rate 0.07

(%)
L ]
&
-~
ol
w
1]
o
O
o5

Direct ; 3.3103 . 3.5037 ; 5
% Indirect 1.3330 1.3377 - 1.3210 © 1.3369
S . Total : 4.6433 4.8414 4.7957 4.8354

Only discounting at rate 0.07
Direct “ | 3,29i1  3.4856  3.4579  3.496%
Indirect - .8100 .9492 1.0580 - _.948%
Total 4.1011 4.6348  4.5159 44454

Mly discountirg at rate 0.10 -

Direct 3.2911 3.4856 3.4579 3.4964
Indirect 1.1805  1.3707 1.5166  1.3694
Total 4.4716 4.8563 4.9745 4.8664

Only discounting at rate 0.14
Direct » 3.2911 3.4856 3.4579 3.4968
- Indirect 1.6961  1.9473 2.1332  1.9455

un

)

&

&~

[ LS A1)
(WS ]

Total 4,9872 | 5.4329 5.5911
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| It ic of interest to note that the s~heme used to apply a simple
' interest charge and then levelizing by discounting does not accurately
| reflect the increase in fuel cost associated with increase in delay
time and out-of-core inventory. This effect is properly reflected in -
the costs calculated by only discounting. There is the major difficulty
| »“ : . that with a discrete batch fueling model, a constraint is imposed in
- o e recyclé of integer cycle numbers. This is of course.reélistic for a
‘partially refueled, fixed fuel reactor (one reactor system), but it may
: 4€ ‘not aécurately account‘for_the delay time desired in approximating the -

e T continuously fueled reactor. The accounting is comsistent with the

.f ac;dal mass balances uhenkonly discounting“is done. The actual recycle

delay time was 1.889 yeérs per cycle delayed compared with 1.5tyears

considered in the cost ca.culation.

A value ofrthe discount factor'mny be estimated from the data which
produces the same indirect charges as the simple interest rate of 0.10 ' v :
and discounting at a rate of 0.07. The effective disCount rate is
estimated at 0.091 for throwaway using data from Table £—2 and at 0.097
for one cycle deiay ir recycle using the data from Table E-2 which
accounts for processing loss in the mass balances (three batck model){“
These values are reasonably close to the reference interest rate of
0.1%. and indeed this \alue is essentially what is ovbtained by inter-
polating between the r:sults for no delay and cne cycle delay to esti-

mate a 1.5 year real time delay.

< The dependence of cost on the discount factor was illustrated in
Tables E-1 and E-2, Showm below i{s the effect of varying the interest
rate with simple interest charges and discounting at rate 0.07 (indirect

charges are linear with the interest rate):

Interest Rate 0.05 0.10 0.15
Throwaway Cycle
Indirect Charges _.7388 1.4777 2.2165
Total 5.0523 5.7912 6.5300

Delayed Recycle

| \ Indirect Charges .6300 1.2600 1. 8900
Total | 3.6803 4,3103 4.9403
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superior to one of simple interest crnarges, bezzuse llie ch:h af pro-

duced fuel enters only for noarecycled material iate in the hi;cﬂrf,
»', but the equivalence of rates appears to depend on.tze situzrtion. Tane
‘ multi-batch model has been found to be far saperior to '

model for predicting performance, but the econcmic modeling is. signifl—'

cantly impacted 1f one accempts to anply a simple iudirect ;Ptﬁreqt

charge and levelize cycle costs. -




